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ABSTRACT

Methane is a component in the exhaust of most combustion processes, and the increased use
of methane as a fuel will increase the methane emissions unless more effective exhaust clean-up
catalysts are developed. Methane is the most difficult of all hydrocarbons to oxidize and
catalyst with increased activity at low temperature are required to effectively decrease methane
emissions from exhaust, especially during start-up of engines. In the current study the methane

oxidation activity of various supported metal catalysts has been measured.

It is generally accepted that supported palladium is the most active catalyst for complete
methane oxidation. Various supported Pd catalysts and supported Pd-Fe and Pd-Cu catalysts
were examined in preliminary studies. Integral fixed-bed reactors, using feeds containing
methane, oxygen and helium, were used to study the rates of methane oxidation over temperature
ranges from 200 to 600°C. It was observed that Pd supported on silica prepared from palladium
chloride precursor was the most active catalyst for methane combustion. Most of the studies
were done with 5% Pd/ALO; catalysts, because these catalysts showed the largest changes in

activities with use.

It was observed, as had been by other investigators, that the activity of Pd/Al,Os is a strong
function of the treatment history; exposure of the catalyst to high temperatures (325 to 525°C) in
the presence of methane and oxygen resulted in large increases in catalytic activity at lower

temperatures. Such increases in activity occurred in spite of decreases in Pd surface areas.



Studies were conducted to determine the effects of various pretreatment on activities. Catalysts
were also characterized by x-ray diffraction, hydrogen chemisorption and low-temperature
nitrogen adsorption (BET) after various treatments in an attempt to discover catalyst structure —
activity relationships. It was found that Pd and PdO crystal sizes are not correlated with catalytic
activities. The catalytic activities were found to be very dependent on the support (silica
supported catalyst had the highest activities) and on the Pd precursor. Catalysts made with PdCl,
had higher activities than those made with Pd(CsH702),. The oxidation-reduction behavior of Pd
appears to be correlated with catalytic activities. The Pd/SiO, catalyst made with PdCl, was
difficult to reduce after use, while the Pd/SiO, catalyst made with Pd(CsH702), was difficult to
oxidize. It is recommend that the reduction and oxidation behavior of supported Pd catalyst be

investigated in detail.
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CHAPTER 1
INTRODUCTION

Methane is widely used as a fuel for domestic heating and power generation because it is easy
to transport and it is clean. During recent years, there has been an increase in the use of methane
in automobiles as a substitute for gasoline. Methane is a desirable fuel due to its low C/H ratio
and it produces less carbon dioxide per unit of energy than any other hydrocarbon. The increased
use of methane requires improved catalysts to clean-up exhaust gases because methane at low

concentrations is the most difficult hydrocarbon to oxidize.

Catalytic methane oxidation (also called catalytic combustion) is the usual method for
eliminating low concentrations of methane from exhaust streams, and such complete oxidation
can occur at relative low temperatures (<400°C) and for mixtures containing only a small
concentration of methane. Hence, catalytic oxidation is the preferred method for exhaust clean-
up. However, catalysts with increased activity at low temperature are required to effectively

decrease methane emissions from exhaust, especially during start-up of engines.

Since the time of Davy (1) who firstly reported the combustion of methane over platinum and
palladium, numerous investigations into catalytic combustion of methane over supported metal

catalysts have been carried out. It has been widely reported that supported palladium is the most



active catalystfor methane oxidation (e.g. 2). Current catalysts usually require temperature

higher than 400°C for complete oxidation of methane from gas (for gas stream contains <1%

CHL).

It has been observed by many researchers that the activities of supported palladium catalysts
for methane combustion are very time dependent. Significant increases in activity as a result of
activation treatments with reactant gases containing methane have been reported for most
supported Pd catalysts. Similar treatments with oxygen do not result in the increase in activity.
Numerous studies have been conducted with the objective to explain the causes for the increase
in activity (see Chapter 2). It was reported that the activity of catalysts is dependent on the size
of the metal particles (dispersion) on the surface of supports and on the structure of Pd oxide
formed during reaction. However, there is no general agreement on the reason(s) for the marked

increase in activity during use.

In this study, catalysts made with various palladium precursors and supports were studied to
investigate the correlation between catalyst activity and metal precursor and supports. The
activities of supported palladium catalysts with various content of a second metal (Fe and Cu)
were also measured in order to investigate the effect of second metal addition on the oxidation
activity. The effects of operating conditions, such as pressure and reactant composition, on

methane conversions over alumina supported catalysts were also examined.

In addition, the activity with time-on-stream at various pretreatment temperature (350-525°C)

was measured over freshly reduced alumina-supported Pd catalysts. The activity of catalysts



after treatments at various temperatures was measured. Catalyst after various treatments and use
were characterized by x-ray diffraction, hydrogen chemisorption and low-temperature nitrogen

adsorption (BET) in an attempt to discover catalyst structure — activity relationships.



CHAPTER 2

LITERATURE REVIEW:

CATALYTICAL OXIDATION OF METHANE

The objective of this literature overview is to summarize prior and especially recent literature
on catalytic oxidation of methane in order to identify factors which may influence on the activity
of supported metal catalysts for methane oxidation. Extensive papers have been published over
the past two decades on oxidative coupling of methane and conversion of methane for the
production of chemicals, but the emphasis in this overview is on catalysts for the complete
oxidation of methane at relatively low temperature in feeds containing excess oxygen. Literature

on oxidative coupling of methane is not included in this review.

The first report on catalytic combustion of methane was made by Davy. In 1817, Davy (1)
reported the ‘flameless’ combustion of methane (coal gas) and other organic materials over
platinum and palladium wires. Davy observed that in the presence of platinum wires combustion
of organic compounds occurred at temperatures much below the normal ignition temperature and
for mixtures which were not explosive. In his research, he tried various metal wires for
flameless combustion but only platinum and palladium produced this effect. Other metals he

examined were copper, silver, iron, gold and zinc.

Since the time of Davy numerous investigations into catalytic combustion of methane have

been conducted and reported. One of the influential early studies, whose results have been



extensively referred by many other researchers, was conducted by Anderson et al. (2). In 1961,
Anderson et al. published an extensive study on the catalytic oxidation of methane over 30
different catalysts. They concluded that palladium-containing catalysts are the most active
catalysts for methane oxidation, and that methane is the most difficult hydrocarbon to oxidize.
These results have now been generally agreed upon by other researchers. The catalysts they
studied included noble metals, simple metal oxides (bulk and supported), and complex metal
oxides. Since palladium catalysts are widely reported as the most active catalysts for methane
oxidation, most of this chapter summarizes literature dealing with the complete catalytic
oxidation of methane over supported palladium catalysts. However, selected papers from
literature on methane oxidation over other metals such as platinum, copper and iron, simple
metal oxides and complex metal oxides or reports on methane oxidation under oxygen-lean

reaction conditions is also included in this review.



2.1 Noble Metal Catalysts for Methane Oxidation

Numerous studies of methane oxidation over supported noble metal catalyst have been
reported since the 1961 study by Andersen ef al. (2). Various types of reactors, feed
compositions, space velocities, temperature and catalyst preparation techniques have been
reported. A summary of those reports is presented in Table 2-1. Significant increases in
activity as a result of activation treatments with reactant gases containing methane have been

reported for most supported Pd catalysts.

Although extensive investigations and studies have been conducted on the complete catalytic
oxidation of methane, the catalytic mechanism of this reaction is still not well understood. The
requirement(s) of active sites and the explanation(s) of cause(s) for the hysteresis effects of many
supported noble catalysts which already have been reported by many investigators are still
controversial. The influence of supports, palladium precursors, and pre-treatment history of
catalysts on activities for methane oxidation need further investigation. It is often difficult to
make absolute comparisons of the activity of various catalysts since various types of reactors,
feed compositions, space velocities, temperatures and catalyst preparation techniques were used
by different investigators. The unusual hysteresis in activities of the supported Pd catalysts and
the lack of a standard definition of catalyst activity further complicate the comparison and
interpretation of experimental data. Literature reports of the effects of various treatments on

activities for catalytic methane oxidation are discussed in the following studies.



Table 2-1. Summary of studies for methane combustion over supported noble metal catalyst

(I = inerts).
Feed Rate
Catalyst cm’(STPY/s E
Catalyst Mass, and kJ/mol Comments Ref
g CH.,:02:1
ratio
6.5 0.66 cm’ 91.2 | Pulse reactor used. The 0.5% Pd
3.5%Pdon pulse of catalyst most active of 30 catalyst tested | 2
AlLO; 59 CH.into 87.4 ( active at 300°C). The Pd in the 3.5%
3.5%Pdon pure O Pd catalyst was present as PdO.
AIZO3
P =1.4 bar. Catalysts reduced in-situ
at 300°C before use. Reaction is
33to 13 structure sensitive. TON for Pd up to 50
0461t02.0%Pd | 0.05t00.2 | 5:11:90; 108 to | times larger than for Pt.
on Al,O3 I=He 126 The presence of two types of PdO were | 3
proposed: one, PdO is dispersed on
AlLO; and has low activity for methane
oxidation, two, PdO is located on Pd
and have high activity of methane
oxidation.
0.05t002 | 33t013 P =14 bar. Catalysts reduced in situ
0.5% Pd on 5:11:90; 114 at 300°C before use. Reaction is| 3
(Y,03-Zr0y) I=He structure sensitive. TON for Pd over 40
times larger than for Pt.
Special 0.6 Pd much more active than Ir and Rh.
15%Pd on Al,O3 pellets 1:20:79; - Studied effect of H,S poisoning. 4
I=N2
Pd on 8-Al;0; more active than Pd on y-
1 & 5% Pd on 8- ~2 AlLO;. Treatment at ~400°C in reaction
and y- ALLO; 0.12 1:20:79; 80.4to0 | mixture 3
(studied 20 =N, 158.9
catalysts)
1.95% 02t00.6 | 1.75 Treatment with reaction gas at 600°C for
Pd/ AL,O; 1:4:95; - 14 hours resulted in a large increase in | 6
I=N; catalytic activity at low temperature, €.g
after the above treatment, reaction starts
at 200°C instead of 300°C for the
sample without the treatment
0.42 Studied CH, oxidation at high
4% Pd/ALO; 0.06 1:20:79; - temperature. Observed a hystersis m| 7
=N, activity (Pd PdO )
=10 Reaction zero order w.r.t. O,. Decrease
1.44% Pd on 0.2 1222t - in activity at high temp. attributed to | 8
Sroglag2XalOr 25:74 t0 97, decomposition of PdO
X=Al or Mn I=N, (i.e. PdO is the active species)




Feed Rate

Catalyst | cm*(STP)s | E.a
Catalyst Mass, and kJ/mol Comments Ref
g CH.:0::1
ratio
Activation in reaction mixture at 600°C
2.18% Pd/AlLO; for 16 h increased activity of both
2.16% Pd/Si0, 0.05t00.2 2.0 137 catalysts. The light-off temperatures for | 9
1:4:94; 99 the activated catalysts were 315°C and
=N, 304°C for Pd/ALO; and Pd/SiO.
respectively.
Various Pd/ZrO, catalysts were prepared
by thermal treatment of amorphous and
crystalline PdiZr; Two catalysts were
5% to 25 wt% 0.25 5.0 76 t0 97 | prepared by  impregnation  and
Pd/ZrO, 1:4:95;1 precipitation. Catalysts were active at | 10
=He 250°C. Reaction orders w.rt. CH,
varied from 0.17 to 0.79; order w.rt O»
varied from -0.01 to 0.20.
The activity of the Pd/(reduced CeO--
batch AL O;) was =3 times the activity of a 1%
1% Pd oxidized 05g 1.5:5.3:1.5; - Pd/ ALO; catalyst. At the 350°C the
(CeO2- AL, O3) =He activity of the Pd/(reduced CeO,- Al,O;) | 11
1% Pd/reduced was about 1 zmol/(g cat-s).
The hysteresis for decomposition of PdO
to Pd is strongly dependent on the type
of support.
4% Pd (from The order of the hysteresis for decompo-
Pd(NOs).) sition of PdO to Pd and its re-oxidization
supported on - 1:19.8:79.2 - is: Zr0,>AL,05>Ta;0:>Ce0, 12
Al,03, Ta04, I=N, The stability of PdO directly affect the
TiO,, Ce0,, ZrO, oxidation activity of supported Pd
catalysts. “The decomposition/reduction
of PdO/alumina to Pd’/alumina results
in a decrease in the activity of palladium
for methane oxidation.”’
8.5% Pd on 0.05t0 0.15 The reaction is structure insensitive.
ALO;, 1% & mixed with TOR does not depend on Pd precursor,
10%Pdon ZrO,, | 1-5 g of| 2:19.6:78.4 76-92 | support, or Pd particle size. Catalyst | 13
0.77% & 7.7% | support I=N, activation history has influence on the
Pd on Si-Al,Os steady-state activity of catalyst.
0.5% -10% Pd on 1:19.8:79.2 Both water and carbon dioxide have
AlLO; 0.05 =N, - negative influence on activity of | 14
1% Pd/SiO, methane combustion over Pd catalysts.
Support and treatment conditions have
5:19:78 effects on activity of methane
2% Pd on ALLO; 0.3 =N, - combustion over Pd catalysts. Catalytic | 15

activity cannot only be correlated to an
increase in the size of Pd particles.




Feed Rate

Catalyst | cm’(STP)s | Euw
Catalyst Mass, and kJ/mol Comments Ref
g CH.:02:1
ratio
Pd on mordenite, CH.,:3000 The activity of CH. oxidation is effected
Pd on ALO;, ppm, O by support, water vapor, types of metal,
Pd on USY - 10%, N, - Pd dispersion, Ce addition, and catalyst | 16
zeolite, balance gas preparations.
Pd on SiO,
1. The initial valance state of supported
Pd and the MgO content in composite
supports can effect the catalytic
activity of palladium.
2. For supported Pd catalysts, lattice
oxygen and adsorptive oxygen on the
Pd/Ay- ALLO;, 1% surface of the support act as oxidizers.
Pd/0.2-5% MgO CH,+He For supported PdO catalysts, surface
Iy~ ALO;, - or - PdO provides oxygen to oxidize CH; | 17
PdO/y- ALO;. 1:4:95 fragments into CO,, while the lattice
Pd0O/0.2-5% =N, oxygen in supports acts as reducer by
MgO fv- ALO; %E/iding electron to Pd** and then to
3. MgO can enhance the activity of
atomic Pd catalysts (e.g. Pd/ALO;)
while MgO is unfavorable for
supported PdO catalyst
Structure sensitive. Rapid decomposition
of Pd leads to localized high
1.0% Pd/Zr0O,, temperatures and reducing environments
0.91% Pd/ZrO,, 0.02-0.05 | 2:20:78 and thus inhibit the formation of
4.1% Pd/Zr0,, =N, - stoichiometric PdO which is active in | 18
0.86% Pd/Zr0,, methane oxidation. Slower de-
4.2% Pd/Zr0O, composition of precursors could also
lead to epitaxial growth of PdO surface
planes that catalyze methane oxidation
with higher turnover rates.
No significant structure difference and
change in PdO« oxygen content were
detected between fresh and activated
2 kPa CH,, samples by H;-O. titraion or CO | 19
1.0% wt. Pd/ZrO, - 20 kPa O, - oxidation reactions. Small Pd particles
I=N; are less active than large Pd particles.
150 ml Activity cannot only be explained by Pd
Pd/AlLLOs 0.3 (STP) - dispersion. 15
CH/Air=1:
95




Feed Rate

Catalyst | cm®(STP)/s E .
Catalyst Mass, and kJ/mol Comments Ref
g CH,:0::1
ratio
0.5% Pt/ALO; 5.8 0.66 cm® 98.3 | Pulse reactor used
0.51% PY/ALOs 6.5 pulse of 1029 | The 0.5%Pt catalyst had activity at| 2
4.7% Ag/AL,O; 6.4 CH, into 211.7 | 300°C. Order w.r.t. CH; was 1.0
pure O,
1.75 cm’/s E... decreased and the activity increased
02t00.6 | 1:4:95 70to | with use at 600°C; use at this condition ; 20
1.95% Pt/ Al,04 =N, 100 causes Pt sintering. Reaction is structure
sensitive.
33t013 Pwai=1.4 bar. Catalysts reduced in situ
0.5t00.84%Pt | 0.05t00.2 cm’/s 121to |at 300°C before use. Reaction is| 3
on Al,O; 5:11:90; 164 structure sensitive.
I=He
33t013 Pww=1.4 bar. Catalysts reduced in situ
0.3and 0.5% Pt | 0.05t0 0.2 cm’/s 115t0 |at 300°C before use. Reaction is| 3
on ZrO; 5:11:90; 136 structure sensitive.
I=He
33013 Pwwi=1.4 bar. Catalysts reduced in situ
0.3and 0.5%Pt | 0.05t0 0.2 cm’/s 111 [at 300°C before use. Reaction is| 3
on (Y,0;-Zr0;) 5:11:90; structure sensitive.
I=He
0.004 g of | recycle Maximum activity at 5 to 10% Pt
0.03 to 30% Pt on Pt plus batch 102 to | Reaction is structure sensitive. Reaction
Y-Al,O; Pt black ALO; reactor 153 orders are 0 and | w.r.t. O, and CH,| 21
1:6:60; 94 respectively.
I=
1.76 10 2.5 | 2.7 cm’/s Reaction order w.r.t. O, was 0; order
0.83t01.91% Pt g 3-10-20:70- | 801090 | w.r.t CH, varied from 0.49 to 0.96.| 22
on Si0, 77; Order w.r.t CH: decreased with
increasing Pt dispersion.
15% Rih/AILO3 special 0.6 cm’/s Rh more active than Ir (both less active
15% Ir/Al,O3 pellets 1:20:79; - than Pd). Studied effect of H.S| 4
=N, poisoning.

10




2.1.1 Effect of type of noble metal

The oxidation activity of catalyst supported on various noble catalysts has been investigated.
Anderson et al. (2) investigated the activity of a series of Al;Os-supported noble metal catalysts.
They concluded that among all the supported metal catalysts they tested (supported Pd, Pt, Ag,
Co, Cr, Ce, Ni, Ti catalysts), that the palladium catalysts were the most active for methane
oxidation. Deng et al. (4) investigated the activity of Pd, Rh and Ir on alumina. They also
observed Pd catalysts to be the most active. The Pd/Al,Os catalyst had appreciable activity
below 300°C while temperatures of 350 and 400°C were required for appreciable activity for
Al,Os-supported Rh and Ir catalysts respectively. In addition, Uchida et al. (16) reported that the
order of methane oxidation over Al,Os-supported noble metal catalysts was Pd>Rh>Pt, they
observed that the activity of methane combustion over mordenite-supported noble metal catalysts
also follows the similar order. Farrauto er al (23) also reported that palladium containing
catalysts were the most active for methane oxidation. There is general agreement in the literature

that Pd is the most active metal for methane oxidation.

2.1.2 Effect of support on catalyst activities

The type of support frequently affects the activity and the time-on-stream behavior of
catalysts. Baldwin and Burch (24) observed that the catalytic activity changed with treatments in
oxidizing atmosphere for Al,O3; and SiO, supported Pd, but silica supported catalysts need a
much shorter activating period; Pd/SiO; catalysts achieved maximum activity after a activation

of minutes to a few hours, while alumina-supported catalysts needed much longer activation
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periods of 5 to 6 days. Hopos et al. (9) observed that treatment of Pd/AL,O5 in a CHs - O; - N,
mixture at 600°C increased the activity of the catalyst several fold, while similar treatment of
Pd/SiO, did not result in a marked change in activity. The authors (9,24) attribute the different
behavior to the difference in the initial state of the Pd on the two different supports. They
believe that the changes in the Pd phase which are responsible for the higher activity occur more
rapidly on SiO, than on Al;Os, i.e. the SiO;-supported Pd is converted to the active phase rapidly

during CH, oxidation and does not required prolonged treatment with the reactant mixture.

Other investigators have reported an effect of support on steady-state activities of catalysts.
Cullis and Willatt (26) concluded that the support influenced the ability of Pd to adsorb oxygen
and there was a correlation between the adsorption capacity of the supported precious metal and
its catalytic activity for methane oxidation. The Pd and Pt catalysts they investigated were
supported on powdered refractory metal oxides including y-alminum(III) oxide, o-aluminum(III)
oxide, silicon(IV) oxide, titanium(IV) oxide, thorium(IV) oxide, tin(IV) oxide. Recently,
Farrauto ef al. (12) investigated the catalytic properties of Pd dispersed on Al;Os, Ta,0;, TiO,,
CeO,, ZrO,; they reported that the catalytic activity for methane oxidation is strongly dependent
on the nature of support. Uchida et al. (16) measured the activity of methane oxidation over
supported palladium catalysts using mordenite, USY zeolite, y-alumina and silica as catalyst
support respectively. They concluded that, among all the supports they tested, mordenite was
superior to other materials. The order of activity for methane oxidation over supported

palladium catalysts was: mordinite > alumina > USY zeolite > silica.
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Kikuchi et al.' (15) studied the effect of various Al2O3 supports on the catalytic activity of
Pd/Al,O; for methane combustion. They found that Pd supported on o-Al,O5 exhibited higher
catalytic activity than Pd supported on y- or 0-Al0;. In their subsequent study, they also
investigated the effect of high calcination temperature of Al;O3 supports on the catalytic activity
of Pd for methane combustion. They observed that the catalytic activity of Pd/Al;03 whose
support was calcinated at 1600°C prior to impregnation with Pd(NO3), was about 100 times as
large as the activity of Pd/Al,O3 whose support was calainated at 1200°C before using the same
preparation methods. They ascribed such a phenomenon to the effects of support properties on
the oxidative properties of Pd metal. The effect of support properties on activity of methane
combustion over supported Pd catalysts has been also demonstrated by Haneda et al. (11). They
observed that Pd supported on CeO,-Al,O3, which had been reduced in flowing H; at 900°C
prior to impregnation with Pd nitrate, was considerably more active than similar Pd/Al,O3
catalyst. The Pd/[CeO2-ALOs (reduced)] catalyst had appreciable methane oxidation activity at

350°C.

Hoyos et al. (9) investigated the catalytic activity of methane combustion over alumina-
supported and silica-supported palladium. They concluded that the support does not directly
affect the combustion of methane over supported Pd catalysts, although they agreed that supports
affected the rate of activation of palladium catalysts by reactants. Baldwin and Burch (5,24)
made similar conclusions for Pd supported on SiO2, §-AlOs3 and y-Al;Os, even though the Pd on
8-Al,O; was considerably more active than the Pd on y-ALO;. They explained the above
difference by a difference in morphology of the palladium catalysts on the different supports.

Ribeiro e al. (13), stated that the turnover rate for methane combustion over supported Pd
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catalysts did not depend on the support. They based their conclusion on their experimental
results which only showed smalil changes in the turnover rate for methane oxidation over Pd

supported on various supports.

2.1.3 Effects of time-on-stream

For methane oxidation over supported palladium it has been observed that the rate depends on
the length of use of the catalysts. Many investigators report that the activity of supported
palladium increases with time-on-stream (e.g. 3,5,6,9,24). Hoyos et al. (9) observed that after
aging Al,O;-supported and SiOz-supported Pd at 600°C in a mixture of CH4-02-N3 (ratio O2/CHs
= 4) overnight, the activity of catalysts for methane combustion increased. Baldwin and Burch
(5) stated that the rate of methane oxidation over a series of Pd/Al1,0s catalysts increased with the
length of exposure to the reaction mixture at high temperature (400 to 600°C). They reported
that after reacting with methane containing reaction mixture at 375°C over a period of 120 hours,
the activity for complete oxidation of methane over 1% Pd/Al;O3 (pre-calcinated in air before
testing) became about four times larger than the initial activity. Hicks et al. (25,27) also reported
the activity increase of supported palladium catalysts with time-on-stream. The turnover rate of
various supported palladium catalysts which they tested increased from 2-fold to about 40-fold
over a reaction period of 8 hours. Such an enhancement of activity was also observed when
supported palladium catalysts were reduced under hydrogen before activation in reactants.
Baldwin and Burch (24) stated that the activation of Pd/Al,Os and Pd/SiO; occurs whether the
precursor is calcined, or calcined and then reduced prior to aging. Briot and Primet (6) observed

that aging of freshly reduced Pd/Al,O; at 600°C in a CHs - Oz - N; mixture (CHs:02 = 1:4)
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significantly increased the activity of the catalyst. In addition to alumina and silica supported
palladium catalysts, such activation behavior has also been observed for other supported
palladium catalysts. Marti et al. (28) reported that the activity of amorphous and crystalline
Pd,Zr; significantly increased over a period of 1000 minutes with an aging temperature ranging

from 573 Kto 723 K.

The behavior of time-on-stream over supported palladium catalysts was also observed for
supported platinum catalysts. Briot and Primet (6) reported that the activity of pre-reduced
Pt/Al,O; at low temperature increased by about 10 fold after the pretreatment in reaction
mixtures at 600°C. The activity of a pre-reduced P/ALO; slightly raised for reaction
temperature lower than 700 K after the catalyst was maintained at 600°C under a flow of
reactants for 14 hours. They also demonstrated that the catalyst activity did not change at high
reaction temperature after activated at the same condition (20). Hicks et al. (3) also observed the

enhancement of activity over supported Pt catalysts.

The activation behavior is more marked for supported palladium catalysts than for supported
platinum for the same conditions of pretreatment. It was reported in literature, that the activity of
Pd/Al,O3 was more than 10 times higher than that of Pt/AL,O; after treatment in a mixture of 4
vol % oxygen in nitrogen at 600°C for 14 hours (6). Otto (21) stated that the reaction conditions
and the pretreatment of supported Pt catalysts affected the type of crystallographic plane exposed
and thus modified the specific activity per surface site. He suggested that oxidation tends to

disperse Pt, while reduction may cause sintering.
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It has been stated by many researchers that the presence of both methane and oxygen seemed
to be necessary for the enhancement of the activity of supported palladium catalysts. For
examples, Briot and Primet (6) noticed that the catalytic activity of Pd/Al,O; for methane
oxidation did not increase when the catalyst sample was aged in the absence of methane although
its activity of methane oxidation increased up to 35 fold at low temperature after reacting with a
CH, - O; - N, reaction mixture (CH4:O; = 1:4) at high temperature (400 to 600°C). They
attributed this behavior of supported palladium catalysts to active site modification resulting
from the deposition of carbon and the surface reconstruction of the PdO crystallites. In addition,
Otto (21) stated that the reaction kinetics of methane oxidation depend on the pretreatment
history of the catalyst samples. In his study, he measured the rate of methane oxidation over
supported Pt and pretreated the catalyst samples in O, or H; before testing. Baldwin and Burch
(24) also found that supported palladium catalysts could only be activated by reactive mixtures;
activation did not happen during pretreatment in air. They suggested that the cause of such
behavior was the reconstruction of catalyst surface under different gas treatment. Chojnacki and
Schmidt (29) also states that there is a correlation between catalyst morphology and different gas

treatments.

Cullis and Willatt (26) made the same statement based on the effects Pd/-Al;O; activation by
various gas mixtures. They found that the catalysts became easier to activate after pretreatment
by a mixture of Hy+He as compared to a He or O; treatment, and that the catalyst was easier to
activate after an inert gas pretreatment than after an O, pretreatment. Fujimoto ez al. (19) stated
that the pretreatment of Al,Os and ZrO, supported palladium catalysts at high temperature

(700°C) in O resulted in low activity of the supported palladium catalysts for methane
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combustion. This low activity of the catalyst is due to the redispersion of Pd at high temperature
and the formation of small PdO particles after the above pretreatment. The small PdO particles
were considered to interact strongly with the Al,O3 or ZrO; support. Cullis and Willatt (26)
observed that pretreatment of Pd catalyst in oxygen at 725 K was detrimental toward methane
oxidation. They stated that “treatment of palladium with oxygen at 1000 K provides a tightly
bound surface species which is chemically stable and may well represent an intermediate stage

in the formation of palladium(Il) oxide.”

In addition to the effect of reactants, other pretreatment factors (e.g. aging temperature,
temperature ramp of aging temperature, etc.) also affect the activity of supported Pd catalysts for
methane combustion. Baldwin and Burch (5) concluded that the alumina supported palladium
catalyst was more active after aging in a '1% methane/air mixture at 405°C than aging in the
same mixture at 373°C. However, Chen and Ruckenstein (30) observed that the extent of
reoxidation of Pd will be greater on the palladium initially oxidized at low temperature. Baldwin
and Burch (24) measured the rate of methane combustion over supported Pd catalysts with
various treatment history (e.g. calcination temperature, length of calcination period). They
observed that the rate constant of methane combustion over catalysts after various pretreatment
were different. In addition, Fujimoto ef al. (18,19) observed that the activity of supported
palladium catalysts which are prepared by controlled decomposition of Pd precursors during
catalyst preparation do not increase after activating with reactants. In contrast, the activity of the
same catalysts which are prepared by uncontrolled decomposition increase with time-on-stream.

They explained this observation by assuming that rapid decomposition of Pd procursors may
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cause uncontrolled local exotherms which can result in decomposing of active PdO to less active

Pd.

Ribeiro ef al. (31) investigated the effect of pre-treatment history on Pd/SiO,. They stated
that “an in situ aging of Pd/Si-Al;O3; sample in methane, or ethylene had no effect in the sample
activation.” They further stated that “trearment in situ with air appears to make the catalysts
more difficult to activate.” Based on their observation, they suggested that the large differences

in catalytic activity reported in literature is due to the different extent of catalyst activation.

2.1.4 Effects of reaction temperature

The effects of reaction temperature on combustion activity of supported noble metal have
been reported by various researchers (e.g. 2,6,13,16,32). They found that the rate of methane
oxidation over supported palladium catalysts does not always increase with the increase of
reaction temperature. Marti et al. (10) demonstrate that the steady-state activity of methane
oxidation over amorphous and crystalline Pd;Zr; is relatively constant for temperature from 573
to 723K. Farrauto et al. (7) studied the oxidation of methane over a wide temperature range (300
to 900°C) using Pd/ALOs catalysts. They observed that the catalytic activity of the catalyst
significantly decreased when the reaction temperature was higher than about 800°C; they also
observed a restoration of activity when reaction temperature was decreased from 700 to 500°C.
Such a temperature effect on catalyst activity has been attributed by investigators to the
decomposition of PdO to Pd and the re-oxidation of Pd to PdO during reaction (7,8). Sekizawa

et al. (8) also studied the effect of reaction temperature on the oxidation activity of supported
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palladium. They used 1.44 mass% Pd supported on hexaaluminates (Sro.sLao2XAl11019, X = Al
and Mn). They observed that the activity of catalyst increased initially with a rise in
temperature, but started to decrease after 700°C. In agreement with the above investigators, they
attributed this phenomena to the decomposition of PdO with the rise of reaction temperature.
Cullis and Willatt (26), however explained that the relatively low activity of supported Pd
catalysts at high reaction temperature was because of the migration of oxygen into the bulk of the
palladium to form a layer of more stable but less active surface oxides under high reaction
temperature. The details in the literature about the requirement of active sites for methane

combustion will be summarized in a following section.

2.1.5 Effect of the type of noble metal precursors

The effect of the type of noble metal precursor on catalyst activity for methane combustion
has been frequently reported in literature. Stull ez al. (33) reported that a “stable platinum
oxychloride” may form when Al,0; supported Pt catalysts are prepared by impregnation of
H,PtCls and oxidizing in air at 500°C. Cullis and Willatt (34) stated that the activity of methane
combustion over Pd/Al,O; is inhibited by chlorine. They studied the effect of halogenated
hydrocarbons (e.g. CHClL;, CH,Cl;, CH,CICH,Cl, CH,Br;) and organosiloxanes on the rate of
methane oxidation over supported Pd and Pt catalysts. They concluded that the inhibition of
methane oxidation by halogenated hydrocarbons is due to the adsorption of the halogen
compound on the sites on catalysts surface where oxgen is normally adsorbed and activated.
They stated, “the catalyst systems with which there is a strong interaction between the precious

metal and its support suffer the greatest loss in activity but also exhibit the most marked
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recovery.” They also reported that the catalyst support has an appreciable effect on the
resistance of the precious metal to the poisoning by halogenated hydrocarbons. In addition,
Hicks et al. (25,27) reported that those catalysts, which are prepared by impregnation of aqueous
PdCl, solution and oxidation in air at 500°C, show low turnover rates that steadily increase
throughout the run. They attributed such an unusual behavior of the above catalysts to the
poisoning by chlorine; they also stated that the slow increase of catalyst activity is due to the
slow decomposition of an inactive Pd oxide-chloride species into an active Pd oxide species.
Marecot ef al. (35) investigated the effect of chloride on the propane and propene oxidation over
platinum and palladium on alumina. They discovered that catalysts prepared using chloride
containing precursor salts (e.g. H2PtCls, H;PdCL) had lower activities than those prepared using
chloride-free precursor salts (e.g. Pt(INO2)2(NHs)z; Pd(C;H702)2) regardless of particle size of Pd
or Pt. However, Baldwin and Burch (5,24) declare that the removal of chlorinated species from
the catalysts was not the sole cause of activation of the catalysts prepared from the chloride
precursor. They based their conclusion on their observations that samples prepared from the
nitrate precursor also showed activation effects, and the fact that their catalysts did not show

activation behavior after aging in air.

Simore et al. (36) studied the reversible poisoning of palladium catalysts for methane
combustion. They reported that the Pd/ALO; catalyst prepared from Pd(NOs), was more active
than that prepared from PdCl,, and that the removal of the chloride from the first one by washing

greatly enhanced the activity for methane oxidation.
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2.1.6 State of Pd on Support During Methane Oxidation

The effects of supports, noble metal precursors, reaction temperature, and pretreatment
history on the rate of methane combustion over supported noble metal catalysts have been
summarized in the above literature survey. From the above literature survey, it has noticed that
preparation factors such as support, noble metal precursors, reaction temperature, and
pretreatment history all affect the catalytic properties of supported noble metal catalysts.
Catalytic properties of methane combustion over supported palladium and platinum catalysts
have been extensively studied and reported by investigators. However, until now, the
requirement(s) of active sites on supported noble metal catalysts for methane combustion are still
unclear and there is no general agreement on cause(s) for the marked increase in catalytic
activity resulting from pretreatment. A brief review of the effect of the Pd on the activities is

presented below.

The increase of the methane oxidation rate has been attributed to the formation of a PdO
phase during initial contact between Pd-based catalysts and CH./O, reactants. Farrauto ez al. (7)
studied the oxidation of methane over a wide temperature range (300 to 900°C) using Pd/Al;O3
catalysts. They concluded that PdO is the active phase and that the observed low activity of
Pd/AL,O; after heating to 900°C is due to the decomposition of the PdO to palladium metal.
Sekizawa et al. (8), not only concluded that PdO is more active than Pd for the oxidation of
methane, they also found that the dissociation of PdO at high temperature (1200°C) depends on
the oxygen partial pressure of reactants. They used 1.44 mass% Pd supported on

SrosLag2XAl 0y catalysts, where X=Al or Mn. Briot and Primet (6) observed that in an
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oxygen-rich reactants mixture, the catalytic oxidation of methane over supported Pd occurs on a
Pd oxide phase, while the catalytic oxidation of methane over supported Pt occurs on a Pt phase.
Recently, Farrauto et al. (12) conducted an extensive investigation on methane combustion over
Pd catalysts with various materials of support in order to give more insight into the correlation
between Pd phase and catalyst activity. They concluded that the methane combustion behavior
over supported Pd catalysts is correlated with the PdO decomposition-reformation hysteresis.
They also concluded that the extent of redox hysteresis for palladium catalysts (Pd <> PdO ) is
strongly depended on support materials due to the different interactions between PdO and Pd
metal with different supports. They reported that the order of the extent of the hysteresis for

supports of Pd/PdO are: ZrO2 > Al,03 > Ta;03> TiO2 > CeO,.

In a recent study with Pd on Al,O3 and Pd/ZrO,, Ribeiro et al. (31) heated a series of Al,O3
and ZrO, supported palladium catalysts to 1123 K. They observed that at this temperature the
PdO phase on the surface of catalysts were decomposed to Pd metal phase which was not active
for methane combustion. Then, they calcinine the above supported Pd catalysts (which were
initially heated to 1123 K in air) at relatively low temperature (973K for Pd/Al,Os, 773K for
Pd/Zr0O,). However, they observed that the supported Pd catalysts still demonstrated very low
catalytic activity for methane combustion although the Pd metal on the surface of catalysts had
already been re-oxidized to PdO after the above calcination. They explained this observation by
assuming that a dispersed monolayer of a stable PdO phase was formed and spread on the oxide
support surface; this stable monolayer of PdO phase was not active for methane combustion.
Similar behavior was also observed by Hicks et al. (3,27) and Cullis and Willatt (26). Hicks et

al. (3,27) proposed that there exist at least two types of active sites on PdO surface. One, located
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on the surface of palladium oxide dispersed over the alumina support, another, located on the
surface of palladium oxides dispersed over the surface of palladium crystallites. The first type
which originates from well dispersed Pd is postulated to be much less active than the second type
which is formed on large Pd particles. It is postulated that the bond between Pd and oxygen for
the first type of sites is much stronger than that of the second type of sites. They concluded that
methane oxidation on Pd catalysts is strongly depended on the size of Pd particles. Cullis and
Willatt (26) explained this phenomenon by suggesting that a layer of tightly bound and stable
surface palladium oxide may form due to the migration of oxygen into the bulk of the palladium
at high temperature. They concluded that methane oxidation on Pd is independent of particle

size.

For several decades, the correlation between Pd particle size and catalytic activity of methane
combustion on supported Pd catalysts has received wide attention. Unfortunately, there is still
no general agreement on the effect of Pd crystal size on the activity of supported Pd catalysts. In
this research work, we conducted an extensive literature survey of papers in this field. A brief
summary of related conclusions and views proposed by investigators in recent literature is given

below.

The concept of structure sensitive (demanding) and structure insensitive (facile) reactions was
introduced by Boudart (37). Structure insensitive reactions are reactions for which the rate is
proportional to the metal surface area, i.e. rate of reaction increases with increasing metal
dispersion, while the specific rate of reaction for structure sensitive reactions depends on the size

of metal particles (dispersion). Otto (21) proposed that the change of catalyst structure can affect
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the turnover rate (TOR) of methane combustion due to following reasons: 1) changes of type of
crystallographic plane exposed, 2) disparate surface sites located on corners and edges of metal
particles, 3) modification of catalytic sites by support interaction, 4) active sites on the support

materials.

For complete oxidation of methane over supported palladium and platinum it has been
observed that the rate depends on the length of use of the catalyst. The activity of supported
catalysts frequently increases with use (3,5,6,27,38). The increase in rate with use has been
ascribed to structure sensitivity, i.e. use results in increase in average Pt or Pd size and the
activity per unit surface area of metal increasing significantly with increasing Pt or Pd particle

size (3,6)

Hicks et al. (3,27) conducted an investigation on methane combustion over a series of
supported palladium and platinum catalysts. For the platinum supported catalyst they tested,
they observed that the turnover frequency changed by 100 fold from the least active to the most
active catalyst which they prepared. They attributed this change to the structure of exposed
platinum. From their investigation on the palladium catalysts, they reported that the turnover
frequency was strongly affected by the size of the palladium particles. They suggested that this
occurred because the oxide layer on the palladium crystallites is much more active than the
palladium oxide dispersed over the alumina. They concluded that the turnover frequency for
methane oxidation over palladium supported catalysts depended on the size of the metal
crystallites and possibly on the distribution of sites on the metal surface. They observed a

redistribution of sites on the catalyst during reaction by infrared results of adsorbed carbon
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monoxide at saturation coverage on palladium catalyst samples. In addition, they also stated that
support composition and preparation methods can affect the stabilized size of Pd particles on
supports. Briot and Primet (6), Briot et al. (38), Fujimoto et al. (18,19), Briot and Auroux (20)
and Marti ez al. (28) arrived the same conclusion. They showed that the reaction of methane
combustion over supported Pd is structure sensitive. Burch ez al. (39) in a recent study observed
that freshly reduced alumina-supported palladium catalysts absorb oxygen to form PdO during
initial reaction with reactants (CH4-O, mixture) and the time required for oxygen uptake and
catalyst activation was similar. Based on the above observation, they proposed that methane
combustion causes bulk oxidation processes that increase the reactivity of active surface PdOx

species.

On the other hand, Cullis and Willatt (26), showed that the catalytic activity for methane
oxidation is independent of particle size. They demonstrated that the different catalytic behavior
of palladium and platinum is because of the different abilities of these metals to adsorb oxygen.
Baldwin and Burch (5) investigated the catalytic activity of Pd/Al,Os. They concluded that the
there is no sensible correlation between activity of palladium catalysts and palladium particle
size. Gillet and Channakhone (40) studied palladium/mica model catalysts by using transmission
electron microscopy (TEM) and transmission electron diffraction (TED), they found the
decomposition of CO on small Pd particles does not only depend on particle size but also was
strongly affected by particle morphology. Chojnacki and Schmidt (41) found a significant
change of catalyst morphology after different gas treatment. Baldwin and Burch (24) proposed
that the reconstruction of the palladium oxide surface could be a possible explanation for the

dramatic increase in the activity of supported palladium oxide catalysts for methane combustion.
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Briot and Primet (6) also stated that the change of methane combustion activity cannot only be
connected to the increase in the size of Pd particles; the reconstruction of the palladium oxide
surface may also be a possible reason. However, Ribeiro et al. (31) concluded that the increase
in catalytic activity cannot be correlated to PdO redispersion occurring during reaction. They
based their conclusion on the observation that the change in size of Pd particles after activation
was small. They measured the size of Pd particles for supported palladium catalysts before and
after reaction by H»-O» titration and X-ray diffraction. On the other hand, Garbowski ez al. (42)
recently reported a correlation of the increase in catalytic activity with a restructuring of the Pd
surface. They demonstrated that the development of Pd(200) surface planes during activation
may lead to an easier transition from surface Pd metal to surface PdO. They also concluded that
the activation does not result from the spreading or roughing of PdO crystallites in gas mixture
containing CHs and O,. Kikuchi ef al. (15) made a similar conclusion and concluded that the
catalytic activity of Pd/Al,O3 for methane combustion was strongly affected by the oxidative
properties of Pd metal. Ribeiro e al. (31), on the contrary, attributed the large differences in
turnover rates of methane combustion reported in the literature to insufficient activation of the

catalyst samples.

Recently, Fujimoto e al. (19) reported that they observed no significant difference in surface
structure or PdOx oxygen content between fresh and activated catalysts although the rate of
methane combustion increased by a factor of three as a result of activation. However, they still
proposed that the redispersion of Pd leads to small PdO particles which interact strongly with the
ZrO, support and PdOx species with sub-stoichiometric oxygen content are less active for

methane combustion at low temperature. They suggested that one should consider the possibility
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that the structural details of the catalytic surface may be destroyed when PdOx crystallites are

reduced before H,-O, titrations.

The possibility of other reasons for the activation of catalysts has also been studied by
investigators, e.g. Hicks e al. (25) suggested that the removal of chloride from the catalysts
during initial activation period may be one reason for the increase of activity with time-in-
stream. Baldwin and Burch (24), however, stated that the activation is not due to the removal of
chlorinated species. The effect of chloride Pd precursors on catalyst activity has been further
investigated by Simone et al. (36). The possibility of carbon deposition was studied by Baldwin
and Burch (24). However, no conclusion has been made in their paper. In a recent study,
Ribeiro et al. (31) observed no correlation between the presence of carbon and the rate increase

with time-on-stream.

The following several statements regarding the correlation between the catalytic activity and

the state of Pd on support during methane combustion summarize the opinions in the literature:

1) PO is the active phase for methane combustion and the low activities of supported Pd
catalysts at high reaction temperature are due to the dissociation of PdO to Pd which is not

active for methane combustion (e.g. 6,7,8,12,31,39).
2) The PdO phase is not always active for methane combustion (e.g. 3,6,19,26,27,31). PdO

which is dispersed and spread on the support surface is inactive for methane oxidation

(6,19,31); at least two types of active sites exist on PdO surface. The active sites located
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on the surface of palladium oxide dispersed over the surface of palladium crystallites are
more active for methane oxidation than those located on the surface palladium oxide
dispersed over the alumina support (3,27); the surface palladium oxide which is formed
due to the migration of oxygen into the buik of palladium at high temperature is inactive

for methane oxidation (26).

3) Methane oxidation on Pd is structure-sensitive and the activity of methane oxidation on Pd
is depended on both the size of palladium particles and the reconstruction of palladium
oxide surface during reaction (e.g. 3,6,18,19,21,27,38), but other investigators concluded

that methane oxidation on Pd was structure-insensitive (e.g. 5,26,31,40).

4) The reconstruction of PdO during reaction may be an explanation for the dramatic increase
in the catalytic activity of supported palladium oxide catalysts for methane combustion

(6,24,41).
2 1.7 Mechanism and kinetics of methane oxidation

The kinetics of methane oxidation over noble metal catalysts are usually modeled by power-law

rate functions, Z.e.

— — — —E/RT ('n m _
¥ = Fr = Ae CCH4C02 @2-1
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For methane oxidation over noble metal catalysts in excess oxygen, the only detected
products are carbon dioxide and water. Carbon monoxide has never been detected in the reaction

products.

The order with respect to methane (n) is usually 1.0 (5,19,21) and the order with respect to
oxygen (m) is usually zero (5,8,19,21). However, Marti et al. (10) obtain n=0.17 to 0.79 and
m=-0.01 to 0.20, and Kobayashi et al. (22) obtained n=0.49 to 0.96. Haneda es al. (11)
postulated an Eley-Rideal mechanism, but Otto (21) concluded that an Eley-Rideal mechanism is
inconsistent with observations. The effects of either water or carbon dioxide on the rate of

methane combustion over supported Pd catalysts have been reported in the literature.

It has been commonly reported that water inhibits methane combustion over supported noble
metal catalysts (31,34,43). Most of the earlier work was conducted by Cullis and coworkers (34,
43) who reported the negative effect of water for the reaction of CHs oxidation over supported
Pd catalysts. They found that water vapor strongly inhibited methane oxidation over a alumina
supported catalyst. Ribeiro er al. (31) also observed an inhibitory effect of water in their study of
CH, combustion. They reported an order of reaction with respect to water of -0.98 at H,O0
concentrations between 0.03 and 0.15%. Recently, Burch ez al. (14) conducted an extensive
investigation on water inhibition over a series of silica or alumina supported palladium catalysts.
They observed that water strongly inhibited the complete oxidation of methane even at low
partial pressures. They also found that the inhibitory effect of water became much less

significant at high reaction temperature (e.g. temperatures above 450°C).
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There is a general agreement among investigator on how water inhibits the catalytic activities
for methane oxidation. Cullis and coworkers (34, 43), Ribeiro et al. (31) and Burch ez al. (14)
suggested that water reacts with PdO to reversibly form Pd(OH), at the PdO surface, and the
formation of Pd(OH), effectively blocks access of CHy to the active sites on the PdO surface.
However, Card et al. (44) observed from the TGA results that Pd(OH), decomposes to PdO at
about 247°C when Pd(OH),/C was heated in N; at a rate of 10°C/min. Burch er al. (14) and
Cullis et al. (43) explained the proposed stability of Pd(OH). at higher temperature by the

stabilization of Pd(OH), due to the ability of the support to retain water.

Although the negative effect of carbon dioxide has been reported in literature, there is no
general agreement among investigators about the extent of the inhibition caused by carbon
dioxide on methane oxidation over supported Pd catalysts. Cullis ez al. (43), Cullis and Willatt
(34), and Burch e? al. (14) observed a relatively insignificant effect of CO; on catalyst activity.
On the contrary, Ribeiro et al. (13) found that CO, strongly inhibits the rate of methane
oxidation over supported Pd catalysts for CO, concentration of about 0.5% CO; by volume; they

also observed a smaller inhibitory effect of CO, at lower CO; concentrations.

So far, the mechanism by which CO, inhibits the rate of methane combustion is still
unknown. Recently, Burch ef al. (14) suggested that CO, may react with PdO on the support to
form inactive PdO-CO,, surface species. Also, CO, may be replaced by H;O to form a PdO-H,0
surface species which is more stable and less active than PdO-CO;. They proposed that CO; and

H,0 compete for the same sites on the PdO surface.
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Giezen et al. (45) reported the orders with respect to HO for methane combustion on
supported palladium oxide catalysts over a broad temperature range (230-515°C). They proposed

the following rate expression for methane oxidation over palladium oxide combustion catalysts:

= ko*(Per) > *(PO,) 2 (Prz0) % **exp[-151000/RT] 2.2)

Ribeiro ef al. (13) also studied the order with respect to H,O and CO; and obtained an order of -1
with respect to H,0 and an order of -2 with respect to CO; (for CO2% > 0.5% by volume).

They proposed that the rate expression of methane combustion can be expressed as:

r = k[CH4][0,]°[H.0] ' [CO,]? (2.3)

Kenichiro et al. (19) described the rate expression of methane combustion over supported Pd

catalysts at low methane conversions (<10%) by:

r = k[CH,][O.]’[H0]" (2.4)

They also proposed a pathway for the combustion of methane on PdO crystallites which includes
dissociative adsorption of oxygen and step-by-step removal of hydrogen atoms from adsorbed

methane.

The activation energy for Pd and Pt catalysts ranges from about 70 to 160 kJ/mol (see Tables

1 and 2). Activation energy for a wet feed was found to be much higher than the activation
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energy for a dry feed. Giezen ef al. (45) reported that the relationship between Eary and Eve can
be expressed in terms of the order with respect to water (n) as: (Eday/R) = [1/(1-n)]*(Ewe/'R)
(where E4ry=86 kJ/mol, Ew.=151 kJ/mol, and n=-0.8). The activation energy usually decreases
with increased time-on-stream (20). Large Pt particles, such as those in Pt black, were reported
to have lower activation energy than smaller Pt particles (21). The support also appears to
influence the activation energy; SiO»-supported Pd has lower activation energies than Al,Os-
supported Pd (9). The results in Tables 1 show that Pd catalysts are the most active, but the
catalysts preparation techniques, activation procedures and nature of the support have a large

influence on the activity of the catalyst.
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2.2 Metal Oxide Catalysts for Methane Oxidation

Supported and bulk base-metal oxides have been studied as methane oxidation catalysts.
Anderson et al. (2) studied various metal oxide catalysts; the most active base-metal oxide
catalysts they studied were bulk and clay-supported Co304; McCarty and Wise (48) also found
that Co3Os was the most active of the base metal catalysts. The results of these and other

methane oxidation studies over metal oxides are summarized in Table 2-2.

It is difficult to make direct comparisons of catalytic activities of various catalysts because
different types of reactors, different feed compositions and space velocities, different reaction
temperatures, and different catalyst preparation techniques were used by various investigators.
Information on the feed compositions, feed rates and amounts of catalyst used are given in Table
2.2 for various studies with base-metal catalysts. The amounts of catalysts used for the activity
determinations varied from 0.04 g (40) to 6 g (2). The types of reactors used for the activity
determinations included fixed-bed tubular reactors and batch reactors. In order to obtain some
comparison of activities, the activity per gram of catalyst (rate of CH, oxidation) was estimated
at 450°C if sufficient information was provided. These estimated activities are also listed in
Table 2-2. The only other base-metal oxide, besides Co30Os, which showed appreciable activity
at temperatures of <450°C was CuO (49,50,51). The ZSM-5-supported CuO (51) appears to
have unusually high activity, but the activity at low temperatures was not studied; all the

experiments were done at 500°C. Fe on supported alumina (54) also was reported to have some

of activity for methane oxidation.
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Table 2-2. Base-metal oxide catalysts for complete oxidation of methane.

Catalyst

Feed

Eaa

Rate at 450°C

Catalyst Mass, g (STP) Ki/mol | zmol/(g cat-s) Comments Ref
All catalysts were bulk
metal oxides with
Cr;0; 3.3 cm'/s 101 0.02 BET areas of 5 to 13
MnO, 0.04g 82 1.64 m?/g. Activation
Fe,0; forall | 1.5% CH, 105 0.35 energies based on runs 48
Co050. cases | 4.2%0; 64 6.35 with <15% CH,
NiQ 94.3% He 100 1.43 conversion.
2.1% Appreciable activity at
CuO/AL,O; | 05gfor| 1.8 cm’/s 106 0.27 400°C (>0.1 zmol/g
4.8% all cases | 1% CH. 93 0.38 for 4.8% and 100%
CuO/AlL,O; 4% 0O, 99 0.30 CuO catalyst). Some 49
9.2% 95% N, 101 0.59 deactivation after
CuO0/AL0; treatment at 1070°C.
100% CuO
2.1% The ZnAl;04
CuO/AI203 1.8 cm’/s 107 0.61 supported CuO had a
4.8% 05gfor | 1%CH, 92 0.96 lower activity, but did
CuQ/AI203 all cases | 4% O 98 0.79 not deactivate when 50
9.2%CuQ/Al, 95% N, 110 0.26 treated at temperatures
0; above 1070°C
4.83%
Cu0Q/ZnALLO,
99% conversion
025t02.8 0.8to | 265 ppm achieved 500°C and
wt% 25g | CHs, 22% - - space velocities of up 51
Cu on ZSM-5 C,, 8000 h-1. Cuon
78%He Mordenite and SiO,
had lower activity.
Used a circulating
20% Ce,03 05¢g CH,: 0= batch reactor. Order 11&
[ALO; 1:0.5 to - - w.r.t, to 02 =0 for 52
20% CeOy 05g |62 unreduced catalyst and
/ Al,Oy 0.5 for reduced
catalyst
Chromium and
1.7 cm’/s gallium oxides
Cr;0; 1.0g | 2% CHs,, - - required 445°C for 53
B-Ga,0; 16% O,, 10% conversion. All
82% N, the gallates were less
active
Active at T>400°C.
1.9% Fe/Y- - 1% CH; in 44 - The E,. seem wrong; 54
ALO; air 47 from figure E,o~65
2.4% Fela- kJ/mol
A1203
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Catalyst

Feed

Rate at 450°C

Catalyst Mass, g (STP) kJ/mol | rmol/(g cat-s) Comments Ref
Co30, 69.0 0.30 Rate calculated for
8.9% 92.1 0.34 1% CH., in O2
Co;04/clay 874 0.07 CH., concentration
9.8%Co0,04/Al 94.6 0.05 =0.169zmol/cm’.
203 0.66 cm® 102.1 0.04
4.5%Cr,05/Al | 4t0 6 g | pulse of 925 0.01 A pulse reactor was 2
203 CH:in 120.9 0.002 used for these studies.
20%Mn,053/Al pure O, 1293 0.001
20s 100.0 0.001
8.8%CuO/Al, 131.0 0.000
0; 150.2 0.000
1.5%CeO+/Al> 135.6 0.000
0;
4.1%Fe,05/Al
203
16%V,0s/Al,
0;
4 8%NiO/Al,
0;
4.8%Mo03/Al
203
13.2%Ti102/Al
203
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Complex oxides with the perovskite structure and overall chemical formula ABOs; have also
received attention as methane oxidation catalysts in recent years (48). These catalysts have
usually been examined as candidates for high temperature, flameless oxidation. Results for this
type of catalysts are summarized in Table 2-3. None of the catalysts is as active as noble metal
catalysts, but the activation energies for some of the catalysts are quite low (<70 kJ/mole; see
Table 2-3). It is not know whether these low activation energies are due to the intrinsic kinetics
or whether mass transfer effects have resulted in low apparent activation energies. The
mechanism of oxidation over the mixed oxide catalysts is different from the mechanism over
noble metal catalysts; a Mars-van Krevelen mechanism is the likely mechanism over the mixed

oxide catalysts (48).

None of the metal oxides was as active as palladium catalysts. However, the relatively high
activities of CosO4 and CuO may provide some clues for preparation of bimetallic catalysts
containing both a noble and a base metal. The low activation energies of some of the mixed
metal oxide may also provide some guidance for development of low-temperature methane

oxidation catalysts.
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Table 2-3 Complex metal oxide catalysts for complete oxidation of methane.

Mass of Rate at
Catalyst Cat, Feed Eix 450°C
g (Rate at kJ/mol pmol/ (g Comments Ref
STP) cat-s)
3.3 cm’/s 75 0.67 | Rates at 450°C were
LaFe,0s 0.04¢g 73 2.20 calculated assuming a
LaMnO; forall | 1.5%CH, 60 084 surface area of 25 mzlg_
LasSrsMnO; cases | 4.2%0, 70 2.58 The reaction mechanism is 48
La sSrsMnO; 94 3%He 79 9.74 of the Mars-Van Krevlen
LaNiO; type. The order w.r.t. to
CH, and CO; are 1.0 and
0.5
5.0 cm’/s, Rate at x=0.2 (max
La;.,Sr,CoO3 10g 1% CHj in - 0.89 activity). Surface area of 35
air catalyst for x=0.2 was 4.0
m’/g
All the gallates requires
Na-, K-, Rb- 5.0 cm’/s T>570°C for 10%
and Cs-B- 10g | 1% CHiin - - conversion of CH4. The 33
gallates air activity of the gallates is
less than the activity of
Ga203 (see Table 2.1.1)
ZnCrO, 3t023 | 0.66cm’ | 64.4 0.03 Rate calculated for 1% CH,
CuCrO, g pulse of 96.7 0.002 | inO,.
PdCI'O4 CI"I4 n 104.6 0.000 CHdconcenLral.ion =0.169
CoALOYALO; pure O 91.6 0.001 samol/cm®. 2
Co-ThO:- 80.3 0.03 A pulse reactor was used
MgO- for these studies.
kieselguhr
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2.3 Typical Operating Conditions

Most of the results reviewed above were obtained in fixed bed reactors operated at constant
feed rates and constant temperature. All of the studies, with the exception of one (3), were done
at atmospheric pressure. The O;:CH, ratio, for the O-rich oxidation studies reported above,
varied from 2.2 to 10; in one study CHs pulses were injected into pure Oz (2). The most
commonly used O2:CHj ratio is 4.0. The most common CH, content was 1 mol% and the inert
diluent was usually helium or nitrogen. The amounts of catalysts used varied greatly; for the
supported Pd catalyst, the amount varied from 0.05 g (3) to 6.5 g (2) and the metal loadings of

the catalysts varied from 0.46 to 15 mass% Pd.

Most investigators did not dilute the catalyst in the fixed bed, but Farrauto et al. (7) diluted the
catalyst bed with o-alumina to improve temperature control. The catalyst bed temperature was
usually measured by a thermocouple located in the catalyst bed (e.g. 5,7,9,10). It is usually

claimed that mass and energy transfer effects did not influence the rate of methane oxidation.

Product analysis was usually done by on-line gas chromatography. Various other techniques,
such as X-ray diffraction (5,8,10), electron microscopy (6,8,20), temperature programmed
oxidation (6,8) and infrared spectroscopy (9), were used to obtain information about the catalyst

structure and the reaction mechanism.
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CHAPTER 3

EQUIPMENT and PROCEDURES

In this chapter, the methods of preparation and characterization of a series supported metal
catalysts are presented. The equipment and operating conditions used to determine the catalytic

activity of these catalysts for the complete oxidation of methane are also described.

3.1 Description of Catalysts

The catalytic activity of 11 supported metal catalysts was investigated in this study. The 11
catalysts are described in Table 3-1. The catalysts were prepared using various metal precursors
and supports. All catalysts studied were prepared by using the impregnation method (catalyst
supports were impregnated with solutions of the metal precursor). Two palladium salts, one iron
salt and one copper precursor salt were used to prepare metal precursor solutions for
impregnation. The metal precursors used were: PdCl;, Pd(CsH702)O2, FeCls6HO and
Cu(NOs),.3H20. In this study, three oxides were used as catalyst support. They were silica
(Si0,), magnesia (MgQO), and alumina (Al,03). The three oxide supports were prepared by R.
Fiedorow. The alumina was prepared from aluminum isopropoxide followed by calcination of

the resulting boehmite at 500°C for 5 hours (Fiedorow and Wanke, 1997). The silica was

prepared by hydrolysis of tetraethyl ortho-silicate in ethanol at a pH of about 9, Le. similar to that
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described by Lopez et al. (1991). The washed and dried silica precipitate was calcined at 500°C

for 5 hours. The magnesia was prepared by calcination at 600°C for 5 hours of basic magnesium

carbonate, (MgCO3)sMg(OH),"SH>O, obtained from Aldrich Chemicals.

Table 3-1 Description of Catalysts (4!l metal contents are in mass %)

Catalyst Name Catalyst Palladium Precursor Solvent
RF34 5% Pd/Al,Os PdCl, Water
RF30 5% Pd/Al;Os Pd(CsH702)2 Chloroform

YW114 5% Pd/SiO, PdCl; Water
RF35 5% Pd/SiO2 Pd(CsH70,). Chloroform
RF16 5% Pd/MgO PdCl, Water

YW102 (5% Pd + 5% Fe)/Al,O3 PdCl,, FeClzs6H,O Water

YW103 (5% Pd+0.5% Fe)/Al,Os PdCl;, FeCl3.6H,O Water

YW104 5% Fe/ Al,Os FeCl;«6H,O Water

YW107 (5% Pd+5% Fe)/Si0O2 PdCl,, FeCl3+«6H,O Water

YWI112 (5% Pd+0.5% Fe)/ SiO, PdCl,, FeCl3+.6H,O Water

YW113 (5% Pd+0.1% Cu)/ SiO; | PdCl;, Cu(NO;3)2¢3H20 Water

Before impregnation, all supports were ground into fine powders in a ceramic mortar, and
measured amount of supports were wetted with solvent (water or chloroform) before adding the
desired amount of solution containing the metal precursor salt. Usually 5 gram samples of
support were impregnated with sufficient metal precursor to obtain catalysts with the desired

metal content (usually 5 mass % metal).
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For all supported palladium catalysts studied, the palladium loading was 5 mass %. The
palladium precursor salts used were PdCl; and the Pd(CsH70,)0,. For supported palladium
catalysts prepared from the chloride precursor the impregnation solutions were prepared by
dissolving PdCl, in deionised water. A small amount of hydrochloric acid (usually several
drops) was added to facilitate the dissolution of palladium(II) chloride. For supported palladium
catalysts prepared from the organic palladium precursor, the catalysts were prepared by
impregnation of carrier with chloroform solution containing palladium acetylacetonate
(Pd(CsH70-);). In addition to the supported palladium catalysts, 5 bimetallic catalysts were also
prepared in this study in order to investigate the effect of the addition of other metal (e.g. Cu, Fe)
on the catalytic properties of supported palladium catalysts. Catalysts, containing Pd (5%) + Cu
(0.1%) or Pd (5%)+Fe (0.5 to 5%) were prepared by co-impregnation of SiO, or AlO3 with
aqueous solutions of palladium and copper or iron precursors. The second metal precursor salts
(e.g. FeCl3«6H,0 or Cu(NOs).3H;0) were dissolved in deionised water before co-impregnation
with palladium precursors. Monometallic Fe/Al,O3 catalyst was prepared by impregnating the
alumina or silica supports with the aqueous iron precursor solution which was prepared by

dissolving FeCl3.6H,O salts in deionised water.

After impregnation, the beaker containing the sample of wet catalyst precursor was dried at
80°C by fixing the beaker on a rotating disc and heating overnight with an infrared lamp.
Subsequently, the catalyst samples were then put into a oven and dried at 110°C overnight.
After the above treatments, samples were put into a U-shaped Pyrex tube and were reduced

according to the following procedure:
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. flushed with nitrogen at room temperature for 30 minutes

. changed flowing gas from nitrogen to hydrogen and treated in flowing hydrogen at the

following conditions:
— heated from room temperature to 150°C in 60 minutes
— kept at 150°C for 16 hours
—- increased temperature from 150°C to 250°C in 30 minutes
— kept temperature at 250°C for 2 hours
— increased temperature from 250°C to 500°C within 30 minutes
— kept at S00°C for 1 hour
. changed flowing gas from hydrogen to nitrogen and flushed at 500°C for 1 hour

« cooled to room temperature in flowing nitrogen over a period of about 1 to 2 hours and

stored catalyst in air until use.

The above treatment procedure results in what is referred to as freshly reduced catalysts.
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3.2 Characterization Methods and Instruments

In this study, three methods of catalyst characterizaiion were used to obtain the information
about the physical and chemical properties of the 11 supported metal catalyst. X-ray diffraction
(XRD) measurements were used to determine the phase of metals in the catalyst. Hydrogen
chemisorption measurements were used to determine the metal dispersion of catalysts, and low
temperature nitrogen adsorption measurements (BET) were used to obtain the total surface area

of catalysts.

X-ray diffraction measurements are frequently used to determine the state and crystal size of
metals in catalysts (e.g. 5, 8, 10, 57). In this study, a Philips x-ray diffractometer system
equipped with a graphite monochromator and a Cu tube was used to obtain the XRD patterns.
Catalyst samples were ground into fine powers, and the powders were compacted into the
cylindrical cavity of a stainless steel XRD sample holder. XRD patterns were obtained in the
step scan mode with steps of 0.1° 26 and counting for 40 seconds per step for a range of angles
scanned from 10 to 90° 26, and with steps of 0.02° 20 and counting for 100 seconds per step for
a range of angles of 35 to 55°C. The 35 to 55°C range was chosen since the intense Pd lines are
located within this range. The goniometer angle and the digital output of the proportional x-ray
detector (i.e. angle-intensity pairs) were sent to an on-line PC for storage and subsequent data
analysis. XRD patterns were also measured for supports treated at conditions similar to the

catalyst treatments.

The BET method was used to determine total surface areas of the supports and catalysts.

Nitrogen was used as the adsorbate and a Coulter™ OMNISORP™ 360 analyzer was used to
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measure the nitrogen adsorption isotherm (58). A value of 0.0162 nm” was used as the cross-

sectional area of a nitrogen molecule for the calculation of total surface areas of the catalyst.

An AMI-1 catalysts characterization system (manufactured by Altamira Instruments) was
used to measure hydrogen adsorption uptakes at room temperature (25°C) on supported Pd
catalysts. Before measurement, the catalyst samples were reduced in flowing hydrogen at
500°C. The following procedure was used to measure the hydrogen adsorption uptake.

« a small amount of sample (usually 0.3 g) was placed into the quartz U-tube

. samples were pretreated as follows:

— flushing argon at initial temperature (25°C) for 15 minutes
— changed flowing gas from argon to hydrogen

—heated from 25°C to 250°C at ramp rate of 10°C/minute

— heated from 250°C to 500°C at ramp rate of 5°C/minute
—kept at 500°C for 60 minutes

— changed flowing gas from hydrogen to argon

— kept at 500°C for 120 minutes

— cooled temperature from 500°C to room temperature (25°C)

- injected 15 hydrogen pulses of each containing 62 pmol of H;

The flow rate and temperature used during the pretreatment are described in Table 3-2.



Table 3-2. Sample Pretreatment and Measurement of Hydrogen Adsorption

Flow Rate | Initial Temp. | Ramp Rate | End Temp. | Hold Time
(ml/minute) g8 (°C/per min) ()] (minute)
Flushed by
argon 30 25 0 25 15
Reduced by
hydrogen (I) 30 25 10 250 0
Reduced by
hydrogen (II) 30 250 5 500 60
Flushed by
argon 30 500 0 500 120
Cooled by
argon 30 500 - 25 -
pulsed adsorption with hydrogen at 25°C

3.3 Experimental Equipment

In this study, a fixed-bed reactor system was designed and constructed for the measurement of
the rate of catalytic methane oxidation. The reactor, shown in Figure 3-1, consists of a 316
stainless steel tube with a length of 280 mm and an inside diameter of 4.6 mm. This tube was
fixed tightly inside a 316 stainless steel cylindrical block with a diameter of 32 mm and a length
of 152 mm. The stainless cylinder served as a good conducting material of large thermal mass to
achieve relatively constant temperature along the wall of the reactor. During reaction, the
cylinder and reactor are fixed tightly inside an oven as shown in Figure 3-2. Both ends of the
oven were covered by layers of insulation materials in order to prevent heat loss from the two
ends of the reactor. A small porous Vycor disc was manufactured in the glassblower shop of the
Chemistry Department at University of Alberta and supported by a Vycor tube (about 125 mm
in length) at the middle of the reactor. A desired amount of catalyst powder (usually 0.10 g) was

placed on the Vycor disc inside the reactor. Layers of quartz wool were placed at the top and
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bottom of the catalyst bed to prevent that catalyst powder from leaving the reactor. Two type-K
thermocouples were used in the reaction system. Thermocouple A, mounted inside the stainless
cylinder, was used to control oven temperature, and Thermocouple B was placed in the middle of
catalyst bed inside the reactor. The outputs from Thermocouple A and B were recorded by a
strip chart millivolt recorder. Figure 3-3 shows the measured temperatures of the oven and
inside the reactor when helium flowed through the reactor. The results in Figure 3-3 show that in

the absence of the reactants, the temperatures inside and outside the reactor are equal.

Thermocouple A \ \

Thermocouple B

316 stainless steel
reactor

Solid stainless steel cylinder—»
Catalyst bed
Vycor disc

—

Quartz Wool

__ Vycor tube

Figure 3-1 Schematic Diagram of Reactor
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There is some difference between the measured temperatures of the oven and inside the reactor
in the presence of the reactants especially at relatively high reaction temperature (500°C) when
the conversion of methane is relatively high. Therefore, in the following chapters, the
temperatures in our experimental results all refer to the temperature inside the reactor. Reactants
or helium were fed to the top of reactor and the products leaving the reactor flowed through a gas

sample valve of a gas chromatograph (HP5830A).

A schematic diagram of the complete reaction system used in this study is shown in Fig. 3-4.
The reactant mixture, which usually contains 0.965 mol% methane, 3.96mol% oxygen in helium,
flowed through a three-way flow valve and could be directed to flow downward through the
reactor or it could bypass the reactor for analysis by the GC. The flow rate of reacted stream was

controlled by a Matheson Mass Flow Controller (Modular Dyna-Blender Model 8250).

The pressure inside the reactor is controlled by a needle valve. Reaction pressure was
measured by a pressure gauge. The product streams from the reactor or the by-pass feed was
routed to a multiport valve which directed the stream to the vent or the GC. The composition of
effluents (reactants or reactant products) were analyzed using the HP 5830A gas chromatography
(GC) using a (12 in length, 1/8 in. diameter) carbosieve column maintained at 220°C. The
operating conditions of the GC are listed in Table 3-3. The GC was calibrated by standard gas
(premixed reactants) before each run. The flow rate of effluents was measured by bubble flow

meters. Two types of bubble flow meters were used to measure different ranges of flow rate.
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Table 3-3. Operating Conditions of Gas Chromatograph

Flow Rate of Helium, (STP)ml/s 0.50
Detector Temperature, °C 260
Detector Type TCD

Oven Temperature, °C 400
Column Temperature, °C 220

3.4 Catalytic Activity Measurements—Operating Conditions

Analyzed gas mixture containing CHs, Oz and He were purchused from Medigas and used as
feeds in the present study. Methane contents of 0.2 to1.0 mol% and oxygen contents of 0.9 to
4.0 mol% were used. Oxygen was always in stoichiometric excess, and helium was the balance
gas. A gas mixture containing 0.965 mol% methane and 3.96 mol% oxygen in helium was used

for most experiments.

The activities of the catalysts after various treatments were compared using a reactant flow
rate of 2.1 mL/s (82 umol/s) at a reactor pressure of ~93 kPa. However, flow rates of 0.5 to 250
mL/s (19.5 to 960 pumol/s) and pressure up to 400 kPa were investigated. Reaction temperature

of 150 to 600°C were studied. Specific experimental details will be given in the results section.
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3.5. Experimental Procedures

The following three kinds of experiments were done:
1. Determination of catalytic activities of catalysts as a function of time-on-stream
2. The effects of pretreatment temperature on catalytic activity

3. The effect of reactor pressure on methane oxidation

Runs 1 to 17 were performed to investigate the evolution of catalytic activity of supported
palladium catalysts and bimetallic catalysts with time-on-stream. In this type of experiment, a
freshly reduced catalyst sample (0.0962 g) was placed on the Vycor disc inside the reactor. The
state of catalyst at this time is called State 1. Then, the catalyst sample Qas purged with helium
at ~0.6 mL/s (23.5 umol/s). Usually, the oven temperature was initially set to 150°C. After the
temperature inside the catalyst bed was stable, the flowing stream was changed to reactant
mixture containing ~1% methane, ~4% oxygen in helium. The activity for methane combustion
at the initial temperature of 150°C was measured at feed rates with 0.6, 0.98, 1.6, 2.1 mL/s (23.5,
38.3, 62.52, 82 pmol/s). The composition of the stream leaving the reactor was analyzed by

using a four-way valve to inject a fixed amount of products into the GC.

The methane conversion was calculated according the procedures and equations described in
Appendix B. As indicated in Appendix B, the accuracy of the fractional conversions was very
good, i.e. the reported percentage conversions of methane are believed to be accurate to better

than +1.5%.
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Usually, the reaction temperature was increased at an interval of 25 or 50°C until the
methane conversion reached 100% at 2.1mL/s (82 umol/s). Temperature at which complete
conversion of methane occurred varied from about 350°C to 600°C for various catalysts. For
each temperature, at least three product analyses were done for each feed rate. The system was
then kept overnight (about 12 hours) under flowing reactant mixture. The catalyst sample was
then purged with helium at ~0.6 mL/s (23.5 pmol/s) and cooled gradually to room temperature
over about 2 hours. The state of catalysts after the above treatment is called State 2. The
conversion of methane for the catalysts in State 2 was then measured at conditions similar to

those used for measuring the activity of catalysts in State 1.

Runs 29 to 40 were designed to investigate the effects of pretreatment temperature on the
activity of 5% Pd/ALOs. Before Runs 29, 31, 33, 35, 37, 39, the Pd dispersions of RF34 catalyst
samples, which had been reduced in flowing hydrogen at 500°C, were measured by hydrogen
adsorption at room temperature. Details about the Pd dispersion calculation over supported Pd
catalysts are given in Appendix B. X-ray diffraction measurements were used to determine the
state of Pd in catalyst after the hydrogen adsorption. About 0.1 g of the above freshly reduced
catalyst sample was placed on the Vycor disc inside the reactor and the catalyst bed was purged
by helium at 2.1 mL/s (82 umol/s). The oven temperature was set at various temperature (350°C
in Run 29, 400°C in Run 31 and 37, 375°C in Run 39, 450°C in Run 33, 500°C in Run 35).
After the temperatures became stable, the reactant mixture at 2.1 mL/s was fed to the reactor and
the composition of effluent was analyzed repeatedly for several hours by GC. When the methane
conversion became constant, the catalyst sample was purged by helium at ~0.6 mL/s (23.5

umol/s) and gradually cooled to room temperature over 2 to 4 hours. Runs 30, 32, 34, 36, 38, 40
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were performed separately to investigate the activities of catalyst RF34 samples after the above
treatments. X-ray diffraction measurements were used to determine the state of Pd in catalyst
after Runs 30, 32, 36,38 and 40. The oxidized samples were reduced by hydrogen at 500°C
before the hydrogen adsorption measurements at room temperature (25°C). Then, the X-ray
diffraction measurements were conducted on the used and reduced samples to determine the state

of Pd in catalyst after Runs 30, 32, 36, 38 and 40.

Runs 18 to 21 and Run 43 were done to determine the effects of reactant composition,
temperature and total pressure on methane conversion over alumina supported catalyst RF30 and
RF34. Feed containing 0.23% methane and 1.96% oxygen in helium was used in addition to the
usual feed (0.965% methane and 3.96% oxygen in helium). Total pressure was varied from 93 to

410 kPa.
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CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

The results of methane oxidation experiments over the various supported catalyst described in
Chapter 3 are summarized and discussed in this chapter. Detailed descriptions for each run are

presented in Appendix A

4.1 Effects of Pretreatment Activities of Pd/ALLO3

The initial experiments (Runs 1, 2, and 3) were done to determine the effect of treatment
conditions on activities of Pd/Al,Q5. Additional experiments were done later (Run 29 to 40) to
further investigate the effect of pretreatment conditions on activities. In Figure 4-1, the methane
conversion is shown as a function of temperature over catalyst RF34. The same catalyst change
was used for Runs 1 to 3, starting with a freshly reduced catalyst (Statel) at the beginning of Run
1. During Run 1, the temperature was increased gradually from 150 to 475°C and at each

temperature the methane conversion was measured at various feed rates (see Appendix A).

The methane conversions for two different feed rates (23.5 and 82 pmol/s) are shown in Fig
4-1. For RF34 in State 1, methane conversion became appreciable only at temperature >400°C
(Run 1). At temperature > 425°C, the activities increase rapidly; at 475°C the methane

conversion was 100%.
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After 100% methane conversion was achieved at 475°C, the system was maintained overnight
(about 12 hours) under following reactant mixture with a feed rate of about 0.6 mL/s (23.5
umol/s). The reactor was then purged with helium and cooled gradually to room temperature

over about 2 to 3 hours. The state of catalyst after such treatment as Run 1 is called State 2.

The methane conversion of RF34 in State 2 was measured at conditions similar to those used
for Run 1. The activities for methane conversion of RF34 in State 2 is also shown in Fig 4-1.
RF34 catalyst had a much higher activity in State 2 than in State 1. Methane conversion of about
5% to 10% were obtained at 275°C, similar conversion in State 1 required temperature 375 to
400°C. Methane conversion of ~100% was obtained at around 375°C in State 2 compared with

475°C in State 1.

After Run 2, the reactor was cooled to 275°C and was maintained at 275°C for about 318
hours at different reactant flow rates. Then, the temperature was increased to 350°C then
decreased to 275°C. The reactor was maintained at 275°C for an additional 110 hours at a feed
rate of 0.6 mL/s (23.5 umol/s). Run 3 was conducted after the above treatment using the same
conditions as Run 2. The conversion of methane was measured at different reaction
temperatures during Run 3. The methane conversions for Run 3 as a function of temperature are
also shown in Fig 4-1. The methane conversion values for Run 2 and Run 3 shown in solid and
open triangles for Run 2 and 3 respectively show that no further increase or decrease in activity
occurred for RF34 after aging in reactants for another period of around 550 hours after the end of

Run 2.

57



Fig. 4-2 shows the stability of catalyst RF34 in Runs 2 and 3. These results show that the
catalytic activity of catalyst RF34 is very stable for a long time at 275°C at various feed rates
after aging with reactants overnight at 475°C. This indicates that the active sites on the PdO
surface which were formed during activation at high temperature are very stable at low

temperature.

The initial observations for methane combustion over RF34 are in agreement with the work of
Briot and Primet (6). Both studies observed the dramatic increase in the activity of Pd/Al;Os
especially at low temperature after exposure to reactants at high temperatures. A light-off
temperature at around 400°C in State 1 was observed in both investigations. Briot and Primet (6)
reported the activity of Pd/Al,03 remained stable below 390°C and above 460°C in State 1 and
below 340°C and above 460°C in State 2. A continuous increase in activity as a function of time
in the 340-460°C interval in State 2 was also observed in Briot and Primet’s work. However, in
our work, the increase in activity as a function of time is just observed in State 1. The difference
between our observation and that of Briot and Primet is probably due to the 600°C treatment

with reactants in State 1 done by Briot and Primet. This point will be discussed latter.

It is observed that the color of the RF34 sample changed from black in State 1 to brown in
State 2 after Runl and kept its brown color during Runs 2 and 3. This change in color could be

due to a change in the Pd dispersion and/or in the Pd oxidation state.

The dramatic increase in activity of methane combustion over RF34 from State 1 to State 2

can be associated with the formation of palladium oxide after aging with reactants which resulted
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in enhancement of the reactivity of adsorbed oxygen. It has been frequently reported in literature
that palladium oxide is much more active in methane oxidation than palladium in its reduced
state and the increase in catalytic activity of methane combustion over Pd/Al,O; has been
attributed to the oxidation of palladium to form palladium oxides after aging with reactants (e.g.
56,7,12,13,24.2527,31). Garbowski er al. (42) observed increasing methane combustion
activity under both lean and rich conditions as Pd is oxidized to PdOx species. Farrauto ef al. (7)
studied the oxidation of methane over a wide temperature range (300 to 900°C) using Pd/Al,0O;
catalysts. They concluded that PdO is the catalytically active phase for methane combustion
over Pd/Al,O5 and that the observed low activity of Pd/Al,O; after heating to 900°C is due to the
decomposition of the PdO to palladium metal. Sekizawa et al. (8), not only concluded that PdO
is more active than Pd for the oxidation of methane, they also found that the dissociation of PdO
at high temperature (1200°C) depends on the oxygen partial pressure of reactants. They used
1.44 mass% Pd supported on SrosLao2XAl1019 catalysts, where X=Al or Mn. Briot and Primet
(6) observed that in an oxygen-rich reactants mixture, the catalytic oxidation of methane over
supported Pd occurs on a Pd oxide phase, while the catalytic oxidation of methane over
supported Pt occurs on a Pt phase. Recently, Farrauto et al (12) conducted an extensive
investigation on methane combustion over Pd catalysts with various materials of support to give
more insight into the correlation between Pd phase and catalyst activity. They concluded that the
methane combustion behavior over supported Pd catalysts is correlated with the PdO
decomposition-reformation hysteresis. In a recent study with Pd on Al;O3 and Pd/ZrO;, Ribeiro
et al. (31) heated a series of Al;O3 and ZrO, supported palladium catalysts to 1123 K. They
observed that at this temperature the PdO phase on the surface of catalysts were decomposed to

Pd metal phase which was not active for methane combustion.

60



In the current work, a dramatic increase in catalytic activity of Pd/AL,O; as a function of time
was observed at temperature higher than 400°C in State 1. This phenomenon can be explained
by the conclusions made by Hick et al. (25) in their study. They proposed that during the
methane oxidation process over supported palladium catalysts, new surfaces of PdO developed
because the PdO lattice obtained from metallic palladium has a porous character. For supported
Pd catalyst samples, which were initially reduced, palladium crystallites were oxidized during
methane oxidation and led to the formation of new active sites associated with an increase in the
rate of methane oxidation. They concluded that all the oxide generated has its surface accessible

to the reactants and participates in the methane oxidation.

In agreement with Hick et al. (25), Briot and Primet (6) also attributed the increase in the
catalytic activity of Pd/Al,Os with time in the 390 — 460 °C interval in State 1 to the formation
of bulk PdO during reaction. The temperature-programmed oxidation (TPO) experiments they
performed on Pd/Al;Os in State 1 and State 2 showed the formation of bulk PdO at temperature
above 400°C. Based on the above results, they proposed that the unstable activity of catalyst in
the 390-460C is due to formation of bulk PdO at that temperature and the stable activity of
Pd/ALO; at temperature higher than 460°C in State 1 is due to the complete oxidization of Pd
into bulk PdO. They concluded that the stability of the reaction rate with time in both State 1
and State 2 is correlated to the progressive formation of bulk PdO. At any given temperature, the
rate of reaction remains constant with time before PdO formation and when the metal particle is
fully oxidized into bulk PdO. However, it seems difficult to use their conclusion to explain the

instability of the reaction rate in the 340-390°C range for in State 2 that they observed in their
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study. Because the Pd should exist in the PdO phase in State 2 after aging with reactants at

600°C according to their TPO results.

However, our experimental results of catalytic measurements over RF34 during Run 2 and
Run 3 can be well explained by the conclusions of Briot and Primet. The constant activity of
RF34 in State 2 is probably due to the complete oxidation of the palladium which occurred

during Run 1 and the overnight exposure to reactants at 475°C.

The only major difference between the experiments of Briot and Primet (6) and the current
experiments is the difference in the maximum pretreatment temperature of the supported
palladium cartalyst. In the Briot and Primet study, the Pd/Al,O3 was aged with reactants at 600°C
overnight after 100% methane conversion was obtained at 480°C. In the current study, RF34
was aged with reactants at 475°C overnight when 100% methane conversion was reached at that
temperature. Thus, it is temping to ascribe the difference in the catalytic activity of Pd/Al,0s

with the maximum activation temperature.

Runs 29 to 40 were performed to investigate the effect of pretreatment temperature on the
activity of Pd/Al,Os. Fig 4-3 illustrates the change of methane conversion as function of time on
stream at various temperatures for fresh catalysts RF34. After an induction period, the activity
of catalyst RF34 increased and then reached a state in which the conversion became constant. It
was observed that the evolution of catalytic activity with time over catalyst RF34 was dependent
on the activation temperature. The higher the activation temperature, the shorter the period of

induction.
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The initial activities of RF34 at various activation temperature are all much lower than their
steady-state activities. The methane conversion was ~6% after aging with reactants for 1 hour at
350°C and it was ~4.0% after aging with reactants for 1 and half an hour at 375°C, while the
methane conversion reach ~98% after being exposed to reactants for 6 minutes at ~500°C. The
above difference in the evolution of activity with time at various activation temperature is

probably due to the extent of PO formation at the various temperature.

Briot and Primet (6) reported that bulk PdO would form at temperature ~400°C under heating
in oxygen at reduced pressure (Po;=8 Torr). In their TPO experiments, the formation of bulk
PdO was observed at ~390°C for Pd/Al,O; in State 1 and at ~340°C for Pd/Al2O; in reduced
State 2. Therefore, the initial low activities and slow evolution of activity with time of RF34 at
temperature at 350 and 373°C could be due to the slow formation of bulk PdO at temperatures
<400°C. During the initial period of induction, most of the Pd on the surface on the RF34
catalyst may exist in the form of Pd which resulted in very low catalytic activities. The much
higher initial activity and activation rate at 500°C were probably due to the rapid formation of

bulk PdO at higher activation temperature.

Methane conversion as a function of temperature after activation at various temperatures for
catalyst RF34 are shown in Fig. 4-4. The steady-state activity of RF34 after activation is
correlated with the activation temperature in State 1. The catalyst is more active after activation

with feeds at temperatures of 373 to 400°C than after activation with feeds at lower (350°C) or

higher (450°C) temperatures.
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The reasons for this effect of activation temperature on activity is not obvious. Decreases in
Pd dispersion or the formation of non-porous PdO are possible causes for the decreases in
activities for activation temperature greater than 400°C. The lower activities at an activation
temperature of 350°C is probably due to incomplete oxidation of the Pd. Other factors, which
may depend on the activation temperature, can also influence the activity of the catalysts. Some
of these factors are changes in the support surface, the reconstruction of palladium surface and

change in PdO particle size.

As addressed in previous chapter, the effect of pretreatment temperature on the activities of
Pd/ALO; has been also reported by other investigators. Baldwin and Burch (5) studied the effect
of activation temperature over 5% Pd/Al,O3 which was calcined in air for 24 hours before aging
with reactants. They observed that the catalyst is more active for the methane combustion
reaction after exposure to the reaction mixture at 405°C than after exposure to the reaction
mixture at 373°C. Chen and Ruckenstein (30) observed that the extent of reoxidation of Pd will
be greater on palladium initially oxidized at low temperature. Baldwin and Burch (24) measured
the rate of methane combustion over Pd/Al,Os catalysts after being calcined in air at 400, 500,
600°C, they observed that the rate constant of methane combustion changed with calcination
temperature. Fujimoto et al. (18,19) observed that the activity of supported palladium catalysts
which are prepared by controlled decomposition of Pd precursors during catalyst preparation do
not increase after activating with reactants. Whiie the activity of the same catalysts which are
prepared by uncontrolled decomposition increased with time-on-stream. They concluded that
incomplete re-oxidation of Pd metal crystallites may lead to the low activity of catalyst as

compared with the activity of Pd catalysts which are completed oxidized. Ribeiro ef al. (31)
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suggested that the wide variation in reaction rates reported in the literature could be attributed to

the various activations used.

Briot and Primet (6) reported that the bulk PdO which was formed on large diameter
palladium particles (16 nm) was much more active than the PdO which was generated on smaller
diameter palladium particle (7 nm). However, they also suggested that the effect of the

reconstruction of surface under reacting conditions could be a cause of the variation in activities.

4.2 Effects of Supports and Pd Precursors

Experiments were done to investigate the effects of Pd precursors and supports on the
activities of supported palladium catalysts (Table 4, Chapter 3 for details of catalysts). The
activity of various catalysts in both State 1 (Runs 1, 4, 6, 8, 10, 41, 43) and State 2 Runs 2, 5, 7,
9, 11, 42, 44) were measured at atmospheric pressure and a feed rate of 82 umol/s (Feed: 0.965%

methane, 3.96% oxygen in helium).

Methane conversion as a function of temperature during activation (State 1) and after
activation (State 2) for various catalysts at feed rate of 82 pmol/s are shown in Figures 4-5 and
4-6. Activities of various catalysts at different temperatures are compared in Table 4-1. The

values in Table 4-1 were interpolated from Figures 4-5 and 4-6.
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The results in Table 4-1 show that methane conversions of supported palladium catalysts are
dependent on reaction temperature, support and palladium precursor. During activation (State
1), silica-supported palladium catalysts (YW114 and RF36) show measurable activity at lower
temperature than alumina- and magnesium-supported palladium catalysts. Silica-supported
palladium catalyst prepared from PdClh, YW114, is the most active sample among all the
catalysts investigated. For alumina supported Pd catalysts, the sample using organic palladium
precursor (RF30) showed measurable activity at lower temperature than the sample using
palladium chloride precursor (RF34). MgO supported palladium catalyst (RF16) was the least

active sample among all the catalysts investigated.

After activation, catalysts RF34 and YW114, which were prepared with PdCl,, were more
active than RF30 and RF36 which were prepared from organic precursor. For catalysts with
PdCl, precursor, YW114 was more active than RF34 and RF16. The MgO-supported catalyst,
RF16, also had the lowest activity in State 2. For catalysts prepared from the organic palladium
precursor, RF30 was more active than RF36 after activation although RF36 was more active than

RE30 in State 1.

Variations in the ratio of activity of State 2 to State 1 as a function of the reaction temperature
for various catalysts at feed rate of 2.1 mL/s (82 pumol/s) are shown in Figure 4-7. This plot
shows the effect of pretreatment on activities. It is clear that the Al,O3 supported Pd made with
PdCl; (RF34) has largest change in activity; the activities increased by about 80%. Repeat
activation studies with catalyst RF30 and YW114 show that activation process is not very

reproducible; this is especially notable for catalyst YW114. The unreproducible activation
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results of YW114 is probably due to the rapid activation of silica-supported palladium catalyst in

State 1.

The difference in Twa (temperature required to obtain measurable value of methane
conversion at 82 umol/s) between RF34 and other catalyst samples (RF30, RF36 and YW114)
can be attributed to the influence of support property and the initial palladium particle size on the
temperature required for bulk PdO formation. It was suggested by Briot and Primet (6) that the
temperature for PdO formation appeared to affected by the Pd particle size. They reported that
the temperature for PdO formation decreased slightly from 390°C to 340°C when increasing the
metal particle size diameter from 7 to 16 nm over catalyst Pd/AL,Os;. The difference in Tsan
between RF34 and RF30 demonstrated in Fig 4-5 is probably due to the large difference in the
initial particle sizes of the two catalysts in State 1. The Ha adsorption results in Section 4.4 will

show that the particle size of palladium on RF30 is about 19 times large than that on RF34.

The difference in Tqan between RF34 and YW114 and RF36 cannot solely be attributed to the
difference in the Pd surface area. The particle Pd surface area of YW114 is about 4 times larger
that that of RF30 although Tar for YW114 is about 100 to 130°C lower than Tsan for RF30 (see
Section 4.5 for Pd areas and crystal sizes). The support affect the catalyst activities of Pd since
the support affect the oxidation of Pd to PdO (Kikuchi ez al. (15)). Other researchers reported
that the reconstruction of Pd on silica-supported catalysts palladium was much more rapid than
Pd on alumina. The sintering of palladium oxide particles was more rapid in the case of silica-
supported catalysts (24). Therefore, oxidation of Pd to PdO may be different for catalysts RF34

and YW114.
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Nature of the Pd precursor also affected the catalytic activities. Catalysts prepared with
PdCl, were more active than catalysts prepared with Pd(CsH702); in both State 1 and State 2
(compare activities of YW114 with RF36 and RF34 with RF30 shown in Fig 4-5 and 4-6). This
observation differs from those of Cullis and Willatt (34), Hick et al. (25, 27), and Marecot et al.
(35) who reported that chorine from PdCl, inhibited methane oxidation over supported palladium
catalysts. The slightly lower activity of RF34 (using palladium chloride) at low temperature
compared to RF30 (using organic palladium precursor) shown in Fig. 4-5 cannot just be
explained as the inhibition of methane oxidation by chloride. It is probably due to the difference
in the initial particle size of palladium on the surface of catalysts which may cause difference in
Taar and the evolution of catalytic activity with time-on-stream. Baldwin and Burch (24), did
not observe an effect of chorine, their results are similar to those shown in Fig 4-5 and 4-6.
Baldwin and Burch investigated the conversion of methane at 350°C as a function of time for
supported Pd catalysts made from palladium chloride and palladium nitrate precursors and which
were reduced in hydrogen at 400°C prior to testing. The sample made with palladium nitrate
precursor had an initial Pd size of 7.6 nm and an initial activity which was higher than the
activities of catalyst made with PdCl,. The PdCl, catalyst had an initial Pd size of 1.5 nm.
However the activities of the PdCl, catalyst became higher than that of the PA(NO;). catalyst

with time-on-stream.

The catalytic activities of supported palladium catalysts shown in Figures 4-5 and 4-6 can be

explained by the effects of two mechanisms during the catalyst activation. One is the formation

of a active PdO phase, the other is the losing of active PdO phase by sintering and/or the forming

74



of inactive PdO. The higher activity of YW114 after activation is probably due to the small
interaction between SiO; and Pd which favor the formation of PdO. The interaction between
Al,O; and Pd is higher than that for Pd-SiO, and this retard the formation of PdO. Bulk PdO
appears to form easier on the surface of silica than on alumina. The relative lower activities of
RF30 and RF34 than YW114 after activation is probably due to oxidation of Pd to inactive PdO
phase on alumina during activation. This is supported by the results of other researchers who
reported that there are inactive PdO and active PdO phases on supported palladium catalysts (e.g.

3, 26, 27, 31).

The catalysts with large particle palladium size appear to lose active PdO more rapidly during
use than catalysts with smaller Pd size (see Section 4.5 for Pd size information). The relatively
lower activities of RF30 compared to RF34 were probably due to its dispersion which was about
9 times lower than that of RF34. The large decrease of activity for catalyst RE36 after activation
was probably due to its large palladium particle size and the rapid reconstruction of Pd on the
surface of the silica support. The above mechanism can also be supported by the relative slower
evolution of catalytic activities over RF30 and RF36 shown in Fig 4-5. The deactivation of
active PdO may be due to the reconstruction of catalyst morphology during catalyst activation.
Baldwin and Burch (24) concluded that the catalytic activity of palladium catalysts were strongly
influenced by the morphology of palladium particles. Some evidences for difference in oxidative
(PdO structure) properties of RF36 and YW114 compared to the alumina-supported RF34 is in

Section 4.5.
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4.3 Effects of Second Metal Addition

The supported Fe catalysts have been reported in literature to have activity in the combustion
of hydrocarbons such as: methane butane, and carbon monoxide (63). Iron contamination also
frequently occurs during the use of catalysts in exhaust clean-up. For these reason, the addition

of iron to palladium catalyst for methane combustion were investigated in this study.

In Figure 4-8, the methane conversion is shown as a function of temperature over catalyst
RF34, YW102 and YW103 to demonstrate the effect of Fe addition on the catalytic activities of
supported Pd catalysts in State 1. The activities of supported palladium catalysts in State 1
decreased dramatically by addition adding Fe. The activation temperature (Tsaa) for RF34 is
about 25°C lower than that for YW102 and 103. The effect of Fe addition on the activities of
catalysts RF34, YW102, and YW103 in State 2 is shown in Figure 4-9. After activation, the
activities of RF34 was much higher than that of YW102 and YW103. It is interesting to note
that in State 1 YW103, the catalyst with low Fe content, was less active than YW102. However,
in State 2, YW 102 (5% Fe + 5%Pd) was less active than YW103(0.5Fe + 5%Pd). This

indicates that interaction between Fe and Pd oxides occurred during activation.

The effect of Fe content on the activities of silica supported Pd catalysts (YW114, YW107,
and YW112) in State 1 was shown in Figure 4-10. The activities of catalyst YW107 and YW112
which contain Fe were much lower than that of YW114 which is Fe free. The effect of Fe
content on the activities of silica supported Pd catalysts (YW114, YW107, and YW 112) in State

2 was shown in Fig. 4-11. Both YW107 and YW112 showed much lower activities than that of
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YW114. It is interesting to note that the effect of Fe concentration is less pronounced for SiO2-

supported Pd than for Al,Os-supported Pd (compare results in Figures 4-9 and 4-11).

Figure 4-12 shows the variation of the conversion ratio State 2/State 1 as a function of the
reaction temperature for various catalysts at feed rate of 82 umol/s. For alumina supported
catalysts, YW103 was activated after aging with reactants and showed a small increase in
activity in State 2. YW102 showed lower activity in State 2 than State 1. For silica supported

catalysts, no activation were observed for YW107 and YW112.

The results in Figure 4-8 to 4-12 show that the activities of supported palladium decreased
after adding Fe. The activities of supported palladium catalysts were influenced by' the type of
support and by the amount of Fe for the alumina support. Silica supported palladium catalysts
seem to be much more sensitive to the deactivation by Fe than alumina supported catalysts.

The low activities of the Fe containing catalysts must be due to Pd-Fe interaction such as the
covering of Pd or PdO particles with Fe or Fe oxides. Supported iron catalysts are very inactive;
conversion of methane over a 5% Fe/Al,O3 catalysts (YW104) were 5% at 473°C (see Run 13,

Appendix A).

Cu containing catalysts have been used for NO, + CH; and CHy oxidation reactions (51). The
effect of Cu addition on the methane conversion of YW113 in State 1 as the function of reaction
temperature was shown in Figure 4-13. YW113 is less active than YW114 and reached 100%
methane conversion at 375°C which is about 25°C higher than that of YW114. The effect of Cu

addition on the methane conversion of YW113 in State 2 as the function of reaction temperature
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is shown in Fig 4-14. Catalyst YW113 started to show activity at about 200C(0.76% methane
conversion) which is about 25°C higher than that of YW114 (0.48% methane conversion for
175°C) and YW113 reached 100% conversion at 380°C which is about 40°C higher than that of
YW114. The ratios of methane conversions in State 2 to State las the function of temperature
are shown in Fig. 4-15. Increase in activities at reaction temperature above 300°C was observed

for YW113.
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4.4 Effect of Feed Composition and Reaction Pressure

A limited number of experiments were done with different feed compositions and reaction
pressures up to 400 kPa. The effect of reactant composition on activation for RF34 is shown in
Figure 4-16. Comparing the compositions for Run 2 with those for Run 20 shows that the
composition of the reactant mixture had only a small effect on the final catalytic activities (for
Run 2, the catalyst was activated at 475°C with a reactant mixture containing 0.965% CH, and
3.96% O, and for Run 20 the catalyst was activated at 475°C with a reactant mixture containing
0.232 CH, and 1.96% O;). The higher methane conversions for Run 19 (Figure 4-16) is probably
due to the higher O/CHj ratio in the feed for Run 19. The limited data are not sufficient for

determination of rate functions.

The effect of total reactor pressure at constant feed composition and approximately constant
residence time was measured in Run 43 using catalyst RF30. The residence time was kept
approximately constant by keeping the ratio of the feed rate to pressure constant. The methane
conversions for this run are shown in Figure 4-17. The results show that conversions were
higher at lower reactor pressure. This suggests that the rates of oxidation were inhibited by
higher reactant and/or product concentrations such as are obtained with Langnmuir-Hinshelwood
type rate functions. If the methane oxidation kinetics could be described by a simple first-order
power-law rate function over the concentration range investigated, then the conversions at
constant residence time and under isothermal conditions would be independent of total pressure.

Non-isothermal conditions are more likely at high pressure since the absolute oxidation rate is
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higher; hence, internal heat transfer effects would tend to increase the conversion at high

pressure. This was not observed.

The effect of feed rate on conversion at two different pressures was investigated in Run 43.
The results of these determination, plotted as /n(1-XCH.) versus the reciprocal of the feed rates,
are shown in Figure 4-18. Such a plot should be linear if the reaction is first order in methane in
the presence of large oxygen excess. The plots are approximately linear, i.e. the reaction order
with respect to methane is close to one for RF30. It also appears that heat and mass transfer
effects do not play a major role in the results shown in Figure 4-18 since a four-fold change in
pressure (indicated by the change from open to solid symbols in Figure 4-18) did not result in a

discontinuity in the oxidation rates.

Runs 19 and 20 were done to determine the effect of total pressure, at constant methane
partial pressure, on the rates. Run 20 was done at atmospheric pressure with a feed containing
0.965% methane, i.e. 2 methane partial pressure of 0.92 kPa. A feed containing 0.23% methane
was used for Run 19 and the total pressure for Run 19 was 400 kPa, i.e. a methane partial
pressure of 0.92 kPa. The conversions, as shown in Figure 4-19, were relatively independent of
total pressure. The slightly higher conversion for Run 19 was probably due to the higher partial

pressure of O, (O, partial pressures were 7.8 and 3.7 kPa for Runs 19 and 20, respectively).
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4.5 Catalyst Characterization Results (BET, H; Chemisorption, XRD)

The results in the previous chapter showed that the catalytic activities of supported palladium
catalysts are a function of the support, palladium precursor, and pretreatment temperature. In
addition, it has also been reported in literature that the activities of supported palladium for
methane combustion are due to the difference in palladium structure and/or palladium state on
the surface of supports of various catalysts. Furthermore, it has been frequently reported that the
methane combustion over supported palladium catalysts is structure-sensitive (e.g. 3, 6, 18, 19,
20, 21, 27, 28, 38, 39). For this reason, catalysts which were prepared with various palladium
supports, palladium precursors and after various treatments were characterized by x-ray
diffraction, hydrogen chemisorption and low-temperature nitrogen adsorption (BET) in an

attempt to discover catalyst structure — activity relationships.

Total surface areas of catalysts (by the BET method), Pd dispersion (by H: chemisorption)
and Pd crystal size (by XRD) for various catalysts in State 1 and 2 are summarized in Table 4-2.
The total surface area of catalysts RF34 and 30 decreased from 210 and 195 m?/g to 185 and 166
m?*/g after activation with reactants. This shows that the increase in the catalytic activities for
methane combustion over these supported palladium catalysts is not due to the change of total

surface area of catalysts during activation.
The palladium dispersion, which is defined as the ratio of surface Pd atoms to total Pd atoms,

in Table 4-2 show that the palladium dispersion decreased with activation, i.e. the number of

surface Pd atoms decreased but the activity increased. The decrease in Pd dispersion was, at
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least in part, due to an increase in Pd particle size. The increase in Pd crystal size, which is equal
to Pd particle size in well-annealed samples, also increased with activation. The Pd dispersion
was calculated using the assumption that one hydrogen atom adsorbs per surface Pd atom (see
Appendix C). The Pd crystal size was estimated from XRD line-broadening measurements; the

results from the Pd 111 line were used in the size calculations (see Appendix D).

Table 4-2. BET, H, chemisorption and XRD results of various catalysts.

Before Activation (State 1) After Activation (State 2)

Catalyst Surface Pd . Pd (?rystal Surface ) Pd ‘ Pd (?rystal

Area, Dispersion, Size, Area, Dispersion, Size,

m?/g % nm m’/g % nm
REF34 210 19.7 3.38 185 93to11.8 | 43to6.4
RF30 195 2.1 - 166 1.9 -
YW114 - 10.1 8.12 - 7.8 5.75
RF36 - 1.3 - - - -
RF16 28 1.6 - 20 - -
YW104 199 - - 93 - -
YW103 207 - - 54 - -
YW102 197 - - 122 - -

The hydrogen chemisorption results suggest that the Pd surface area decreases with activation;
the change was most pronounced for RF34 (the Pd dispersion decreased by about 50% as a result
of activation). XRD results for RF34 also showed a decrease in Pd area (increase in average Pd
crystal size). Hence, it is tempting to ascribe the higher activity resulting from activation to the
increase in Pd crystal size, i.e. structure sensitivity. However, for RF30, a catalyst similar to
RF34 except that palladium acetylacetonate rather than palladium chloride was used the Pd
precursor, the relative change in hydrogen adsorption uptake was much smaller and significant

activation still occurred. For YW114, the most active catalyst studied, the hydrogen adsorption
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uptake only decreased by about 20% and the average Pd crystal size actually decreased after
activation. Hence, the catalytic activity in the activated state is not correlated to the Pd crystal

size or hydrogen adsorption uptake of catalysts reduced after activation.

Catalyst RF34 was chosen for further detailed investigations because the activation with
reactants resulted in the largest change in activity. Hydrogen chemisorption measurements were
done on reduced samples of RF34 after activation at various temperatures. XRD pattems were
measured for RF34 in the reduced state, in the oxidized state after activation at various
temperatures, and in the reduced state after activation. The results of these measurements are

summarized in Table 4-3; more detailed XRD results are presented in Table 4-4.

Table 4-3. Pd dispersions and crystal sizes for RF34 before and after activation.

Activation State 1 State 2
Runs T Pd Size, | Dispersion, | PdO Size, | Pd Size, Dispersion,
emp’ 0, 0,
nm %o nm nm %o

29 & 30 350 3.34 19.3 5.38 434 11.8
39 & 40 375 3.29 20.7 5.05 4.39 10.8
37 & 38 400 3.37 18.1 6.21 4.54 10.7
33 &34 450 3.27 20.5 - 448 9.8
35& 36 525 3.35 20.7 6.50 4.83 9.3

Average for State 1 3.32 19.9

Standard Deviation 0.04 1.1

Increasing the activation temperature from 350 to 525°C results in a monotonic decrease in
hydrogen adsorption capacity and a similar monotonic increase in PdO and Pd crystal sizes (see

Table 4-3). However, the catalytic activity did not vary monotonically with activation
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temperature; catalytic activity increased with activation temperature in the 350 to 400°C range
followed by a decrease in activity at higher activation temperatures (see Figure 4-6). This
indicates clearly that the size of the Pd particles, either as Pd or PdO, are not directly correlated
with the methane oxidation activity. The results for catalysts YW114 and RF36 in Table 4-4

further show that large Pd particles do not necessarily result in high activities.

The XRD results for activated and subsequently reduced YW114 were unusual because this
reduced catalyst still contains unreduced PdO (see Figure 4-20). This is very unusual since
reduction in hydrogen at 500°C usually results in complete reduction of PdO. The XRD results
for oxidized RF36 are also unusual since this catalyst still contained Pd metal even after being
exposed to reactants (oxidizingratmosphere) at 450°C. A repeat experiment, in which a freshly
reduced sample of RF34 was activated with reactants 450°C, yielded similar results, i.e. the
oxidation of the Pd during activation was incomplete (see Figure 4-21). Such reduction and
oxidation behaviors were not observed with the alumina supported RF34.  Additional x-ray

patterns are shown in Appendix D.

It is interesting to note that the initial Pd crystal sizes, the PdO crystal sizes in activated
samples and the Pd crystal sizes obtained by reduction of the PdO in activated RF34 are well
correlated. Pd and PdO sizes are summarized in Table 4-4; Pd sizes used in calculations below
were based on the 111 line and PdO sizes were based on the 122 line. The ratio of PdO crystal
sizes to Pd crystal sizes in fresh RF 34 varied from about 1.5 to 1.9; this ratio should be 1.24; i.e.
the ratio of Pd/PdO densities (12.02/9.70=1.24). This indicates that some sintering of Pd

occurred during activiation. The average ratio of the PdO crystal sizes for RF34 activated at
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different temperatures to Pd sizes in catalysts reduced after activation was 1.24, i.e. equal to the
ratio of Pd to PdO densities. Such correspondence between Pd and PdO sizes in fresh and
activated states was not observed for silica-supported catalyst YW114; for this catalyst, the PdO
crystals after activation reduction were actually smaller than the Pd crystals from which the PdO
crystals were formed. These results lead to the conclusion that the PdO in the activated
alumina-supported catalyst is present is solid, nonporous PdO and each PdO crystal is reduced
to a Pd crystal. For the silica supported catalyst the PdO was probably not present as solid PdO;
PdO particles in activated YW114 may be porous or multicrystalline, i.e. each PdO particle may
consist of several PdO crystals. The XRD results clearly showed that the structure of the PdO
particles on silica is different from those on alumina; it is this difference in structure which is the

likely reason for the difference in oxidation behavior of silica and alumina supported palladium.

Catalyst YW114, in which PdO appears to be difficult to reduce, was very active, while
catalyst RF36, in which the Pd appears to be difficult to oxidize, had a very low activity. The
difference between catalysts YW114 and RF36 was the Pd precursor; both catalysts used the
same silica support. Use of Pd acetylacetonate (RF36) resulted in the low activity. Similarly
results were obtained with alumina supported, the use of Pd acetylacetonate (RF30) resulted in a
catalyst with lower activity than a catalyst made with Pd chloride (RF34). The reasons for these
unusual oxidation and reduction behaviors are not known, but it seems to be support and Pd
precursor dependent. More detailed examination of the oxidation and reduction behavior of
supported catalysts is recommended since it appears that these characteristics are related to the

activity for methane oxidation.
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CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

The effects of various factors on the catalytic activity of supported Pd catalysts for the

oxidation of methane were investigated. The observations and conclusions of these catalytic

studies and the associated catalyst characterization results are summarized below.

1.

The support had a marked effect on the initial and steady-state activities. The order of
activities, both initial and steady-state activities, for the supports studied was silica > alumina
> magnesia.

Catalysts made with the palladium chloride were more active than catalysts made with
palladium acetylacetonate.

Addition of iron and Cu to supported Pd catalysts caused significant catalyst deactivation.
The deactivation was more severe for the silica-supported catalysts, but the alumina-
supported catalysts were more sensitive to the amount of iron added.

The activity as a function of time-on stream for initially reduced catalysts, i.e. activation, was
a strong function of the nature of the support and the palladium precursor. The most
pronounced activation occurred for RF34, a catalyst made with PdCl; on the alumina
support. No activation occurred for RF36, a silica supported catalyst made from palladium
acetylacetone; the activity of this catalyst did not increase with time-on-stream.

Experiments at different total pressures and different feed compositions led to the conclusion
that heat and mass transfer effects were not significant at the conditions employed.

No systematic experiments were done to determine rate functions, but the limited data

indicates that for RF30 the order with respect to methane is close to unity.
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10.

11.

12.

Total surface area measurements showed that changes in total surface area were not
responsible for the observed changes in activity.

For the alumina-supported catalyst, RF34, the maximum steady-state activity was obtained
after activation at temperature of 375 or 400°C.

Hydrogen chemisorption measurements on RF34 showed that Pd dispersion decreased
monotonically with increasing activation temperatures. X-ray diffraction measurements
confirmed the hydrogen adsorption results, i.e. activation at increasing temperatures resulted
in increasingly larger Pd crystals. From this it can be concluded with certainty that methane
oxidation is not a simple function of Pd particle size.

The PdO crystal sizes in the activated state for RF34 were well correlated with the Pd crystal
sizes obtained by reduction of the activated catalysts; this was not the case for YW114, the
silica supported catalysts.

X-ray diffraction results showed that PdO particles on alumina have a different structure than
PdO particles on silica.

X-ray diffraction studies with catalysts RF36 and YW114 showed that the Pd precursor has

very marked influence on the oxidation - reduction behavior of silica supported palladium.

The current study has added some new information on the unusual behavior of supported

palladium catalysts in the oxidation of methane. The importance of the support and the Pd

precursor have been identified previously, but the observations of the unusual oxidation -

reduction behavior of the silica-supported catalysts and the differences of Pd and PdO crystal

sizes as a function of support catalysts are new. It is recommended that future studies investigate

the structure of PdO on silica as a function of oxidation temperature. Previous studies have
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usually attempted to correlate Pd size or dispersion in reduced catalysts with activity. Careful x-
ray diffraction studies allow the determination of PdO structures, and comparison of the PdO
crystal sizes with sizes of Pd resulting from the reduction of the PdO could provide more detailed
understanding of the factors responsible for the large variation in catalytic activity of supported
palladium. Determination of the ease of reduction of PdO formed at different activation
temperatures, by techniques such as temperature programmed reduction, may also yield

information for gaining understanding of the catalyst structure- catalytic activity relationships.
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Appendix A: Experimental Data

Detailed tabulation of the data for the various methane oxidation experiments are
presented in this Appendix. The values of the data set are the day on which each run was
started. The ‘Time-on-Stream’ values shown in the second column of the tables are the
total time that catalysts has been exposed to reactant conditions; some catalysts charges
were used for more than one run. A set of sample calculation illustrating the procedure
used to calculate the methane conversion from G.C. results is given in Appendix B.

The variables listed in this appendix have the following estimated accuracies:
Time-on-stream: +0.01h
Reactor Temperature: + 0.2°C
Reactant Feed Rate: +0.5% of reported value
Methane Conversion: + 1.5% (see Appendix B)

Table A-1. Results for Run 1 (960814)

Catalyst: RF34 (5 mass % Pd supported on AOs)

Catalyst charge: 96.2 mg

State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHa, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in~ |Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
9608 14-A 0.17 150 148 127.48 83.0 0
960814-B 0.33 150 148 9453 61.6 0
960814-C 1.58 199 199 97.78 63.7 0
960814-D 2.08 199 199 34.64 22.6 0
960814-E 2.17 249 250.22 34.67 22.6 0
960814-F 233 250 251.68 23.97 15.6 0
960814-G 242 275 276 25.14 16.4 0
9608 14-H 2.53 275 276 97.78 63.7 0
960814-1 2.67 300 300.79 35.73 233 0
960814-] 2.83 300 301.13 35.74 233 0
960814-K 3.00 325 324.83 358 233 0.12
960814-L 3.17 325 326.26 35.77 233 0.74
960814-M 3.33 325 326.26 2493 16.2 1
960814-N 3.5 325 325.79 98.81 643 0
960814-0 3.62 325 325.79 127.48 83.0 0
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Data Set | Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
960814-P 3.75 325 326.26 3541 231 0
960814-Q 3.92 351 351.62 35.07 229 2.62
960814-R 4.08 350 351.62 35.09 22.9 2.65
960814-S 425 350 351.62 98.84 64.4 0
960814-T 4.38 351 351.62 98.84 64.4 0.89
960814-U 4 .50 350 351.62 128.1 83.4 0
960814-V 4.33 350 351.62 34.64 22.6 2.52
960814-W 5 350 351.62 34.64 22.6 2.53
960814-X 5.17 375 376 35.01 228 7.01
960814-Y 5.33 375 376 35.01 228 6.22
960814-Z 5.58 375 376.38 58.32 39.0 4.02
960814-A1 5.75 375 376.86 58.32 38.0 4.79
960814-B1 6 375 377.33 98.06 63.9 2.95
960814-C1 6.2 375 377.33 97.97 63.8 3.39
960814-D1 6.33 375 377.33 126.9 82.6 291
960814-E1 6.5 375 37733 126.77 82.5 3.21
960814-F1 6.67 400 401 34.47 22.4 17.58
960814-G1 6.88 400 401 34.38 224 1575
960814-H1 7.05 400 401 57.94 37.7 11.01
960814-11 7.22 400 401 579 37.7 11.59
960814-J1 7.47 400 401 97.31 63.4 8.11
960814-K 1 7.58 400 401 97.39 63.4 8.49
960814-L1 7.75 400 401 125.87 82.0 7.57
960814-M1 7.88 400 401 126.03 82.1 8.05
960814-N1 8.05 424 423.76 34.89 22.7 30.77
960814-01 8.22 425 423.76 35.07 228 3093
960814-P1 8.38 425 426 58.79 383 23.15
960814-Q1 8.55 425 4273 58.64 38.1 23.84
960814-R1 8.63 425 423.76 97.36 63.4 17.17
960814-S1 8.8 425 423.76 97.26 63.3 18.64
960814-T1 8.93 425 426 126.42 823 17.7
960814-Ul 9.05 425 426 126.53 824 18.52
960814-V1 9.22 425 426 97.31 63.4 2229
960814-W1 9.38 450 449.7 33.04 215 64.08
960814-X1 9.63 450 4497 33.04 215 66.39
960814-Y1 9.75 451 452 58.65 38.2 552
960814-Z1 10.05 452 452 58.67 38.2 63.18
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Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream, h Conversion, %
960814-A2 10.33 452 453.23 96.67 62.9 65.1
960814-B2 10.63 452 453.23 96.63 62.9 78.35
960814-C2 10.88 452 458 124 .55 81.1 85.5
*9608 14~ 11.05 452 458 124.41 81.0 91.37
CC2
960814-D2 11.17 452 457.05 158.08 102.9 89.98
960814-E2 11.43 450 461.47 95.76 62.4 97.73
960814-F2 11.6 474 476.74 33.59 219 100
960814-G2 11.85 474 476.74 33.69 219 100
960814-H2 11.93 474 476.74 56.8 37.0 100
960814-12 12.27 474 476.74 56.68 36.9 100
960814-J2 12.35 475 479 9522 62.0 100
960814-K2 12.63 475 482.63 123.36 80.3 100
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Table A-2. Results for Run 2 (960820)

Catalyst: RF34 (5 mass % Pd supported on Al,O3)

Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 1 (960814)
State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHy, 3.96% O, in He

Data Set | Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %

960820-A 24 .68 150 149 23.74 155 0
960820-B 24 93 211 21258 24.01 15.6 1.36
960820-D 25.07 210 211.58 34.53 225 0.48
960820-E 25.23 210 210.58 58.73 38.2 0
960820-F 25.33 229 229 9843 64.1 0.82
960820-G 25.42 230 231 98.63 64.2 1.12
960820-H 25.58 230 231 127.43 83.0 0.9

960820-1 25.83. 230 231.48 57.61 375 1.62
960820-J 26 230 231.48 57.73 37.6 1.56
960820-K 26.08 230 231.48 35.1 229 2.17
960820-L 26.17 275 275.61 34.81 227 11.29
960820-M 26.4 275 275.61 57.95 37.7 9.13
960820-N 26.57 275 276.59 97.1 63.2 7.44
960820-0 26.7 275 276.59 97.13 63.2 7.26

960820- 26.82 275 276.59 97.13 6.32 7.14

001

960820-P 26.9 275 276.59 125.63 81.8 6.81
960820-Q 27.07 275 276.59 125.59 81.8 6.72
960820-R 27.19 300 300.79 34.66 22.6 25.77
960820-S 27.32 300 300.79 58.03 37.8 20.71
960820-T 27.63 300 301.27 96.98 63.1 16.99
960820-U 27.73 300 301.27 96.96 63.1 16.86
960820-V 27.9 300 301.27 126.51 824 15.25
960820-W | 28.07 300 302.24 126.61 824 15.69
960820-X 28.15 350 351.62 34.06 222 74.96
960820-Y 28.32 350 353.52 57.97 37.7 63.93
960820-Z 28.53 350 353.52 97.66 63.6 53.93
960820-Al 28.9 350 354 98.2 63.9 54.24
960820-B1 | 29.32 350 355 126.41 82.3 50.87
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Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream, h Conversion, %
960820-C1 294 350 355 126.5 82.4 51.14
960820-D1 29.48 400 400.12 3411 22.2 100
960820-E1 29.77 400 402.48 58.57 38.1 99.04
960820-F1 30.1 400 404 .84 98.03 63.8 96.11
960820-G1 30.62 400 406 97.91 63.8 9631
960820-H1 30.82 400 406 125.73 81.9 94.36
960820-1I1 31.98 400 406 125.46 81.7 95.02
960820-J1 454 425 429.67 56.39 36.7 100
960820-K1 45.65 426 429.67 94 35 614 100
960820-L1 46.13 425 431 121.33 79.0 100
960820-M1 46.57 425 431 121.33 79.0 100
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Table A-3. Results for Run 3 (960824, 960825, 960827, 960829, 960830,
960904, 960905, 960909)

Catalyst: RF34 (5 mass % Pd supported on Al203)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 2 (960820)
State of catalyst at beginning of run: activated (State-3)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CH., 3.96% O, 95% He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
960824-A 147.18 275 276.59 34.52 22.5 11.66
960824-AA| 1474 275 276.59 3452 22.5 12.11
960824-B 147.52 275 276.59 58.98 38.4 9.7
960824-C 147.68 275 276.59 98.2 63.9 7.8
960824-D | 147.90. 275 276.59 126.58 824 6.91
960824-E 149.23 275 276.59 35.35 23.0 13.85
960824-F 149.47 275 276.59 58.59 38.2 10.82
960824-G 149.58 275 276.59 98.65 64.2 8.26
960824-H 149.68 275 276.59 126.41 82.3 7.27
960825-A 173.97 275 276.59 36.12 23.5 13.48
960825-B 17422 275 276.59 60.59 395 10.62
960825-C 174.38 275 276.59 100.02 65.1 8.66
960825-D 174.55 275 276.59 100.1 65.2 829
960825-E 174.67 275 276.59 127.71 83.2 7.34
960825-F 174.92 275 276.59 127.88 83.3 7.35
960825-G 175.22 275 276.59 127.65 83.1 7
960825-H 175.67 275 276.59 128.04 83.4 7.45
960825-1 175.83 275 276.59 36.9 24.0 13.58
960827-A | 205.85 275 276.59 39.47 25.7 133
960827-B 206.02 275 276.59 38.74 252 13.74
960827-C | 206.13 275 276.59 37.32 243 13.43
960827-D | 206.45 275 276.59 125.72 81.9 10.95
960827-E 206.63 275 275.61 92.82 60.4 8.16
960827-F 208.02 275 276.59 100.24 65.3 8.41
960827-G | 208.27 275 276.59 129.27 84.2 7.84
960827-H | 209.85 275 276.59 128.42 83.6 7.53
960827-1 201.13 275 276.59 5991 39.0 11.37
960827-J 221.68 275 276.59 40.86 26.6 134
960827-K | 221.93 275 276.59 36.84 24.0 14.03
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Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream, h Conversion, %
960827-L 222.18 275 276.59 64.82 422 10.7
960827-LL - 275 275.61 60.97 39.7 11.1
960827-M | 22282 275 276.59 99.67 64.9 8.66
960827-N 223.02 275 276.59 99.77 65.0 8.79
960827-0 223.38 275 276.59 128.37 83.6 75
960827-P 223.55 275 276.59 128.27 83.5 7.58
960829-A | 272.75. 275 276.59 36.22 2356 14.59
960829-B 273 275 276.59 58.41 38.0 11.53
960829-C 273.42 275 276.59 97.51 63.5 9.42
960829-D 273.62 275 276.59 97.5 63.5 8.92
960829-E 273.83 275 276.59 127.02 82.7 8.01
960829-F 274 275 276.59 127.15 82.8 7.53
960830-A | 294.67 275 276.59 35.87 234 14.66
960830-B 295.17 275 276.59 95.53 62.2 9.34
960830-C 295.33 275 276.59 129.66 844 7.64
960830-D 295.5 275 276.59 129.51 84.3 8.24
960830-E 295.67 275 276.59 94.65 61.6 9.12
960904-A | 419.25 275 276.59 118.03 76.9 7.57
960904-B 419.67 275 276.59 128.27 835 7.42
960904-C 419.93 275 276.59 97.8 63.7 8.27
960904-D | 420.33 275 276.59 97.71 63.6 8.71
960904-E 420.55 275 276.59 59.26 38.6 11.21
960904-F 420.75 275 276.59 59.26 38.6 11.32
960904-G 429 275 276.59 36.31 23.6 14.23
960904-H | 429.17 300 276.59 36.77 2.39 14.14
960904-1 429.77 300 301 36.77 239 28.28
960904-J 430.17 300 301 36.92 24.0 28.01
960904-K | 430.33 300 302.24 59.52 38.8 239
960904-L 430.5 300 301 59.38 38.7 23.28
960904-M | 430.67 300 302.24 99.26 64.6 18.45
960904-N | 430.78 300 302.24 99.16 64.6 18.5
960904-O0 | 430.97 300 301.76 119.35 71.7 17.44
960904-P 431.08 300 302.24 126.66 82.5 16.21
960904-Q | 431.33 300 301.76 126.73 82.5 16.69
960905-A | 460.25 275 276.59 36.7 239 14.42
960905-B 460.67 275 276.59 57.93 37.7 1142
960905-C 460.73 275 276.59 57.93 37.7 11.56
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Data Set Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
960905-D 460.92 275 276.83 98.74 64.3 8.99
960905-E 461.5 275 276.83 99.11 64.5 8.99
960905-F 461.5 275 276.83 126.77 825 7.87
960905-G 461.75 275 276.83 128.49 83.7 7.77
960905-H 465.5 300 301 38.93 253 2787
960905-HH 466 300 302.24 36.63 239 28.39
960905-1 466.17 300 302.24 58.58 38.2 2392
960905-J 466.67 300 302.24 98.67 643 18.87
9€0905-K 466.92 300 302.24 98.67 64.3 18.93
960905-L 467.08 300 302.24 128.94 84.0 17.06
960905-M 467.17 300 302.24 128.94 8.40 17.52
960905-N 467.58 350 351.62 3947 25.7 75.45
960905-NN 467.9 350 352.57 36.76 239 7731
960905-0 468.12 350 352.57 59.39 38.7 69.22
960905-P 468.5 350 35448 99.5 64.8 6547
960905-Q 468.6 350 354 .48 9935 64.7 60.67
960905-R 468.7 350 354 .48 127.19 82.8 56.06
960909-A 575.67 275 276.59 129.29 84.2 7
960909-B 575.83 275 276.59 129.29 84.2 7.19
960909-C 576.58 275 276.59 98.66 64.2 8.32
960909-D 576.67 275 276.59 98.68 64.3 8.11
960909-E 577.28 275 276.59 59.85 39.0 10.54
960909-F 578.50. 299 300.79 129.6 844 14.94
960909-G 578.62 300 301.76 129.6 84.4 14.95
960909-H 578.83 300 301.76 98.77 64.3 17.13
960909-1 579 300 302.24 98.77 64.3 18
960909-J 579.17 300 302.24 59.15 38.5 21.87
960909-K 587.42 351 353.52 125.1 815 479
960909-L 587.67 351 353.52" 125.1 815 438 4
960909-M 587.75 350 353.52 97.32 63.4 52.83
960909-P | 588.68. 399 405.31 126.97 82.7 91.7
960909-Q 588.78 399 405.79 126.97 82.7 92.06
960909-R | 588.93 399 405.31 98.2 63.9 94.69
960909-S 589.07 400 405.31 98.2 63.9 95.56
960909-T 589.35 401 405.31 59.77 38.9 98.42
960909-U 590.8 425 432.26 126.57 82.4 993
960909-V 590.88 425 432.26 126.57 824 99.26
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Data Set Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, umol/s Fractional
Stream, h Conversion, %
960909-W | 59127 426 431.79 98.08 63.9 100
960909-X | 591.37 426 432.26 98.33 64.0 100
960909-Y | 591.65 426 429.43 59.96 39.0 100
960909-Z 591.77 426 429 .43 59.96 39.0 100
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Table A-4. Results for Run 4 (960926)

Catalyst: RF30 (5 mass % Pd supported on Al;03)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHx, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream, h Conversion, %
960926A 0.17 350 351.62 36.89 24.0 7.3
960926B 0.25 350 351.62 36.89 24.0 7.62
960926C 0.37 350 351.62 58.32 38.0 6.18
960926D 0.5 350 351.62 98.43 64.1 4.98
960926E 0.58 350 351.62 98.43 64.1 4.61
960926F 0.7 350 351.62 126.48 82.4 4.33
960926G 0.83 350 353.52 126.48 82.4 4.26
960926GG 0.95 350 353.52 126.48 82.4 461
960926H 1.03 375 37733 36.95 24.1 16.39
9609261 1.28 375 377.33 58.03 37.8 13.46
960926J 1.37 375 377.33 98.54 64.2 10.24
960926K 1.73 375 377.33 98.76 64.3 10.88
960926L 1.95 375 377.33 126.72 82.5 10.02
960926M 2.06 375 377.33 126.5 82.4 9.96
960926N 2.17 399 401 37.16 242 31.43
9609260 2.37 400 401.29 58.3 38.0 26.36
960926P 2.62 400 402 98.55 64.2 20.68
960926Q 2.77 400 402 98.55 64.2 21.29
960926R 2.87 400 403 126.6 824 18.8
960926S 3.02 400 403 126.6 824 19.35
960926T 3.1 426 429.43 36.91 24.0 56.84
960926U 3.35 426 429.43 57.72 376 49 81
960926V 3.68 426 429.43 98.12 63.9 4241
960926W 3.75 426 429.9 98.12 6.39 4332
960926WW 3.85 426 430.37 98.12 63.9 4222
960926X 4.02 426 431.31 127.32 82.9 4231
960926Y 408 426 431 127.32 829 4423
960926Z 427 450 454.4 37.68 245 88
960926A1 4.57 450 455.35 58.44 38.1 81.96
960926B1 4.68 450 456 98.52 64.2 73.76
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Data Set Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min | Rate, pumol/s Fractional
Stream, h Conversion, %
960926C1 5.93 450 458.64 98.45 64.1 91.33
960926E1 6.23 450 459.58 126 4 823 51.27
960926F1 6.88 474 475.57 37.89 24.7 100
960926G1 7.02 474 479 58.41 38.0 100
96092631 7.12 474 483.79 127.19 82.8 98.6
960926K1 7.18 475 485 129.19 84.1 98.98
960926H1* 7.32 475 485 99.36 64.7 100
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Table A-5. Results for Run 5 (961016)

Catalyst: RF30 (5 mass % Pd supported on AL O3)

Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 4 (960926)
State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHs, 3.96% 0., inHe

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min [  Rate, umol/s Fractional
Stream, h Conversion, %
961016A 18.15 150 148.58 3747 244 0
961016B 18.27 149 149 3747 244 0
961016C 18.35 200 199.58 36.39 23.7 0
961016D 18.5 229 230 3734 243 0.7
961016E 18.75 229 230 57.89 37.7 0.88
961016F 18.87 230 230 97.56 63.5 0
961016G 19.03 230 231.48 97.56 63.5 0.46
961016H 19.25 230 231.48 125.47 81.7 0
9610161 19.37 230 230 125.47 8.17 0
961016J 19.45 275 276.59 36.5 23.8 9.61
961016K 19.67 275 276.59 5791 37.7 8.19
961016L 19.82 275 276.59 97.58 63.5 5.92
961016M 19.93 275 277 97.58 63.5 5.99
961016N 20.07 275 277 126.09 82.1 5.11
9610160 20.17 275 277 126.09 82.1 5.16
961016P 20.27 325 327.71 36.6 238 38.64
961016Q 20.52 325 327.71 58.46 38.1 31.7
961016R 20.73 325 328.67 97.28 63.3 24.18
961016S 20.83 325 328.67 97.28 6.33 2411
961016T 20.98 325 328.67 125.63 81.8 21.38
961016U 21.08 325 328.67 125.63 81.8 21.35
961016V 21.33 375 379.24 36.39 23.7 80.66
961016W 21.97 375 380.19 58.03 37.8 72.74
961016X 21.75 375 382 97.08 63.2 62.62
961016Y 21.88 375 382 97.08 63.2 62.23
961016ZZ 22.17 375 382 126.42 82.3 57.16
961016A1* 22.25 375 382 126.42 823 57.18
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Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min [  Rate, pmol/s Fractional
Stream, h Conversion, %
961016AAl1 227 375 382.56 126.42 823 57.26
961016B1 22.83 424 427.53 36.37 237 100
961016C1 232 425 430.84 58.06 37.8 9739
961016D1 23.53 425 434.14 96.92 63.1 93.46
961016E1 23.67 425 434.62 96.92 63.1 93.79
961016F1 2395 425 435.56 126.04 821 90.67
961016G1 24.03 425 435.56 126.04 82.1 90.85
961016H1 24 .48 453 463.81 126.4 823 98.53
96101611 24.53 454 461.47 97.84 63.7 100
961016J1 249 454 461.47 93.68 61.0 100
961016K1 24 98 455 461.47 93.68 61.0 100
Table A-6. Results for Run 6 (970404)
Catalyst: YW114 (5 mass % Pd supported on SiO2)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHa, 3.96 O2% in He
Data Set Catalvst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, umol/s Fractional
Stream, h Conversion, %
970404A 0.17 199 197.58 127.44 83.0 0
970404B 0.33 200 197.58 127 .44 83.0 0
970404C 0.45 249 247.51 127.24 83.0 436
970404D 0.53 249 248.24 127.24 83.0 6.25
970404E 0.65 299 299.83 126 41 823 60.65
970404F 0.77 299 300.79 126.41 823 65.87
970404G 0.88 343 345 125.87 82.0 100
970404H 0.97 343 345 125.87 82.0 100
9704041 1.63 343 3454 125.87 82.0 100
970404) 1.75 343 3454 125.87 82.0 100
970405A 22.78 345 346.6 127.24 82.9 100
970405B 22.88 345 346.6 127.24 829 100
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Table A-7. Results for Run 7 (970406)

Catalyst: YW 114 (5 mass % Pd supported on SiO2)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 6
State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHys, 3.96 O2% in He

Data Set Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, umol/s Fractional
Stream, h Converstion, %
970406A 23.05 174 171.53 126.9 82.6 0
970406B 23.16 174 171.53 126.9 82.6 0
970406C 23.38 198 197.08 127.2 82.8 2.66
970406D 235 198 197.08 127.2 82.8 2.59
970406E 23.88 249 248.24 126.45 82.3 19.28
970406F 23.98 249 248.73 126.45 82.3 18.94
970406G 243 274 275.61 126.01 82.1 4282
970406H 24 41 274 275.61 126.01 82.1 43.05
9704061 249 300 301.76 125.87 82.0 76.89
970406J 25 300 301.76 125.87 82.0 76.86
970406K 25.38 325 326.26 125.7 81.9 97.58
970406L 25.46 325 326.26 125.7 81.9 97.76
970406M 25.8 335 335.37 125.48 81.7 100
9704060 259 342 344 12548 81.7 100
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Table A-8. Results for Run 8 (971214)

Catalyst: YW114 (5 mass % Pd supported on SiOz)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHys, 3.96% O in He

Data Set Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min Rate, pmol/s Fractional
Stream, h Conversion, %
971214A 0.08 249 248.73 128.63 83.8 0
971214B 032 273 271.73 128.63 838 4.16
971214C 042 273 271.73 128.63 83.8 458
971214D 0.53 300 302.24 127.03 82.7 56.74
971214E 0.62 300 302.24 127.03 82.7 61.22
971214F 0.73 324 328.67 126.16 82.2 92.8
971214G 0.83 324 328.67 126.16 82.2 9391
971214H 0.95 339 344 12591 82.0 100
9712141 1.03 339 344 125.91 82.0 100
Table A-9. Results for Run 9 (971215)
Catalyst: YW114 (5 mass % Pd supported on SiO2)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 8
State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHs, 3.96% O, in He
Data Set Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, umol/s Fractional
Stream, h Conversion, %
971215A 19.7 149 146.6 127.93 83.3 0
971215B 19.81 174 171 127.93 833 0.48
971215D 20.15 225 223 127.93 833 7.47
971215E 20.25 251 250 127.93 833 17.65
971215F 20.36 276 276.59 127.93 833 39.6
971215G 20.56 310 314 127.93 833 84.07
971215H 20.68 322 32224 127.93 833 94.05
9712151 20.85 340 344 .21 127.93 833 100
971215J 20.95 340 34421 127.93 833 100
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Table A-10. Results for Run 10 (970705)

Catalyst: RF36 (5 mass % Pd supported on SiO»)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CH,, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min [ Rate, pmol/s Fractional
Stream, h Conversion, %
970705-A 0.08 200 197.58 127.95 833 0
970705-B 0.45 249 247.27 127.52 83.0 0
970705-C 0.57 249 247.27 127.52 83.0 0.9
970705-D 0.75 275 273.17 127.32 82.9 5.47
970705-DD 0.88 275 273.17 127.32 82.9 6.23
970705-E 1.08 299 2974 127.05 82.7 14.35
970705-EE 1.2 299 2974 127.05 82.7 14.83
970705-F 1.42 348 3454 126.96 82.7 45.57
970705-G 1.5 348 3454 126.96 82.7 4793
970705-H 1.87 399 395.37 126.37 823 71.77
970705-1 1.97 399 396.31 126.37 823 77.41
970705-J 243 449 446 125.96 82.0 88.04
970705-K 255 449 445 125.96 82.0 87.17
970705-L 298 475 472 125.51 81.7 90.15
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Table A-11. Results for Run 11 (970708)

Catalyst: RF36 (5 mass % Pd supported on SiO>)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 10
State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHs, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
970708-A 21.15 200 196.58 127 .46 83.0 0
970708-B 21.65 250 24751 126.48 82.4 0
970708-C 21.72 250 24751 126.48 82.4 0
970708-D 21.98 276 274.15 126.98 82.7 0
970708-E 22.08 276 273.17 126.98 82.7 0
970708-F 224 299 296 127.04 82.7 1.35
970708-G 226 299 296 44 127.04 82.7 1.34
970708-H 22.85 349 3454 127.4 83.0 6.29
970708-1 23.1 349 347 127.4 83.0 6.43
970708-J 234 400 396.55 127.11 82.8 20.96
970708-K 2348 400 396.55 127.11 82.8 2148
970708-L 23.73 448 442 63 127.35 829 4492
970708-M 23.83 448 442.63 127.35 82.9 46.18
970708-N 23.98 474 370.29 126.46 823 6051
970708-0 24 .23 474 370.29 126.46 823 62.62
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Table A-12. Results for Run 12 (970225)

Catalyst: YW104 (5 mass % Fe supported on Al,03)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHsa, 3.96% O in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
970225A 0.08 350 351.38 126.34 823 0
970225B 0.25 350 351.38 126 .34 823 0
970225C 0.55 350 351.38 31.82 20.7 0
970225E 1 399 398.69 125.44 81.7 0
970225F 1.37 424 424 126.25 82.2 1.2
970225G 1.45 424 424 126.25 82.2 1.29
970225H 1.82 449 44923 126.27 82.2 2.32
9702251 19 449 44923 126.27 82.2 241
970225J 232 474 473.7 126.12 82.1 463
Table A-13. Results for Run 13 (970301)
Catalyst: YW104 (5 mass % Fe supported on Al;O3)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 12
State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHai, 3.96% O in He
Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, umol/s Fractional
Stream, h Conversion, %
970301A 23.82 350 349.71 127.12 82.8 0
970301B 23.93 350 349.71 127.12 82.8 0
970301C 24.17 399 397.74 127.43 83.0 0
970301D 24.28 399 398.21 127.43 83.0 0
970301E 24.65 449 448.29 127.06 83.0 25
970301F 24 .82 449 448.29 127.06 83.0 2.61
970301G 2492 474 473.23 127.15 83.0 4438
970301H 25.02 474 473.23 127.15 83.0 442

126




Table A-14. Results for Run 14 (970106)

Catalyst: YW102 (5 mass % Fe + 5 mass % Pd supported on Al;Os)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHs, 3.96% O, in He

Data Set | Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %

970106A 0.08 351 35257 129.97 84.6 1.72
970106B 02 351 351.62 129.97 84.6 1.89
970106C 032 351 351.62 95.03 61.9 2.26
970106D 0.47 351 351.14 58.07 37.8 3.46
970106E 0.63 351 351.14 48.69 31.7 535
970106F 0.73 375 375.19 129.44 843 421
970106G 0.83 375 374.48 94.24 61.4 5.62
970106H 1.15 375 375.19 58.62 38.2 8.18
9701061 1.32 375 375.19 37 241 11.33
970107A 1.4 399 399.64 128.53 83.7 9.57
970107B 1.53 399 400.12 128.53 83.7 9.82
970107C 1.67 400 400.58 94.22 61.7 12.44
970107D 1.8 400 400.58 58.47 38.1 17.36
970107E 1.95 400 400.58 36.9 240 23.8
970107F 225 424 426.12 129.53 84.3 18.75
970107G 242 424 426.12 129.53 84.3 18.94
970107H 253 425 426.12 95.77 62.4 23.56
9701071 2.68 425 426.12 58.78 38.1 31.88
9701073 295 425 426.12 36.82 230 41.62
970107K 3.05 474 476.74 130 84.7 51.04
970107L 322 474 479 130 84.7 51.57
970107TM 332 475 479 94 .84 61.8 59.31
970107N 3.45 475 478 58.04 378 71.3
9701070 355 475 476.74 37.16 242 §1.07
970107P 3.65 524 530.72 128.23 83.5 86.13
970107Q 3.75 525 530.72 94.64 61.6 89.73
970107R 3385 550 557.7 128.67 83.8 95.43
9701078 3.95 550 553 36.82 240 100
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Table A-15. Results for Run 15 (970108)

Catalyst: YW102 (5 mass % Fe + 5 mass % Pd supported on Al,O3)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 14
State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHs, 3.96% O, in He

Data Set Oven Reactor | Reactant Feed| Reactant Feed Methane Fractional
Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Conversion, %
970108A 249 250.71 127.13 828 0
970108B 249 250.71 349 227 0
970108C 274 275.12 127.46 83.0 0
970108D 275 275.61 37.1 242 0
970108E 324 323.88 36.64 239 2.11
970108F 324 323.88 125.26 81.6 0
970108H 348 348.76 125.81 819 1.38
9701081 349 348.76 95.03 61.9 1.49
970108J 349 348.76 59.05 38.5 2.72
970108K 350 349 37.18 242 3.85
970108L 376 377.33 125.98 82.0 2.95
970108M 376 377.33 95.02 619 3.49
970108N 376 376.38 58.44 38.1 543
9701080 376 376.38 37.1 242 7.09
970110N 426 427.29 127.29 82.9 13.21
9701100 426 427.07 96.49 62.8 14.99
970110Q 426 426.12 3691 24.0 26.96
970110P 426 427.07 58.49 38.1 19.74
970110J 475 479 126.54 824 37.88
970110K 475 476.74 95.38 62.1 423
970110M 475 476.16 37.27 243 63.39
970110L 475 476.74 58.65 38.2 53.77
970110A 501 505.51 125.93 82.0 49 47
970110B 501 505 94.88 61.8 55.53
970110C 501 505 58.08 37.8 67.68
97010D 501 502.58 34.07 22.2 794
970110E 525 532 125.87 82.0 72.36
970110F 525 529.56 94 .24 61.4 76.67
970110G 549 555.35 126.06 82.1 84.16
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Table A-16. Results for Run 16 (970205)

Catalyst: YW103 (0.5 mass % Fe + 5 mass % Pd supported on Al;Os)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHy, 3.96% O in He

Data Set Catalyst Time-{Oven Reactor |Reactant |Reactant Feed|Methane Fractional
on-Stream, h  |Temp., |Temp., {Feed Rate,|Rate, umol/s Conversion, %
°C oC mum

970205A 0.08 275 275.12 127.51 83.0 0
970205B 0.2 275 275.12 127.51 83.0 0
970205C 0.27 275 272.12 35.02 22.8 0
970205D 0.42 350 349.24 127.23 828 1.3
970205E 0.92 350 350.19 127.13 828 1.36
970205F 1.03 375 375.19 126.58 824 3.59
970205G 1.17 375 375 126.58 824 3.86
970205H 1.28 424 | 423.29 126.38 823 13.01
9702051 1.42 424 | 423.76 126.38 83.0 11.9
970205J 1.52 449 | 448.52 126.7 825 20.5
970205K 1.62 449 | 448.76 126.7 825 20.86
970205L 1.73 475 474 4 125.57 81.8 36.2
970205M 1.88 475 474.16 125.57 81.8 40.16
970205N 1.93 475 | 473.23 23.61 154 82.59
9702050 2.15 475 473.23 23.61 15.4 83.84
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Table A-17. Results for Run 17 (970208)

Catalyst: YW103 (0.5 mass % Fe + 5 mass % Pd supported on AlzOs)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 16
State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa
Feed composition: 1% CH., 4% O3, 95% He

Data Set Catalyst Time-|Oven Reactor |Reactant |Reactant Feed|Methane Fractional
on-Stream, h  {Temp., °C|Temp., |Feed Rate,Rate, pmol/s Conversion, %
°C mL/min
970208A 315 250 249.73 127.79 83.2 0
970208B 31.63 250 248.73 127.79 83.2 0.84
970208C 32.83 249 248.73 34.08 222 1.72
970208CC 33.03 250 24923 128.48 83.7 0.88
970208D 333 274 27439 128.21 83.5 222
970208E 335 275 27439 | 128.21 83.5 1.89
970208F 34.48 326 325 128 833 11.26
970208G 34.68 326 325 128 833 11.51
970208H 35.26 374 374 126.64 825 33.03
9702081 35.39 374 374 .48 126.64 825 3291
970208] 35.68 425 426.12 126.9 82.6 65.38
970208K 35.79 425 426.12 126.9 82.6 64.72
970208L 36.18 475 474.63 125.97 82.0 86.85
970208M 36.31 475 474.63 125.97 82.0 86.71
970208N 36.71 475 473.23 23.61 15.4 100
9702080 36.83 475 47323 23.61 154 100
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Table A-18. Results for Run 18 (970121)

Catalyst: RF34 (5 mass % Pd supported on Al,O3)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.23% CHa, 1.96% O,, 97.81% He

DataSet  |Catalyst Time-{Oven Reactor |Reactant |Reactant Feed{Methane Fractional
on-Stream, h |Temp., °C{Temp., °C|Feed Rate,|Rate, pmol/s |Conversion, %
mL/min
970121A 0.08 325 325 126.94 82.7 0
970121B 0.2 325 325 9548 62.2 0
970121C 047 325 325.79 37.46 244 404
970121D 0.58 349 349.71 126.42 823 0
970121E 0.73 350 350.19 95.75 62.3 0
970121F 0.88 350 350.67 58.76 383 4.6
970121G 1.22 350 350.67 3741 24.4 7.33
970121H 13 374 374 .48 125.6 81.8 5.71
9701211 1.42 374 374.48 96.27 62.7 8.24
970121J 1.6 374 - | 37543 58.8 383 10.48
970121K 1.78 375 375.43 37.08 24.1 15.14
970121L 1.87 400 401 127.27 82.9 12.06
970121M 1.97 400 401 95.12 61.9 17.23
970121IN 2.15 400 401 58.74 38.2 21.33
970121P 2.25 425 426.12 127.11 82.8 2731
970121Q 2.37 425 426.12 95.88 62.4 33.58
970121R 248 425 426.12 58.56 38.1 45.05
9701218 2.75 425 426.12 36.85 24.0 52.41
970121T 283 449 449.7 126.64 82.5 49.53
970121U 293 449 449.7 95.39 62.1 58.69
970121V 3.05 450 449.7 58.04 37.8 7225
970121W 3.27 450 449.7 36.99 24.1 87.86
970121X 34 473 475.57 126.24 82.2 79.2
970121Y 3.52 474 475.57 94.85 61.8 89.24
970121Z 3.67 474 475.57 58.26 37.9 100
970121A1 3.77 475 475.57 36.68 239 100
970121B1 3.87 490 488.49 126.18 822 100
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Data Set Catalyst Time-{Oven Reactor |Reactant |Reactant Feed|Methane Fractional
on-Stream, h  [Temp., °C|Temp., °C|Feed Rate,|Rate, pmol/s Conversion, %
mL/min
970121Cl1 3.97 490 490.84 95.66 62.3 100
Kept running at 476°C with reactants
970122A 21.42 476 475.57 126.65 82.5 100
970122B 21.55 476 475.57 126.65 82.5 100
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Table A-19. Results for Run 19 (970127)

Catalyst: RF34 (5 mass % Pd supported on Al,Os)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 18
State of catalyst at beginning of run: activated (State-2)
Feed composition: 0.23% CH., 1.96% Oz, 97.81% He

Data Set  |Catalyst Reactor |Oven Reactor Reactant Feed |Reactant |Methane
Time-on- |Pressure, [Temp., |Temp., °C |Rate, mL/min |Feed Rate, |Fractional
Stream, h |Psia °C umol/s Conversion, %
970127A 21.63 13.76 250 259 126.36 82.3 0
970127B 22.18 13.76 275 276.59 125.88 82.0 6.03
970127C 223 13.76 275 276.59 1259 82.0 7.34
970127D 226 57.76 275 276.59 529.32 3448 5.33
970127E 22.71 57.76 275 276.59 529.32 3447 484
970127F 24.46 13.76 325 325.79 126.61 82.4 48.84
970127G 24.63 13.76 325 325.79 126.61 82.4 48.38
970127H 25.13 57.76 325 326.74 528.26 344.0 31.03
9701271 25.25 57.76 325 326.74 528.26 344.0 31.12
9701273 25.71 13.76 375 374 125.8 81.9 97.79
970127K 2593 13.76 375 375 125.8 81.9 97.22
970127L 26.3 57.76 375 377.57 528.26 344.0 82.51
970127M 26.43 57.76 375 377.57 528.26 344 .0 83.72
970127N 26.86 13.76 425 424.7 126.34 82.3 100
9701270 27.05 13.76 425 425 126.34 82.3 100
970127Q 28.2 60.76 425 427 528.59 3442 100
970127R 28.25 60.76 425 427 528.59 3442 100
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Table A-20. Results for Run 20 (970128)

Catalyst: RF34 (5 mass % Pd supported on Al,O3)

Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 18 and 19
State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHys, 3.96% O in He

Data Set | Catalyst Oven Reactor |Reactant Feed | Reactant Feed Methane
Time-in- | Temp, °C | Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
970128A 28.33 249 249.23 126.01 82.1 2.19
970128B 28.48 249 250.22 126.01 82.1 2.17
970128C 28.83 274 275.12 125.72 81.9 6
970128D 28.97 274 27561 125.72 81.9 5.96
970128E 29.48 324 325 126.17 82.2 28.86
970128F 29.62 324 325.79 126.17 82.2 29.08
970128G 30.02 373 37733 125.59 81.8 77.31
970128GG| 30.13 374 377.33 125.59 81.8 77.54
970128H 30.27 374 378.29 125.59 81.8 78.05
9701281 30.73 399 403 126.07 82.1 9461
970128] 30.88 400 403 126.07 82.1 94 .49
970128K 31.62 425 428.48 125.74 819 100
970128L 32.02 425 428 .48 125.74 81.9 100
970128M 32.1 425 428.48 125.74 81.9 100
970128N 32.55 425 428.48 125.74 81.9 100
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Table A-21. Results for Run 21 (970201)

Catalyst: RF34 (5 mass % Pd supported on Al,Os)

Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 18 to 20
State of catalyst at beginning of run: activated (State-2)

Feed composition: 0.23% CHs, 1.96% 02, 97.81% He

Data Set | Catalyst | Reactor Oven Reactor | Reactant Feed| Reactant Methane
Time-on- | Pressure, [Temp., °C| Temp., °C | Rate, mL/min | Feed Rate, Fractional
Stream, h Psia umol/s Conversion, %
970201A 32.63 13.47 250 252.17 128 833 522
970201B 32.8 13.47 250 251.2 128 83.3 4.07
970201C 33.05 56.47 250 251.2 543.37 353.8 0
970201E 33.38 56.47 274 275.61 542.89 3535 5.03
970201F 33.51 56.47 274 275.61 542.89 3535 6.08
970201G 3434 13.47 276 278 128 83.3 13.17
970201H 34 40 13.47 276 277.56 128 83.3 13.82
970201HH| 353 13.47 275 276.59 127.23 82.8 12.39
9702011 37.71 13.47 325 327.46 127.23 82.8 52.74
970201) 37.81 13.47 325 327.46 127.23 82.8 51.9
970201K 382 56.47 325 328.19 539.08 351.0 29.29
970201L 38.31 56.47 325 328.19 539.08 351.0 30.31
970201M 38.63 56.47 374 377.81 538.02 3503 76.83
970201N 38.8 56.47 374 377.57 538.02 3503 76.86
9702010 38.95 13.47 374 375.19 126.4 823 100
970201P 39.13 13.47 375 376.38 125.72 81.9 100
970201R 3941 13.47 399 401 126.48 824 100
970201S 39.83 57.47 400 404 .84 538.7 350.8 94 .97
970201T 40.13 56.47 400 404 .84 539.83 351.5 94.79
9702010 40.71 56.47 425 428.48 540.3 351.8 100
970201V 40.83 56.47 425 428.48 540.3 351.8 100
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Table A-22. Results for Run 22 (970319)

Catalyst: YW107 (5 mass % Pd + 5 mass % Fe supported on §i02)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHu, 3.96% O in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- Temp, °C| Temp., oC | Rate, mL/min Rate, pmol/s Fractional
Stream, h Conversion, %
970319A 0.08 251 250 126.74 82.5 0
970319B 022 250 250.22 126.74 82.5 0
970319C 0.32 302 300.79 126.48 82.4 0
970319D 0.4 302 300.79 126.48 82.4 0
970319E 0.47 375 372.81 126.29 82.2 0
970319F 0.57 375 372.81 126.29 82.2 0
970319G 0.67 401 398.21 126.7 825 0.76
9703 19H 0.85 401 398.21 126.7 82.5 2.06
9703191 1 424 421.86 126.5 824 421
970319J 1.09 424 421.86 126.5 82.4 5.69
970319K 1.19 449 445 126.5 82.4 12.61
970319L 1.37 450 446.76 126.5 82.4 19.5
970319M 1.47 473 470.88 126.17 82.2 30.63
970319N 1.57 473 470.88 126.17 822 34.02
9703190 2.69 475 473.23 125.93 82.0 33.03
970319P 277 475 473.23 125.93 82.0 33.51
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Table A-23. Results for Run 23 (970324)

Catalyst: YW107 (5 mass % Pd + 5 mass % Fe supported on SiO;)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 22

State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 ka
Feed composition: 0.965% CHy, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, umol/s Fractional
Stream, h Conversion, %

970324A 19.44 326 323.88 126.66 82.5 3.32
970324B 19.52 325 323.88 126.66 82.5 3.32
970324C 20.49 302 300.79 127.23 82.8 1.32
970324D 20.6 301 300.79 127.23 82.8 1.39
970324E 20.85 373 371.62 127.21 82.8 7.31
970324F 2094 374 371.62 127.21 82.8 6.53
970324G 21.04 398 395.84 127.19 82.8 984
970324H 21.14 398 395.84 126.77 82.5 8.9
9703241 21.35 423 4214 128.95 84.0 12.56
970324) 21.47 423 420.21 128.95 84.0 11.98
970324K 21.77 443 446.76 128.19 83.5 17.73
970324L 21.85 448 445 128.19 83.5 16.79
970324M 21.99 449 445 128.19 83.5 16.45
970324N 22.2 474 470.88 128.51 83.7 23.34
9703240 22.29 474 470.88 128.51 83.7 22.56
970324P 22.39 474 470.88 128.51 83.7 21.98
970324Q 22.6 475 470.88 128.51 83.7 21.34
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Table A-24. Results for Run 24 (970325)

Catalyst: YW112 (5 mass % Pd + 0.5 mass % Fe supported on SiO3)
Catalyst charge: 96.2 mg

State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHs, 3.96% Oz in He

DataSet | Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C | Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream, h Conversion, %
970325A 0.08 250 248.73 128.11 83.4 0
970325B 0.18 250 249.23 128.11 834 0
970325C 0.28 300 298.61 128.76 83.8 0
970325D 0.43 300 298.61 128.76 83.8 0
970325E 0.53 351 349 129.66 84.4 277
970325F 0.7 351 349 129.66 84 4 3.52
970325G 0.8 398 397.26 126.8 82.6 937
9703251 0.89 423 42233 126.35 823 14.28
970325] 1.03 423 4214 126.35 823 13.63
970325K 1.13 448 44735 125.93 82.0 17.81
970325L 1.21 448 44735 125.93 82.0 17.38
970325M 1.3 473 47323 125.83 819 21.75
970325N 1.4 473 473.23 125.83 819 21.56
9703250 1.53 474 473.23 126.03 82.1 21.74
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Table A-25. Results for Run 25 (970329)

Catalyst: YW112 (5 mass % Pd + 0.5 mass % Fe supported on Si02)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 24
State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHs, 3.96% O in He

Data Set Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- |Temp, °C | Temp., °C | Rate, mL/ min Rate, pmol/s Fractional
Stream, h Conversion, %
970329A 20.06 249 24824 127.15 82.8 0
970329B 20.23 249 24824 127.15 82.8 0
970329C 20.55 298 296.44 127.05 82.7 2.27
970329D 20.68 298 297.4 127.05 82.7 1.88
970329E 21.01 348 346.83 126.96 82.7 5.26
970329F 21.26 349 3478 126.96 82.7 3.71
970329G 21.71 402 401.29 126.7 82.5 8.93
970329H 21.81 402 400.12 126.7 825 7.55
9703291 219 401 400.12 126.56 824 6.84
970329) 222 449 447 35 127.02 82.7 13.7
970329K 2231 449 446.76 127.02 82.7 11.98
970329L 22.66 475 473.23 126.44 82.3 16
970329M 22.71 475 473.23 126.44 823 15.56
970329N 22.81 475 473.23 126.44 823 15.48
9703290 2291 475 473.23 126.52 824 15.23
970329P 23.06 475 473.23 126.52 824 14.71
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Table A-26. Results for Run 26 (970331)

Catalyst: YW113 (5 mass % Pd + 0.1 mass % Cu supported on SiO-2)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHa, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- | Temp, °C | Temp., °C | Rate, mL/min |  Rate, pmoi/s Fractional
Stream, h Conversion, %
970331A 0.08 249 250 127.78 83.2 3.09
970331B 0.18 250 250.22 127.75 83.2 4.57
970331C 0.28 301 306.57 126.61 824 45.33
970331D 04 301 307 126.25 82.2 48.05
970331E 0.5 348 357.33 125.6 81.8 97.82
970331F 0.62 348 357.33 125.6 81.8 98.18
970331G 0.73 374 381.14 125.69 81.8 100
970331H 0.85 374 381.14 125.69 81.8 100
Table A-27. Results for Run 27 (970401)
Catalyst: YW113 (5 mass % Pd + 0.1 mass % Cu supported on SiO,)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 26
State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHa, 3.96% Oz in He
Data Set Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, umol/s Fractional
Stream, h Conversion, %
970401A 10.95 375 381.62 126.61 82.4 100
970401B 11.07 375 381.14 126.61 82.4 100
970401C 129 375 381.14 127.05 82.7 100
970401D 13.08 375 381.14 127.05 82.7 100
970401E 139 375 381.14 127.12 82.8 100
970401F 14.65 375 380.19 126.838 82.6 100
970401G 14.73 375 380 126.88 82.6 100
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Table A-28. Results for Run 28 (970402)

Catalyst: YW113 (5 mass % Pd + 0.1 mass % Cu supported on Si07)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 26 and 27
State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHa, 3.96% O, in He

Data Set | Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C | Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
970402AA 14.83 199 197.83 125.51 81.7 0.76
970402AA1 1493 199 197.83 125.51 81.7 1
970402A 15.35 249 250 126.17 82.2 9.1
970402B 15.45 249 250 126.17 82.2 8.29
970402C 15.68 298 304.64 126.51 824 48.39
970402D 15.9 299 303.44 126.51 82.4 45.65
970402DD 16.46 299 304.17 125.6 81.8 4551
970402D1 16.55 299 304.64 125.6 81.8 44 67
970402E 16.6 348 3559 12551 81.7 97.44
970402F 16.67 350 359.24 125.51 81.7 98.42
970402FF 16.73 350 357.81 125.51 81.7 97.67
970402G 16.83 374 380.19 126.44 823 100
970402H 16.93 374 380.67 126.44 823 100
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Table A-29. Results for Run 29 (970712)

Catalyst: RF34 (5 mass % Pd supported on Al,O3)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 k Pa
Feed composition: 0.965% CHa, 3.96% O,, in He

Data Set Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- | Temp, °C | Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream_ h Conversion, %
970712A 0.23 349 347.32 126.03 82.1 247
970712B 0.33 349 347.32 126.03 82.1 3.02
970712C 0.52 350 347.32 126.05 8.21 3.81
970712D 0.72 350 347.8 126.39 823 4.68
970712E 1 350 3478 126.39 823 5.73
970712F 2.83 350 348.29 125.25 81.6 10.51
970712G 292 350 348.29 125.25 81.6 10.76
970712H 13.08 350 350.63 127.21 82.8 33.49
9707121 13.2 350 351.14 127.21 82.8 33.64
970712J 13.83 350 351.38 127.21 82.8 35.16
970712K 14.85 350 351.38 127.21 82.8 35.64
970712L 14.95 350 351.38 128.64 83.8 35.73
970712M 15.87 350 350.67 128.53 83.7 28.31
970712N 15.97 350 350.67 128.53 83.7 28.96
9707120 18.53 350 350.19 128.36 83.6 254
970712P 18.63 350 350.19 128.36 83.6 26.71
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Table A-30. Results for Run 30 (970713)

Catalyst: RF34 (5 mass % Pd supported on Al;O3)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 29
State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHa, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
970713A 18.71 200 197.5 128.21 83.5 0
970713B 18.8 200 197.5 128.21 83.5 0
970713C 18.98 223 221.5 128 833 0
970713D 19.08 223 221.5 128 83.3 0
970713E 19.36 251 249.7 128.42 83.6 0.83
970713F 19.46 250 249.7 128.42 83.6 0
970713G 19.66 273 272 128.25 83.5 2.75
970713H 19.8 273 272 128.25 83.5 2.94
9707131 20.05 299 298.6 127.99 833 7.45
970713]J 20.15 299 298.6 127.99 83.3 7.54
970713K 20.36 328 328 127.95 83.3 17.79
970713L 20.58 328 328 127.95 83.3 17.68
970713M 20.85 351 353 127.51 83.0 31.53
970713N 20.98 351 353 127.51 83.0 32.1
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Table A-31. Results for Run 31 (970716)

Catalyst: RF34 (5 mass % Pd supported on Al;O3)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHa, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %

970716A 0.08 399 396.31 128.42 83.6 11.15
970716B 0.17 400 396.31 128.42 83.6 15.36
970716D 0.65 400 397.74 127.69 83.1 2421
970716E 0.9 400 397.74 127.69 83.1 2794
970716F 1.63 400 399 126.32 823 4041
970716G 1.72 400 399 126.32 823 41.89
970716H 2.38 400 400 126.12 82.1 542
9707161 3.03 400 400 125.75 81.9 6597
970716] 3.15 400 401 125.75 81.9 67.52
970716K 37 400 401 126.84 82.6 74.43
970716L 4.03 400 401.29 126.84 82.6 78.04
970716M 5.03 400 401.52 126.79 82.6 84.51
970716N 5.65 400 400.3 126.79 82.6 87.02
9707160 6.08 400 402.48 126.79 82.6 88.56
970716P 6.87 400 401.52 126.79 82.6 90.48
970716Q 7.98 400 401.52 126.79 82.6 92.48
970716R 15.92 400 401.52 126.97 82.7 96.44
970716S 16.47 400 401.52 126.97 82.7 96.5
970716T 16.55 400 401.52 126 .97 82.7 96.41
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Table A-32. Results for Run 32 (970718)

Catalyst: RF34 (5 mass % Pd supported on Al,03)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 31
State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHsa, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C | Temp., °C | Rate, mL/min |  Rate, umol/s Fractional
Stream, h Conversion, %
970718A 16.63 200 195.58 128.64 83.8 0
970718B 16.72 200 195.58 128.64 83.8 0
970718C 17 226 223.54 128.46 83.7 0
970718D 17.08 225 223.54 128.46 83.7 0
970718E 17.38 251 249.73 128.52 83.7 222
970718F 17.5 251 248.73 128.52 83.7 2.11
970718G 17.68 274 272.21 127.67 83.1 5.87
970718H 17.77 274 272 127.67 83.1 591
9707181 17.98 299 297.88 127.7 83.2 13.57
970718J 18.42 299 298.61 127.7 832 14.18
970718K 18.95 326 324.83 127.46 83.0 30.11
970718L 19.05 326 32483 127.46 83.0 30.25
970718M 19.27 348 348.76 127.15 82.8 51.08
970718N 19.37 349 348.76 127.15 82.8 51.15
9707180 19.78 398 401.52 126.24 82.2 95.42
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Table A-33. Results for Run 33 (970725)

Catalyst: RF34 (5 mass % Pd supported on Al>Os3)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHa, 3.96% O, in He

DataSet | Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream, h Conversion, %

970725A 0.17 452 4497 127.06 82.7 26.03
970725B 0.27 451 4497 127.06 82.7 28.24
970725C 0.68 451 449.7 127.19 82.8 46.69
970725D 0.77 450 4497 127.19 82.8 514
970725E 1.03 450 449.7 126.34 823 66.32
970725F 1.18 451 451 126.34 823 72.86
970725G 1.65 450 449.7 125.72 81.9 86.5
970725H 2.07 450 451 125.63 81.8 92.15
9707251 22 450 451 125.63 81.8 92.84
970725] 3.27 450 451 125.63 81.8 96.76
970725K 3.37 451 451 125.63 81.8 96.98
970725L 447 450 451 125.61 81.8 98.03
970725M 5.23 451 451 125.61 81.8 98.08
970725N 5.85 451 4497 125.61 81.8 98.55
9707250 5.97 450 4497 12561 8.18 98.39
970725P 6.7 451 4497 125.12 81.5 98.5
970725Q 6.78 451 4497 125.12 81.5 98.83
970725R 7.7 450 4497 125.12 81.5 98.86
9707258 7.8 450 449.7 125.12 81.5 98.8
970725T 8.15 450 4497 125.12 81.5 100
970725U 8.58 450 449.7 251.76 163.9 94.16
970725V 8.67 450 449.7 34996 227.9 91.62
970725W 19.87 450 451 347.52 226.3 86.64
970725X 19.95 450 451 347.52 226.3 87.09
970725Y 20.42 450 4497 125.52 81.7 96.69
970725Z 20.5 450 449.7 125.52 81.7 96.5
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Table A-34. Results for Run 34 (970728)

Catalyst: RF34 (5 mass % Pd supported on AlO3)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 33

State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHy, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- | Temp, °C | Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %

970728A 20.58 200 197.58 127.38 82.9 0
970728B 20.67 200 197.58 127.58 83.1 0
970728C 21.33 225 224 128.83 83.9 0
970728D 21.42 225 224 128.83 839 0.63
970728E 21.77 250 249.23 128.78 83.9 2
970728F 21.93 250 24923 128.78 83.9 1.89
970728G 22.37 275 274.63 128.85 839 6.04
970728H 2247 275 274.63 128.85 83.9 5.72
9707281 22.68 300 299.34 129.16 84.1 12.95
970728) 22.78 300 299.34 129.16 84.1 12.81
970728K 2292 325 323.88 129.35 84.2 243
970728L 23.13 325 324.36 129.35 84.2 2443
970728M 23.32 348 347.32 129.21 84.1 40.3
970728N 23.6 349 347.8 129.21 84.2 4091
9707280 23.87 398 397.26 128.87 83.9 77.46
970728P 24.17 399 398.69 128.87 83.9 77.68
970728Q 24.47 448 44735 128.52 83.7 94 .32
970728R 24.58 449 448.29 128.52 83.7 94 .48
970728S 24.87 449 448.29 57.87 37.7 100
970728T 24 .95 449 448.29 - - 100
970728U 25.03 449 448.29 - - 100

147




Table A-35. Results for Run 35 (970730)

Catalyst: RF34 (5 mass % Pd supported on Al2O3)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHs, 3.96% O, in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream, h Conversion, %

970730A 0.1 500 502.58 128.83 839 9791
970730B 0.2 500 502.58 129.48 843 100
970730C 0.55 500 522.51 489.56 318.8 100
970730D 0.83 500 527.76 980 638.1 100
970730E 1.1 505 543.63 1301.24 847.3 100
970730F 1.38 501 541.28 1467.71 955.7 98.23
970730G 1.67 501 537.76 1467.71 955.7 96.73
970730H 2.13 500 534.83 1469.51 956.9 94.65
9707301 245 500 534.24 1469.51 956.9 93.79
970730J 2.73 500 5319 1469.51 956.9 92.8
970730K 3.07 500 5319 1469.51 956.9 92.14
970730L 35 500 5319 1469.51 956.9 91.32
970730M 4.15 500 529.56 1469.51 956.9 90.25
970730N 4.6 500 529.56 1469.51 956.9 89.73
9707300 498 500 529 1469.51 956.9 89.07
970730P 5.47 500 526 1469.51 956.9 88.45
970730Q 5.83 500 526 1469.51 956.9 87.84
970730R 6.17 500 526 1469.51 956.9 87.77
970730S 6.48 500 526 1469.51 956.9 87.58
970730T 11.32 500 524.86 1469.51 956.9 84.43
970730U 11.42 500 524 .86 1466.28 954.8 84.65
970730V 11.83 500 524.86 1466.28 954.8 84.35
970730W 12.17 500 523.1 1466.28 954.8 84.19
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Table A-36. Results for Run 36 (970731)

Catalyst: RF34 (5 mass % Pd supported on Al20s)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 35
State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CH., 3.96% Oa, in He

Data Set | Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- | Temp, °C | Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream, h Conversion, %
970731A 12.25 200 196.6 12831 83.6 0
970731B 12.32 200 196.6 128.31 83.6 0
970731C 12.69 225 223.54 129.17 84.1 0
970731D 12.77 225 223 129.17 84.1 0
970731E 13.62 248 246.28 129.6 844 0
970731F 13.74 248 246.28 129.6 844 0
970731G 14.02 273 270.76 128.05 83.4 2.38
970731H 14.15 274 271.73 128.05 834 25
970731HH 14.25 275 272 128.05 834 2.14
9707311 14.85 301 298.85 128.73 83.8 6.17
970731J 14.95 301 298.85 128.73 83.8 6.09
970731K 15.29 324 321.48 128.85 83.9 12.44
970731L 15.4 325 322 128.85 83.9 12.32
970731M 15.97 351 348.29 129.4 84.3 21.57
970731IN 12.34 350 347.8 129.4 84.3 19.56
9707310 16.69 401 400.12 128.59 83.7 52.61
970731P 16.79 401 399.64 128.59 83.7 50.71
970731Q 17.17 448 446.76 128.59 83.7 82.1
970731R 17.25 449 446.76 128.59 83.7 81.48
9707318 17.67 449 499 128.59 83.7 97.51
970731T 17.77 449 499 128.59 83.7 97.52
970731U 18.24 524 526 127.13 82.8 100
970731V 18.35 524 526 127.13 82.8 100
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Table A-37. Results for Run 37 (970813)

Catalyst: RF34 (5 mass % Pd supported on Al2O3)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHa, 3.96% O, in He

Data Set Catalyst Oven Reactor |Reactant Feed{ Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
970813A 0.08 400 398.69 127.51 83.0 12.81
970813B 0.18 400 398.93 127.24 82.9 14.08
970813C 0.62 400 400.12 127.59 83.1 2341
970813D 0.72 401 400.12 127.59 83.1 25.58
970813E 1.27 401 400.12 127.59 83.1 37.34
970813F 1.42 400 400.12 127.59 83.1 40.68
970813G 1.68 400 400.58 127.59 83.1 47.72
970813H 2.17 400 400.58 126.92 82.6 61.22
9708131 2.28 400 401 126.92 82.6 62.95
970813J 3.25 400 401.52 126.71 82.5 76.9
970813K 3.35 400 401.52 126.71 825 78.04
970813L 4.08 400 402.48 127.11 82.8 84.67
970813M 42 401 40248 127.11 82.8 85.58
970813N 4.7 400 402 .48 126.76 825 88.32
9708130 4.8 400 402.48 126.76 82.5 88.9
970813P 5.28 400 402.48 127.16 82.8 90.61
970813Q 5.38 400 402.48 127.16 82.8 91.44
970813R 7.08 400 402.48 126.12 82.1 94.96
970813S 7.2 400 402.48 126.12 82.1 95.25
970813T 7.55 400 402 .48 126.12 82.1 95.53
970813U 8.03 400 402.48 126.54 823 96.05
970813V 8.28 400 402.48 126.54 824 95.96
970813W 10 400 402 .48 126.68 825 96.86
970813X 10.08 400 402.48 126.68 82.5 97.08
970813Y 10.85 400 402.48 126.68 825 97.36
970813Z 10.93 400 402.48 126.68 82.5 97.05
970813A1 17.18 400 401.52 127.36 82.9 96.88
970813A2 17.28 400 401.52 127.36 829 97
970813A3 17.63 400 399.17 58.58 38.1 100
970813A4 17.72 400 400.12 58.58 38.1 100
970813A5 18.18 400 401.52 127.08 82.7 96.55
970813A6 18.3 400 399.17 127.08 82.7 100
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Table A-38. Results for Run 38 (970814)

Catalyst: RF34 (5 mass % Pd supported on AlO3)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 37
State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CH,, 3.96% O; in He

Data Set Catalyst Oven Reactor |Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C{ Temp., °C | Rate, mL/min Rate, pumol/s Fractional
Stream, h Conversion, %
970814A 18.38 200 196.58 127.96 83.3 0
970814B 18.65 224 223 128.26 835 0.71
970814C 18.77 225 223 128.26 835 0
970814D 19.05 251 250.22 127.9 833 2.71
970814E 19.17 251 250.22 127.9 833 2.87
970814F 19.78 276 275.61 128.27 83.5 7.2
970814G 19.88 276 275.61 128.27 835 7.45
9708 14H 20.18 299 298.85 128.23 83.5 15.61
9708141 20.28 300 299.34 128.23 835 16
970814J) 20.5 324 323.39 127.8 832 31.52
970814K 20.6 325 323.88 127.8 8.32 32.21
970814L 21.17 351 350.67 126.98 82.7 58.76
970814M 21.28 351 350.67 126.98 82.7 58.92
9708 14N 21.6 399 400 126.38 823 96.45
9708140 21.7 399 400 126.38 823 96.65
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Table A-39. Results for Run 39 (970827)

Catalyst: RF34 (5 mass % Pd supported on AlLO3)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHa, 3.96% O,, in He

Data Set Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %
970827A 0.1 373 370.19 127.44 83.0 2.14
970827B 0.2 373 370.19 126.2 82.2 26
970827C 0.5 374 371.62 126.94 82.7 322
970827D 0.6 375 371.62 126.94 82.7 32
970827E 14 375 371.1 126.88 82.6 435
970827F 1.5 375 371.1 126.88 82.6 438
970827G 13.68 375 371.1 126.2 82.2 58.54
970827H 13.85 375 371.1 126.2 82.2 59.7
9708271 15.67 375 371.1 127.52 83.0 65.53
970827) 16.12 375 371.1 127.52 83.0 66.77
970827K 16.57 376 374.1 126.72 82.5 68.28
970827L 16.75 376 374.1 126.72 82.5 67.68
970827M 17.17 375 372.57 127.29 82.9 69.55
970827N 17.27 375 372.57 127.29 82.9 69.87
9708270 2043 375 373.52 126.67 82.5 76.4
970827P 20.7 375 373.52 126.67 82.5 76.39
970827Q 23.57 375 373.52 125.7 81.9 79.56
970827R 23.67 375 373.52 125.7 81.9 79.77
970827S 247 375 374 125.64 81.8 80.63
970827T 24 .8 375 373.52 125.64 81.8 80.59
970827U 252 375 374 125.64 81.8 80.87
970827V 253 375 374 125.64 81.8 80.99
970827TW 26.42 375 373.52 125.98 82.0 81.96
970827X 26.5 375 373.52 125.98 82.0 81.64
970827Y 273 375 373.52 125.3 81.6 82.01
9708272 274 375 373.52 125.3 81.6 82.23
970827Al1 3593 375 373.52 125.05 g81.4 83.99
970827A2 38.78 375 373.52 127.15 82.8 83.58
970827A3 38.87 375 373.52 127.15 82.8 83.75
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Table A-40. Results for Run 40 (970904)

Catalyst: RF34 (5 mass % Pd supported on Al;03)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 39
State of catalyst at beginning of run: activated (State-2)
Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHa, 3.96% Oz in He

Data Set | Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min |  Rate, umol/s Fractional
Stream, h Conversion, %
970904A 3895 200 197.83 127.68 83.1 0
970904B 39.34 224 224 127.58 83.1 0.71
970904C 39.44 224 223.54 127.58 83.1 0
970904D 40.19 252 2512 127.75 83.2 3.12
970904E 40.27 251 251.2 127.75 83.2 3.22
970904F 40.5 274 273.17 127.43 83.0 7.32
970904G 40.59 274 273.17 127.43 83.0 7.52
970904H 40.79 300 300.31 126.85 82.6 17.09
9709041 40.95 300 299.83 126.85 2.6 16.87
970904J) 41.27 326 325 127.04 82.7 34.47
970904K 41.37 326 325 127.04 82.7 34.18
970904L 41.67 349 3478 125.56 81.8 57.44
970904M 41.75 349 3478 125.56 81.8 57.75
970904N 42.07 375 374 125.76 81.9 82.94
9709040 42.15 375 374 125.76 81.9 82.87
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Table A-41. Resuits for Run 41 (961112)

Catalyst: RF30 (5 mass % Pd supported on Al,Os3)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)
Reactor pressure: 94 to 96 kPa
Feed composition: 0.965% CHy, 3.96% O2 in He

Data Set | Catalyst Time- | Oven Reactor | Reactant Feed | Reactant Feed | Methane Fractional
in-Stream, h | Temp, °C| Temp., °C | Rate, mL/min | Rate, umol/s | Conversion, %
961112-A 0.5 275 273.17 125.75 81.9 0
961112-B 0.65 275 273.17 97.66 63.6 0
961112-C 0.8 275 273.66 58.11 37.8 0
961112-D 1 275 273.66 36.7 239 0
961112-E 1.17 325 3229 126.49 82.4 1.71
961112-F 1.3 325 3229 96.36 62.7 2.16
961112-G 145 325 3229 57.94 37.7 3.41
961112-H 1.62 325 3229 36.88 24.0 427
961112-1 1.78 351 348.76 127.51 83.0 4.56
961112-J 1.93 351 348.76 96.51 62.8 55
961112-K 2.12 351 348.76 578 37.6 7.9
961112-L 2.28 351 348.76 36.93 24.0 9.64
961112-M 245 375 372.57 126.88 82.6 9.59
961112-N 2.6 375 372.57 97.05 63.2 11.46
961112-0 2.93 375 372.57 58.13 379 15.16
961112-P 32 375 372.57 37 24.1 18.88
961112-Q 337 400 397.74 126.18 82.2 18.95
961112-R 3.75 400 398.21 97.06 63.2 23.06
961112-S 3.92 400 397.74 58.63 38.2 29.55
961112-T 408 400 397.74 37.06 24.1 35.62
961112-U 425 425/426 423.76 125.75 81.9 33.92
961112-V 438 425/426 423.76 97.61 63.6 38.91
961112-W 4383 425/426 423.76 58.77 383 52.42
961112-X 498 425/426 423.76 3724 242 63.2
961112-Y 5.15 450/449 4497 126.67 825 61.24
961112-Z 5.28 450/449 4497 97.5 63.5 69.14
961112-A1 5.62 450/450 4497 58.65 38.2 82.99
961112-Bl1 5.78 450/450 4497 36.9 24.0 90.31
961112-Cl1 595 475/474 475.57 125.71 81.9 90.31
961112-D1 6.08 475/474 474 4 97.89 63.7 94.97
961112-E1 6.45 475/475 473.23 58.18 379 99.51
961112-F1 6.58 475 47323 36.84 240 100
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Table A-42. Results for Run 42 (961120)

Catalyst: RF30 (5 mass % Pd supported on Al,O3)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Run 41
State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHs, 3.96% O in He

Data Set Catalyst Oven Reactor | Reactant Feed | Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min |  Rate, pmol/s Fractional
Stream, h Conversion, %
961120-A 16.8 230 230.48 127.61 83.1 0
961120-B 16.97 230 230 97.02 63.2 0
961120-C 17.08 230 230 58.58 38.1 0
961120-D 17.3 230 230 36.78 239 1.19
961120-E 17.47 275 275.61 127.21 82.8 3.32
961120-F 17.55 275 275.61 96.35 62.7 444
961120-G 17.72 275 275.61 58.73 38.2 5.81
961120-H 17.88 275 275.61 36.72 239 6.81
961120-1 18.05 325 326.26 126.26 82.2 16.04
961120-J 18.23 325 326.26 98.55 64.2 17.79
961120-K 18.35 325 325.79 58.32 38.0 22.74
9611120-L 18.53 325 325.31 36.99 24.1 26.85
961120-M 18.7 375 377.81 125.59 81.8 47.57
961120-N 18.83 375 377.33 97.69 63.6 52.22
961120-O0 19.3 375 376.86 58.01 37.7 61.57
961120-P 19.75 375 376.38 36.7 239 69.41
961120-Q 19.92 425 429.67 125.39 81.6 87.04
961120-R 20 425 429.43 97.13 63.2 91.32
961120-S 20.42 425 427.53 57.88 37.7 96.18
961120-T 20.82 425 426.6 36.98 24.1 98.69
961120-U 20.98 454 460.29 126.33 823 98.28
961120-V 21.1 454 459.12 97.46 63.5 100
961120-W 21.47 455 455.58 58.09 378 100
961120-X 21.6 455 455.58 58.09 378 100
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Table A-43. Results for Run 43 (961125)

Catalyst: RF30 (5 mass % Pd supported on AL Os)
Catalyst charge: 96.2 mg
Previous runs in which catalyst charge was used: Runs 41 and 42
State of catalyst at beginning of run: activated (State-2)

Feed composition: 0.965% CHs, 3.96% O, in He

Data Set | Catalyst | Reactor [ Oven Reactor |Reactant Feed | Reactant Methane
Time-on- | Pressure, |Temp., °C| Temp., °C | Rate, mL/min Feed Rate, Fractional
Stream, h| psia umol/s | Conversion, %
961125-A | 91.35 13.59 275 275.61 126.86 82.6 3.71
961125-B | 91.52 13.59 275 27561 98.18 63.9 437
961125-C | 91.68 13.59 275 275.12 58.26 379 5.75
961125-D | 91.85 13.59 275 275.12 36.87 240 6.97
961125-E | 93.52 56.59 275 274.63 527.83 343.7 1.81
961125-EE| 93.6 56.59 275 274.63 527.33 343.7 1.57
961125-F | 94.55 56.59 275 274.63 409.63 266.7 2.53
961125-G | 94.68 56.59 275 274.63 409.63 266.7 1.99
961125-H | 95.05 56.59 275 274.63 241.89 157.5 3.26
961125-1 95.18 56.59 275 274.63 2419 157.5 3.11
961125-] 96.27 56.59 275 275.61 154.04 100.3 3.99
961125-K 96.4 56.59 275 275.61 154.04 100.3 3.94
961125-L | 96.57 56.59 325 325.79 152.96 99.6 16.98
961125-M | 96.68 56.59 325 325.79 153.58 100.0 17
961125-N | 96.82 56.59 325 326.74 241.89 157.5 13.57
961125-0 96.97 56.59 325 326.74 24197 157.5 13.84
961125-P 97.35 56.59 325 327.22 409.95 266.9 11.3
961125-Q | 9747 56.59 325 327.22 409.95 266.9 11.41
961125-R 97.67 56.59 325 327.22 528.01 3438 10.45
961125-S 97.82 56.59 325 327.22 528.01 3438 10.4
961125-T | 97.98 13.59 325 326.26 126.84 82.6 18.89
961125-U | 98.18 13.59 325 325.79 97.72 63.6 21.47
961125-V | 9835 13.59 325 325.31 58.04 37.8 27.09
961125-W | 98.82 13.59 325 325 36.67 239 3232
961125-X | 98.98 13.59 376 378.76 127.58 83.1 52.33
961125-Y | 99.12 13.59 376 378.29 127.21 82.8 52.46
961125-Z 99.5 56.59 375 383.5 528.23 344.0 4051
961125-A1| 99.58 56.59 375 383 528.23 344.0 40.58
961125-B1| 99.75 56.59 424 442 .63 526.32 342.7 81.75
961125-C1| 99.88 56.59 424 442.63 526.32 342.7 81.73
961125-D1| 100.23 13.59 424 429.67 126.1 82.1 89.8
961125-E1| 100.4 13.59 457 461.47 126.38 823 98.67
961125-F1| 100.53 13.59 456 460.29 96.18 62.6 100
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Table A-44. Results for Run 44 (961031)

Catalyst: RF16 (5 mass % Pd supported on MgO)
Catalyst charge: 96.2 mg
State of catalyst at beginning of run: freshly reduced (State-1)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHs, 3.96% Oz in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- |Temp, °C| Temp., °C | Rate, mL/min | ~ Rate, pmol/s Fractional
Stream, h Conversion, %

961031-A 0.33 150 145.6 37.1 242 0
961031-B 0.41 200 196.58 37.36 243 0
961031-C 0.5 300 298.85 37.23 242 0
961031-D 0.58 300 348.76 36.82 24.0 0
961031-E 0.66 375 370.67 37.24 242 0
961031-F 0.75 401 396.55 37.11 242 2.06
961031-G 0.88 401 396.55 58.01 378 1.75
961031-H 1 401 397.74 98.6 64.2 1.39
961031-1 1.08 401 397.74 126.88 826 1
961031-J 1.16 424 420.21 36.8 24.0 421
961031-K 1.31 425 420.21 58.46 38.1 345
961031-L 1.41 425 420.21 98.25 64.0 2.06
961031-M 1.56 425 420.21 127.65 83.1 1.64
961031-N 1.66 425 420.21 127.65 83.1 191
961031-0 1.75 475 469.7 37.21 242 9.14
961031-P 1.86 475 469.7 58.4 38.0 6.27
961031-Q 2.03 475 469.7 50 32.6 431
961031-R 22 475 469.7 127.51 83.1 3.39
961031-S 2.28 540 537.76 127.61 83.1 10.42
961031-T 2.38 540 537.76 98.56 64.2 13.93
961031-U 25 540 537.76 57.87 37.7 20.6
961031-V 2.61 540 537.76 37.12 242 27.33
961104A 16.5 200 197.58 36.79 240 0
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Table A-45. Results for Run 45 (961104)

Catalyst: RF16 (5 mass % Pd supported on MgO)
Catalyst charge: 96.2 mg

Previous runs in which catalyst charge was used: Run 44

State of catalyst at beginning of run: activated (State-2)

Reactor pressure: 94 to 96 kPa

Feed composition: 0.965% CHs, 3.96% Oz in He

Data Set Catalyst Oven Reactor | Reactant Feed| Reactant Feed Methane
Time-in- | Temp, °C| Temp., °C | Rate, mL/min | Rate, pmol/s Fractional
Stream, h Conversion, %

961104B 16.58 230 227.75 36.79 240 0
961104C 16.67 275 273.66 36.79 240 0
961104D 16.75 350 348.76 37.43 244 0
961104E 16.83 350 348.76 3743 244 0
961104F 17.58 425 42233 37.25 243 2.72
961104G 17.83 425 42233 58.42 380 2.11
961104H 17.95 425 42233 99.14 64.6 1.26
9611041 18.07 425 42233 128 .45 83.6 0.84
961104J 18.18 425 422.33 128 .45 83.6 1.04
961104K 18.27 400 397.74 3741 244 L5
961104L 18.38 400 397.74 58.59 382 0.92
961104M 18.52 400 397.74 99.35 64.7 0
961104N 18.65 400 397.74 128.19 83.5 0
9611040 18.73 475 470.29 37.12 242 9.92
961104P 18.88 475 471 58.59 382 7.4
961104Q 19.02 475 471 99.4 64.7 4.87
961104R 19.13 475 471 128.38 83.6 4.02
961104S 19.25 475 471 128.38 83.6 4.16
961104T 19.67 540 534.24 37.12 242 33.97
961104U 19.82 540 53424 58.61 38.2 26.7
961104V 19.93 540 536.58 99.33 64.7 19.39
961104W 20.1 540 53542 128 83.3 16.23
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Appendix B: Sample Calculation for Methane Conversion

Methane conversions were calculated from the gas chromatographic analyses.
The fractional conversion of methane, X, is defined as
FcH,o— FcHee

Xcu, = X = ; where F; = molar flow rate of 1
Fcua,

The molar flow rates of all the reactants and products can be expressed in terms of X and the
feed molar flow rates using the stoichiometry of the methane combustion reaction, i.e.

CH,+20, —>CO,+2H,0 (Note: number of moles are constant).
The exit molar flow rates of reactants and products as a function of X and molar feed rates are:
Fer e = Ferwo (1-X) X=XcH. 1)
Fo.e= F0.0 — 2 (Fct,o— FoHee) (2)
Fco.:= Fco,, o + (FcHi o- FcHe k)
=Fc0,0 + FcHi o X

for all runs Fco,,=0

So, Fco.e=Fcu o X 3)
Ratio of Eq (1) to (2) is
Fcie FcH., o (1-X)
— = @
FO‘L E FO:,Q— 2 FCH4,0 X

Solving Eq. 4 for X yields

(Fo..e/ Fenig) - (Fouos/FcH. o)
X = (%)
(Foz, £/ FcHa,E— 2)

but
Fo. e FrYo.e Y0.x

FcH. e FrYcH., Yeuie
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where Fr = total molar feed rate = total product flow rate

Y1 = mole fraction of i in product stream

Y1, = mole fraction of i in feed stream

but (Y0,o/YCH, £) = (A0, /RO:)(RCH/ACH, 5) = (A0:./AcH ) (Rer/Ro;)
where Al = gas chromatographic area of component i in product stream
Ri = response factor for component i

The response factors are defined as

R __(A) (YY)
R; 4y (Y)

Substituting above into Eq 5 yields

(A0z.e)/ Act, )(Rer/RO;) — (Y0,o/YCH..0)
X = =X (6)
(A0, /AcH. £)(Rcu/Ro,) -2

Similarly, taking ratios of Eq (1) to (3) yields

FcH.e Feu o (1-X)

= - Q)
Fco.e Ferm o X

Solving for X yields
1 1
X = =
1 + (Fcu, o/Fcoze) 1 + (YcH. o/ YCOue)
1
X = = Xz (8)

1+ (AcH. wAco:£)(Rco/Rei)

Taking the ratio of Equations 2 and 1 yields

Fo. e Fo,o—2 Fcu o X (FOIO/F CHA.O) -2X

Fco,x FemoX X
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Solving for X yields

(Fo.o/FcH.o) (Yo.o/YcHi o)
X = = =%

(Fo.g/Fcoe) + 2 2 + (Ao./Aco.£)(Rco/Ro:)

©)

Following are examples for calculating the methane conversion values of Run 2 using the above
three equations (Equations 6, 8 and 9) for Run 2.

Catalyst: RF34 (5 mass % Pd supported on ApOs,)

Catalyst charge: 96.2 mg

Reactor pressure: 93 kPa

Feed composition: 0.965% CH., 3.96% O2 in helium (values used for Y1,)

Calculating GC response factors:

The GC response factors were determined before and after each run by analyzing premixed feed
of known compositions at zero and 100 % conversion, 1.€.,

Rci/Ro: = (AcH/A0:)X(Y0.o/ YCHL o) = (Acr/A0,)x(9.96/0.965)

Rcoy/Ro: = (ACo/A0;) x(Y0:@ 100% methane conversion/ Y CO: @ 100% methane conv ersion)
= (Aco/Ao:) x(2.03/0.965)

Rct/Reo: = (Rer/Ro.)/(Rco/Ro.)

The measured GC areas are given in the table below.

CH4 Area COz Area
4353 0
6313

Rcu/Ro,
0.9256

O, Area Rco./Ro,
19300

10270 0

1.2931

The measured GC areas and the methane conversions Xj, X, X3, using Equations 6, 8 and 9, and
converting to % are shown in the table below.

Data Set | O, Area| CHsarea | CO2 Area X% X% X%
960820A 19350 4355 0 0.42 0 0
9603820B 19230 4308 83 1.32 1.36 1.36
960820D 19780 4438 30 1.02 0.48 0.48
960820E 19680 4413 0 1.13 0 100
960820F 19620 4402 51 1.02 0.82 0.83
960820G 19540 4376 69 1.38 1.12 1.12
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Data Set O, Area | CHi area CO; Area X1% X% X3%
960820H 19780 4438 56 1.02 0.90 0.90
9608201 19530 4349 100 2.46 1.62 1.62
960820J 19730 4394 97 2.44 1.56 1.55
960820K 19570 4330 134 3.65 2.17 2.16
960820L 18090 3833 680 11.17 11.29 11.30
960820M 18350 3915 548 10.04 913 9.08
960820N 18790 4053 454 8.18 7.44 7.41
9608200 18650 4016 438 8.47 7.26 7.21
960820001 18840 4050 434 8.77 7.14 7.07
960820P 18760 4028 410 8.97 6.81 6.72
960820Q 18940 4075 409 8.62 6.72 6.65
960820R 16940 3235 1565 26.11 25.77 25.70
960820S 17660 3475 1265 22.20 20.71 20.51
960820T 18030 3655 1043 18.02 16.99 16.89
960820U 18180 3668 1037 18.70 16.86 16.67
960820V 18250 3743 939 16.29 15.25 15.16
960820W 18440 3782 981 16.29 15.69 15.63
960820X 12650 1123 4686 75.04 74.96 74.84
260820Y 13800 1611 3980 64.52 63.93 63.39
9608207 14710 2057 3356 54 .46 53.93 53.61
960820A1 14860 2061 3405 54.99 5424 53.78
960820B1 15240 2216 3198 51.81 50.87 50.36
960820C1 15120 2196 3203 51.89 51.14 50.72
960820D1 10510 0 6422 100 100 9981
960820-E1 10600 44 6336 99.05 99.04 98.68
960820F1 10990 179 6170 96.16 96.11 95.48
960820G1 10840 169 6144 96.33 96.31 95.97
960820H1 11130 261 6081 94 .39 94.36 94.09
960820111 11020 230 6119 95.03 95.02 94 .92
960820J1 10200 0 6283 100 100 100.23
960820K 1 10270 0 6313 100 100 100.12
960820L1 10220 0 6254 100 100 99.89
960820M 1 10320 0 6324 100 100 99.96

Equation 8, i.e. X», was used to calculate the fractional conversions reported in the body of the
thesis because it does not require knowledge of the feed composition.
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Accuracy of Fractional Conversion Calculated Using Equation 8

Repeat analysis showed that the standard deviation of the GC areas was + 50, and the magnitude
to methane area range was O to 4500 and the range of the carbon dioxide areas was O to 6400.
The ratio of carbon monoxide to methane to response factors was 1.39 £0.02. Substituting these
ranges of values into Equations 8 shows that error in X2 is less than + 1.5%.
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Appendix C: Sample Calculation for Pd Dispersion from H Chemisorption Data

Catalysts: RF34 (5 mass % Pd supported on Al,O3)
Powder size: <210 um

Amount of catalyst sample loaded: 90.4 mg

Data Name: YW101

0.0964 (g) x 0.05

Amount of Pd in Sample = x 10¢ =42.48 umoles
106.4

Integrated Areas of eluted H; peaks for the at injections (arbitrary units):
86, 602, 1410, 1792, 1801, 1794, 1787, 1797, 1798, 1799, 1809, 1804, 1797, 1811, 1812

Area corresponding to a completely eluted pulse is take as the average of the areas after the area
ha become relatively constant (the last 11 peaks in the above case).

Area per peak = (1801+1794+1787+1797+1799+1809+1797+1811+1812)/11 = 1801
Number of pulses adsorbed by catalyst Pd is equal to the sum of the parts of pulses adsorbed. In
the above case parts of pulses 1 to 4 were adsorbed. Hence, the number of pulses of hydrogen
adsorbed is

((1801-86)+(1801-602)+(1801-1410) +(1801-1792))/1800 = 1.80
The size of each pulse is equal to 2.33 pmol of Hy .

Hence, the amount of H, adsorbed on the Pd is: 1.84x2.33umol = 4.29 umol.

It is assumed that one surface Pd atom adsorbs on hydrogen atom; hence the Pd dispersion, D,
which is defined as the ratio of suface Pd atoms to total Pd atoms, is

2x1.80
Pd dispersion = = 0.202 = 20.2%
42.48
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Appendix D: Summary of XRD Runs and XRD Data Analysis

Listing of XRD Patterns Measured

The XRD patterns listed in the table below were used in the analysis of Pd and PdO crystal sizes.
the scans done for the 35 to 55°(20) range were done at a step size of 0.02%/step and counting
for 100 s at each step; the scans done for the 10 to 90°(26) range were done at a step size of
0.1°/step and counting for 40 s at each step. All the angle versus intensity data for these XRD
patterns are stored on the hard drive of the XRD PC in Room CME 835, with back-up storage on

floppy discs.

Table D-1. Desxcription of XRD data files.

Data File | Sample | State of Catalyst (At Previous Run Others
XR.... beginning of run)

AD953 RF34 Fresh H,-Adsorption | 35-55°(20), before Run 29,30
(YW103,104)

AD954 RF34 Fresh H,-Adsorption 10-90°(28), before Run 29,30
(YW103,104)

AD962 RF34 Fresh H,-Adsorption | 35-55°(26), before Run 31,32
(YW106,107)

AD961 RF34 Fresh H,-Adsorption 10-90°(26), before Run 31,32
(YW106,107)

AD972 RF34 Fresh H,-Adsorption 10-90°(26), before Run 33,34
(YW108,109)

AD973 RF34 Fresh H,-Adsorption | 35-55°(26), before Run 33,34
(YW108,109)

AD979 RF34 Fresh H,-Adsorption | 35-55°(26), before Run 35,36
(YW112,113)

AD980 RF34 Fresh H,-Adsorption | 10-90°(26), before Run 35,36
(YW112,113)

AD1003 RF34 Fresh H,-Adsorption | 35-55°(20), before Run 37,38
(YW117,118)

AD1004 | RF34 Fresh H,-Adsorption | 10-90°(26), before Run 37,38
(YW117,118)

AD1030 { RF34 Fresh H,-Adsorption | 35-55°(26), before Run 39,40
(YW123,124)

ADI1031 RF34 Fresh H,-Adsorption | 10-90°(26), before Run 39,40
(YW123,124)

AD964 RF34 Aged at 350°C Run 29,30 35-55°(20), after Run 29,30

AD969 RF34 Aged at 350°C Run 29,30 10-90°(20), after Run 29,30

AD974 RF34 Aged at 400°C Run 31,32 35-55°(26), after Run 31,32
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Data File | Sample | State of Catalyst (At | Previous Run Others
XR..... beginning of run)

AD975 RF34 Aged at 400°C Run 31,32 10-90°(26), after Run 31,32
AD986 RF34 Aged at 450°C Run 33,34 35-55°(20), after Run 33,34
AD987 RF34 Aged at 525°C Run 35,36 35-55°(20), after Run 35,36
AD988 RF34 Aged at 525°C Run 35,36 10-90°(268), after Run 35,36
AD1027 | RF34 Aged at 400°C Run 37,38 35-55°(20), after Run 37,38
ADI1026 | RF34 Aged at 400°C Run 37,38 10-90°(26), after Run 37,38
AD1029 RF34 Aged at 400°C Run 37,38 35-55°(28), after Run 37,38
ADI1028 RF34 Aged at 400°C Run 37,38 10-90°(26), after Run 37,38
AD1037 RF34 Aged at 375°C Run 39,40 35-55°(20), after Run 39,40
AD1036 | RF34 Aged at 375°C Run 39,40 10-90°(20), after Run 39,40
ADI1063 RF34 Aged at 375°C - 35-55°(26)
AD1064 | RF34 Aged at 375°C - 10-90°(20)
AD981 RF34 Reduced(after H>-Adsorption | 35-55°(20)

aging at 350°C) (YW110,111)
AD9382 RF34 Reduced(after H,-Adsorption | 10-90°(20)

aging at 350°C) (YWI110,111)
AD989 RF34 Reduced(after H,-Adsorption | 35-55°(26)

aging at 400°C) (YW114,116)
AD990 RF34 Reduced(after H,-Adsorption | 10-90°(20)

aging at 400°C) (YW114,116)
AD1009 RF34 Reduced(after H,-Adsorption | 35-55°(20)

aging at 450°C) (YW119,120)
ADI008 RF34 Reduced(after H,-Adsorption | 10-90°(20)

aging at 450°C) (YW119,120)
AD1013 RF34 Reduced(after H,-Adsorption | 35-55°(26)

aging at 525°C) (YWI121,122)
ADI014 RF34 Reduced(after H,-Adsormption | 10-90°(26)

aging at 525°C) (YW121.122)
ADI1032 RF34 Reduced(after H,-Adsorption | 35-55°(260)

aging at 400°C) (YW125.126)
AD1033 RF34 Reduced(after H,-Adsorption | 10-90°(26)

aging at 400°C) (YW125,126)
ADI1054 | RF34 Reduced(after H,-Adsorption | 35-55°(20)

aging at 375°C) (YW127,128)
ADI1055 RF34 Reduced(after H,-Adsorption | 10-90°(26)

aging at 375°C) (YW127,128)
AD1127 | ALO; Aged, in air at Calcined in air | 10-90°(20)

Support | 500°C for 4 hours. | at 500°C, 4 hrs.

AD1128 | ALO; Aged, in air at Calcined in air | 35-55°(20)
& 1129 Support | 500°C for 4 hours. | at 500°C, 4 hrs
ADI1198 Silica Prepared, no No 10-90°(260)

further treatment
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Data File | Sample | State of Catalyst (At | Previous Run Others
XR..... beginning of run)
AD1199 | 5.11%S | ALOs(aged, inair | Al,Ox(aged, in | 10-90°(26)
10.+Al; | at 500°C, 4 hrs.) air at 500°C, 4
0; SiO,(prepared, no | hrs.)
(w/w) | further treatment) | SiOx(prepared,
no further
treatment)
ADI1158 | YWI114 | Fresh No 10-90°(26)
AD9%47 YWI114 | Aged Run 7 10-90°(26)
AD9%48 YWI114 | Aged Run 7 35-55°(26)
AD966 YWI114 | Reduced After Run 7 10-90°(20)
and BET
AD965 YW114 | Reduced After Run 7 35-55°(260)
and BET
AD945 YW113 | Aged Run 28 10-90°(26)
AD946 YWI113 | Aged Run 28 35-55°(26)
AD952 RF36 Aged - 35-55°(260)
AD951 RF36 Aged - 10-90°(260)
AD968 RF36 Aged Run 11 10-90°(260)
AD967 RF36 Aged Run 11 35-55°(29)
AD823 RF16 Fresh No 10-90°(26)
AD822 RF16 Aged Run 44 10-90°(26)
AD1328 | quartz wool (possible contaminant of used 10-60°(26) at 0.1°/step with
catalysts) 40 s/step
AD1329 | fresh RF34 mixed with quartz wool (about 20 to | 10-60°(26) at 0.1°/step with
30% quartz wool by volume) 40 s/step
AD1330 empty shallow stainless steel sample holder 10-60°(20) at 0.1°/step with
(may contribute to XRD pattern in some cases) | 40 s/step

The XRD patterns listed in the table below were exploratory runs scanned at a more rapid rate of

4 s/step with a step size of 0.1°.

Table D-2. Description of exploratory XRD data files.

XRD Run | Sample | State of Catalyst (At Previous Run Others
beginning of run)

ADS21 RF30 Reduce Run 5 and then BET 10-90°(20)
AD905 RF106 | Fresh No 10-90°(26)
AD904 RF105 | Fresh No 10-90°(26)
ADS8S85 RF104 | Fresh No 10-90°(20)
AD902 RF104 | Reduced Run 13 and then BET 10-90°(26)
AD903 YW103 | Reduced Run 17 and then BET 10-90°(20)
ADS884 YW103 | Fresh No 10-90°(20)
AD848 YW102 | Aged - 10-90°(26)
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AD847 YW102 | Fresh No 10-90°(20)
AD883 YW102 | Fresh No 10-90°(26)
ADg888 YW102 | Reduced Run 14 and then BET 10-90°(26)
AD884 YW103 | Fresh No 10-90°(20)
ADS885 YW104 | Fresh No 10-90°(26)
AD886 RF30 Reduced Run 42 and then BET 10-90°(26)
AD887 RF34 Reduced Run 21 and then BET 10-90°(20)
AD824 RF102 | Fresh/Reduced BET 10-90°(26)
AD795 RF34 reduced Run xx and then BET 10-90°(26)
AD794 RF34 Fresh/Reduced BET 10-90°(26)
AD793 RF30 Fresh/Reduced BET 10-90°(26)

Plots of Representative XRD Patterns

Representative XRD patterns (as measured) are shown in Figures D-1 to D-67. Repeat
measurements, each starting with a different freshly reduced sample of RF34, are shown in
Figure D-1. This plot shows that tne XRD measurements were very reproducible. XRD patterns
of RF34 activated at different temperatures are shown in Figure D-2 and the patterns for the
catalysts reduced after the activation are shown in Figures D-3 and D-4 for the two ranges of
angles; the diffraction pattern for the alumina support is included in Figures D-3 and D-4. The

patterns for the 5% Pd/SiO; catalysts (YW114 and RF36) are shown in Figures D-5 and D-6.

Analysis of XRD Patterns

It is apparent from the patterns that the support pattern interferes with the lines for the Pd and
PdO; hence, corrections for the support were applied by subtracting the support patterns from the
catalyst patterns. Scaling and baseline corrections have to be applied in the support subtraction.
The general equation used for obtaining the diffracted intensity due to the Pd and PdO , i.e.

‘support-free’ patterns, was

Tabtractedi = Icatatysti = (SF)X(Isupport.i) + Ax[°(20)]:+ B (D-1)
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where Iabmcedi = diffracted intensity due at Pd and PdO at diffraction angle [°(26)];
Icaayni = diffracted intensity of catalyst diffraction angle [°(26)];
Isupon; = diffracted intensity of support at diffraction angle [°(29)};

(SF), A and B are constants.

Values of SF, the scaling factor, A and B used in the various support subtractions are listed in
Table D-3. Additional corrections for the samples contaminated with quartz wool were required;

these are also listed in Table D-3.

Plots of subtracted XRD patterns are given in Figures D-7 and D-8. Other subtracted patterns

have already been shown Chapter 4 (Figures 4-20 and 4-21).

The Scherrer equation, Equation D-2, (see Anderson, J R and Praatt, K.C., “Introduction to
Characterization and Testing of Catalysts”, Academic Press, Sidney, p. 65, 1985) was used to

estimate Pd and PdO crystal sizes, deystal.

derysiat = [1.05 A/ [Bir cos (8)] (D-2)

where  derystat = the ‘diameter’ of the crystal
A = wavelength of x-rays
=0.1541 nm for the Cu Ko radiation used in the current work
0 = the diffraction angle of the line on which the size is based

Bz = the integrated half-width of the diffraction line in radians.

The value of By, was determined by determining the area under the various subtracted patterns
and dividing this area by the maximum intensity of the line. No correction for machine
broadening since all the values of By, were more than an order of magnitude greater than the

machine broadening. The reported Pd size are based on the 111 line since this is the most
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intense Pd line (see Figure D-7). The 112 line of PdO was used for the PdO sizes. This is not

the most intense PdO line, but the 002 PdO line overlaps with the most intense PdO line, the 101

line.

Table D-3. Parameters used for subtraction of x-ray profiles.

Catalyst Angle State of Kinetic X-Ray Files Constants on Equation D-2
Range Catalyst Run Support Catalyst SF A B
RF34 35-55 | fresh none 1128 + 953 0.70 0.15 -15.25
1129 962 0.70 0.15 -15.25
973 0.70 0.20 -17.00
979 0.70 0.05 -9.25
1003 0.70 0.15 -15.25
1030 0.70 0.15 -15.25
reduced 30 981 0.7 0.10 -11.5
32 989 0.7 -0.05 -4.25
34 1009 0.7 0.05 =775
36 1013 0.7 -0.40 14.0
38 1032 0.7 -0.25 4.75
40 1054 0.7 -0.30 10.5
75-90 | fresh none 1127 1031 0.7 0 0
30 982 0.7 0.06 -12.4
32 990 0.7 0.18 -21.2
34 1008 0.7 0.12 -15.8
36 1014 0.7 0.29 -32.1
38 1033 0.7 0.23 -26.7
40 1055 0.7 0.06 -11.4
10-90 | oxidized 30 969* 0.55 0.10 -20.0
32 975% 0.55 0.0 -13.0
36 988* 0.55 0 -15.0
38 1028* 0.41 0.06 -25.4
40 1036%* 0.46 0.15 -23.0
YWI114 10-90 | fresh none 1198 1158 0.8097 0 0
reduced 7 966 0.97 0 0
oxidized 7 947 1.00 0 0
RF36 10-90 | oxidized 11 1198 968 0.95 0 0

* Additional baseline corrections required due to presence of quartz wool in samples
The following additional baseline corrections were applied:
Run 969 in range of 10 to 38 °28: +0.56x(°26) - 21.2 followed by an additional correction
in the range or 10 to 30 °20: -0.25x(°20) - 2.5
Run 975 in range of 10 to 40 °20: +1.8x(°26) - 72
Run 988 in range of 10 to 38 °26: +2.2x(°20) - 83.6
Run 1028 in range of 10 to 40 °26: +2.2x(°20) - 88
Run 1036 a shift of -0. 1 °26 followed by a correction in range of 10 to 40 °26:
+1.5%x(°20) - 60
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