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Abstract

In a world distributing more and more liquefied natural gas (LNG), due to it‘s advantages
within health, environment and energy compared to gasoline and diesel, it is favourable to
research more within this area. The main objective of this study is to find an extra route to
the conventional high-temperature burning of methane (main component in LNG) in the ma-
rine machinery, in which produces noxious by-products. The engines existing today achieves
very low NO,-amissions at high efficiency, but emits low concentrations of CH4. Methane is
a greenhouse gas with 20 times the global warming potential of CO, and measures to improve
the methane slip abatement by catalytic oxidation of methane using palladium supported cat-
alysts will be studied. Pure palladium catalysts are expensive, therefore the studied catalysts
are supposed to be used as references when exploring the opportunities within activity of palla-
dium based catalysts mixed with other metals, such as nickel, or catalysts using small smounts
of palladium or not using palladium at all.

Three catalysts were prepared using incipient wetness impregnation with a solution of pal-
ladium nitrate and y-alumina, including two 0.2 wt% Pd/Al,O3 catalysts and one 2.0 wt%
Pd/Al;O3 catalyst. The catalysts were characterized using Nitrogen Adsorption, X-Ray Fluo-
rescence, Chemisorption with H, and CO, X-Ray Diffraction and Thermogravimetric Analysis,
to find the catalysts‘ chemical and physical properties. Their activities were tested by loading
the catalysts into a reactor and install it in a setup for methane oxidation. The gas feed con-
sisted of various compositions of methane, oxygen and nitrogen at 1 bar and the temperature
was raised from room temperature and up to the temperature needed to achieve practically com-
plete methane conversion. Deactivation experiments were also performed by running the reac-
tions in series and comparing the temperatures where 100% methane conversion was achieved,
Ti00%. An increased Tiggg can reveal the extent of the catalysts deactivation, as the reaction is
irreversible and extremely exothermic.

The results from the testing showed that the catalyst with the highest loading, 1.e. 2.0 wt%
Pd/Al,O3, performed the best when comparing the catalysts at the same reference conditions,
such as using fresh catalyst, a constant total molar feed flow equal to 200 NmL/min and inlet
gas composition of methane/oxygen/nitrogen equal to 2%/10%/88%. The Toog was increased
from 437 °C to 541 °C for the 2.0 wt% and 0.2 wt% catalysts, respectively. The lowest T1ggq
equal to 317 °C was achieved when the air/fuel-ratio was 10 and the inlet gas flow composi-
tion of methane/oxygen/nitrogen was 0.1%/1%/98.9%. The catalysts showed the same trends
where the lowest T1go9 was achieved under lean conditions and air/fuel-ratio equal to 10. The
results suggest that the palladium particles are more active in an oxygen rich environment, i.e.
lean burn and A/F-ratio equal to 10, and it may correspond to bulk- or surface-oxidation of the

Pd particles becoming more active. The TGA-results showed that the palladium stores a lot
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of oxygen. No by-products such as CO were detected, hence the selectivity is equal to 100%
under all conditions. The high activity can be explained by well dispersed metal particles on
the y-alumina surface, which is in agreement with the CO-chemisorption and XRD results. As
the XRD and XRF did not show any impurities and it is therefore expected that the preparation
method was good enough to remove organic molecules and nitrates.

The observed activity loss when testing the catalysts for deactivation may be due to sinter-
ing, and further analyses on the spent catalysts should be performed. The T;yg¢ increased by
83 °C after all runs had completed for the 0.2 wt% compared to the 2.0 wt% which increased
by 32 °C. The ignition temperatures of the reactions are supposed to be at almost the same
temperature as the outlet of the machinery to save energy, and the observed temperatures were

relatively low.
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Sammendrag

I en verden der mer og mer flytende naturgass (LNG) blir distribuert, grunnet dens fordeler
innenfor helse, miljg og energi i forhold til bensin og diesel,er det gunstig & forske mer pa
dette omradet. Hovedmalet med denne oppgaven er a finne en ekstra vei til den konvensjonelle
hgy-temperaturs forbrenningen av metan (hovedkomponenten i LNG) i det marine maskineriet,
som produserer giftige nitrogenholdige biprodukter. Dagens maskiner oppnar veldig lave NO,-
utslipp ved hgy virkningsgrad men slipper ut konsentrasjoner av metan. Metan er en klimagass
med 20 ganger mer global oppvarmingspotensial i forhold til CO,, og tiltak for & forbedre
fangsten av metanslippet ved katalytisk oksidasjon av metan ved bruk av palladiumbaserte
katalysatorer og y-alumina barere er ettertraktet. Katalysatorer laget av ren palladium er dyre,
derfor vil katalysatorene i denne oppgaven bli brukt for sammenligning mot palladium-baserte
katalysatorer laget av en metallblandinger, katalysatorer med en liten mengde palladium eller
katalysatorer uten palladium.

Tre katalysatorer ble fremstilt ved a fuktighetsimpregnere (incipient wetness impregna-
tion) y-alumina barere hvor palladiumnitrat ble pafgrt i vannlgsningen, inkludert to 0.2 wt%
Pd/Al, O3 katalysatorer og en 2.0 wt% Pd/Al,O3 katalysator. Katalysatorene ble karakterist ved
hjelp av nitrogenadsorpsjon, rgntgenfluorescens, hydrogen- og karbonmonoksidkjemisorpsjon,
rgntgenkrystallografi og termogravimetrisk analyse, for a finne katalysatorenes kjemiske og fy-
siske egenskaper. Aktiviteten ble testet ved & putte katalysator i en reaktor som ble installert
pa en rigg. Fgdegassen besto av ulike sammensetninger av metan, oksygen and nitrogen ved
1 bar og temperaturen ble gkt fra romtemperatur og opp til temperaturen som trengtes for a
oppna nesten fullstendig metan omdanning. Deaktiveringseksperimenter ble ogsa gjort ved a
kjgre reaksjonene i serier for 4 sammenligne temperaturene hvor 100% metanomdannelse ble
oppnadd, Tjoo%. En gkt verdi av Tgpg kan avslgre omfanget av katalysatorenes deaktivering,
fordi reaksjonen er irreversibel og ekstremt eksoterm.

Resultatene fra testingen viste at katalysatoren med den hgyeste palladiummengden, altsa
2.0 wt% Pd/Al,O3, presterte best nar katalysatorene ble sammenlignet ved de samme refer-
ansebetingengelse, sann som bruk av ny katalysator, konstant molar fgdegass lik 200 NmL/min
og fedegassammensetning av metan/oksygen/nitrogen lik 2%/10%/88%. Tipo% okte fra 437
°C til 541 °C for henholdsvis 2.0 vekt% og 0.2 vekt% katalysatorene. Den laveste Tgpg ble
oppnadd med en luft/metan-ratio (A/F) lik 10. Resultatene foreslar at palladiumpartiklene er
mer aktive i en oksygenrik atmosfere, altsa A/F lik 10, som kan forklares ved bulk- eller over-
flateoksidasjon av palladiumpartiklene som blir mer aktive. TGA-resultatene viste at palladium
inneholder en god del oksygen. Ingen biprodukter sann som CO ble detektert, derav er CO;-
selektiviteten lik 100% for alle reaksjonsbetingelser. Den hgye aktiviteten kan forklares av

godt dispergerte metallpartikler pa y-aluminaoverflaten, som ogsa er i overenstemmelse med
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CO-kjemisorpsjon og XRD resultatene. Siden XRD og XRF ikke viste noen urenheter, er det
antatt at syntetiseringsmetoden var god nok for a bli kvitt organiske og nitrgse forbindelser.
Det observerte aktivitetstapet nar katalysatorene ble testet for deaktivering kan forklares ved
sintring, og videre analyser av de brukte katalysatorene bgr gjgres. For 0.2 vekt%, gkte T100%
med 83 °C etter at alle reaksjonene hadde kjgrt, sammenlignet med 2.0 vekt%-katalysatoren
som kun gkte med 32 °C. Initieringstemperaturene for reaksjonen bgr vere ca like tempera-
turen ut av det marine maskineriet for a spare energi. De observerte temperaturene var relativt

lave.
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1 Introduction

Health, environment and energy security imperatives are promoting the rapid growth of natural
gas in the transportation sector.[1] In Norway as well as globally, the distribution of liquefied
natural gas (LNG) is developing, which offers significant environmental advantages over gaso-
line and diesel. It represents an option for efficient and more environmentally friendly marine
propulsion. However, the emissions from LNG consists primarily of unburned methane (CHy4)
which is a greenhouse gas with 20 times the global warming potential of CO,. Conventional
destruction of methane requires very high temperatures (up to 1000 °C) and produces noxious
by-products such as NO,.[2] NO, and its derivates can directly harm the environment and have
health effects by reacting as acids in water, gases in the air or as a salt.[3] These can together
contribute to pollution effects and is associated with acid rain.

A preferable alternative is catalytic oxidation, a process that converts unburned hydrocar-
bons such as methane to harmless gases by reaction on the surface of a catalyst. To improve
the methane slip abatement, catalysts that can facilitate complete oxidation of CH4 to CO; and
H,O at highly diluted methane concentrations and moderate temperatures are explored. Re-
cent research by MARINTEK at SINTEF reported that the methane slip should contain small
amounts of methane, such as 500-2000 ppm and the destruction ought to be below 400 °C.
The catalyst should stay stable over a long term and have high activity, even in an environment
containing water.[4] In a classic three-way-catalytic converter the NO,-products react with am-
monia, with aid of a catalyst and converts it into N, and H>O.[5] Lower concentrations of NO,
are achieved by tuning the engine, but consequently a higher methane amount is released. New
research is not able to meet both requirements on reduction. This paper will explore the oppor-
tunities of lowering methane emissions using a catalyst where supported Pd catalysts are the
most active for oxidation of methane.[6]

Due to the national and international regulations that prescribe the permitted quantities of
emissions, the ship building companies have to decide whether they ‘re building ships and ves-
sels that will use LNG fuel or not. It is hard to predict how LNG as a fuel will capture the
market share in the marine transport sector, but according to CEDIGAZ‘ base scenario the de-
mand could grow up to 77 million tons per year.[7] It will depend upon the fuel prices, future
environmental requirements, what will be compatible with existing and future technology and
the availability of natural gas. If the forecast turn out to be right, a further reduction of CHy
emissions from LNG should be achieved with an enhanced oxidation catalyst system for im-
proved CH4 abatement of the exhaust gas from the hight temperature burning of methane.

Catalysts for methane slip abatement need to facilitate complete oxidation and high activity
at low temperatures, long-term durability and low CH,4 concentrations.[6] Numerous of cata-

lysts have been investigated, and among them are the supported noble metals Palladium and
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Platinum which are considered to usually be the most active one. There are different factors
that affect the catalysts‘ performance, including the active phase, metal loading, support mate-
rial, synthesis method, catalyst deactivation, calcination temperatures and reaction conditions.
The space velocity, feed composition and the use of dry or wet feed are reaction conditions that
are possible to alter. Noble metals are expensive and a catalyst with low metal loading leading
to high activity and complete combustion or by using non-noble metals is needed.

A support can contribute to the catalytic activity, provide mechanical strength and to facil-
itate the effective dispersion of the expensive active phase, where alumina, silica and carbon
are the most commonly used.[8] Alumina a commonly used for Palladium-support, due to it‘s
excellent stability.[9] It exists in various structures, but the most common are the «-, - and
Y-Al,O3. The y-Al,O3 offers relatively big surface areas, good pore volume, relatively high
thermal stability and has the ability to be shaped into mechanically stable pellets. The disad-
vantage of the alumina is that it undergoes a phase change at 800 °C from 7- to a-Al,O3, which
results in a surface area loss.[2] The methane oxidation should occur below this temperature.

The main goal of this work is to synthesis palladium supported y-Al,O3 catalysts, charac-
terize them using different techniques and test them for the catalytic combustion of methane
under relevant conditions. A special emphasize has been put into the variation of the feed
composition to find the lowest temperature to achieve 100% conversion and deactivation of
the catalyst by testing the Pd/Al,O3 catalysts in series of reactions under different and relevant
conditions. Due to the high prices of palladium it is preferable to find cheaper alternatives giv-
ing the same high activity. The catalysts are used as references for future research of catalysts
made of a palladium and other metals mix, such as nickel., or catalysts containing small or

none palladium.



2 Theory

2.1 Palladium as an active metal

Noble-metal catalysts are widely used in catalytic reactions, including Palladium.[10]. The
advantage of using noble metals as the active metals are their high activity, their resistance
to deactivation and their ability to be regenerated.[11] A high activity of supported catalysts
require large active surface areas, thus high dispersion of the active phase.[12] The small Pd-
particles need a support material, to prevent sintering. In general, an increase of the palladium
loading results in an increase in the catalyst activity due to the increase in active sites. Palladium
is an expensive metal, and a low loading and high activity is preferable. The most typical
reasons for deactivation of palladium catalysts are crystallite growth, sintering, agglomeration
and carbon deposition and can lead to completely deactivation of the catalyst.[13] The methane
oxidation reaction is a highly exothermic reaction, and the potential for sintering is therefore
relatively high. The Palladium active phase as an oxidation catalyst is mostly identified as PdO,
which is thermodynamically stable, starting from 300 °C up to at least 600 °C.[14] At higher
temperatures it decomposes to Pd metal and is reported to negatively affect the activity of the
methane oxidation reaction. It has been thought that the active form of Pd is in an oxidized

state, i.e. PdO, but the exact configuration of the active sites is not clear so far.[15]

2.2 vy-alumina support

Inorganic materials are often used as supports, due to the fact that they are much more thermally
and mechanically stable. This also applies alumina which is an amphoteric oxide of aluminium
with the chemical formula Al,O3.[16] The gamma form has a cubic defect spinel structure, in
which the aluminium atoms occupy both the tetrahedral and octahedral sites and the oxygen
atoms are arranged in a cubic close packing, as shown in Figure 1.[17] This gives Al,O3 a
cation:anion ratio of 2:3. [9] Each unit cell contains 32 oxygen and 64/3 Al (III) to fulfill the
stoichiometry.

The y-alumina has a surface area of 50-300 m?/g where many particles can deposit. The
mesopores is of between 5 and 15 nm and pore volumes of about 0.6 cm>/g. The air-exposed
alumina contains a monolayer of hydroxyl groups (10-15 OH/nm?) as well as physisorbed
water which may form bridges to other species.[8] Since the isoelectric point of alumina is
measured to be in the range 7-9, the hydroxyl groups are amphoteric which is an advantage
(especially the acidic behaviour) when a metal complex is attached to the alumina surface. In
order to remove the hydroxyl groups, the alumina is dried at high temperatures, which leaves
oxide anions and unsaturated aluminum ions on the surface. By treating the alumina at high

temperatures (=~ 600 °C), the y-alumina can be transformed into o- or §- alumina. The high
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thermal stability of y-alumina can reduce the rate of Pd-sintering and inhibit the alumina to
transform into other phases. The interaction with metal can stabilize the palladium particles,

which is an advantageous chemical property.

b

Figure 1: An illustration of the y-alumina cubic defect spinel structure unit cell, in which the aluminium
atoms occupy both the tetrahedral and octahedral sites as small, yellow spheres and the oxygen atoms
are arranged in a cubic close packing as green spheres. The illustration is adapted from The University
of Groningen.[17]

2.3 Methane oxidation

2.3.1 Reactions and Kinetics

Methane is a potent green house gas and is present in emissions from many sources, including
the marine machinery.[2] The rapid growth of the use of natural gas (NG) offers significant
advantages, however, NG emits unburned methane. It is 20 times the global warming poten-
tial of CO,.[14] A traditional oxidation of methane requires high temperatures and will emit
noxious products. Palladium supported y-alumina catalysts are used to facilitate complete ox-
idation of methane to carbon dioxide and water at lower temperatures. The catalyst need to
operate at highly diluted methane concentrations. The exothermic and irreversible reaction of

the complete combustion is shown below:

Pd/AlL,O
CH4(2)+202(2) 2722%%,00,(g)+2H,0(g) (1)
AH°=-803 kJ/mol 2)

Most kinetics studies on catalysts with excess oxygen showed that the rate law is zero order
in oxygen and first order in methane.[18] Oxygen adsorbs stronger on the surface and will
inhibit methane oxidation under oxidizing conditions by exluding CH4 from the active sites.

Many different mechanisms are proposed and one of the main challenges is the uncertainty
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of the nature and oxidation states of the palladium surface. ’Oxidation may occur on the
palladium metal, on a palladium (II) oxide surface, or even on a surface partially covered with

oxygen.’[18]

2.3.2 Reaction Mechanisms

Several reaction mechanisms are proposed for the complete oxidation of CHy, including Mars-
van Krevelen (MvK), Langmuir-Hinshelwood (LH) and Eley- Rideal (ER) mechanism.[1] The
conversion of methane is a challenging task due to the high CH3-H bond dissociation energy
(439.3 kJ/mol).[15] The direct route where the products are carbon dioxide and water is the
main reaction. However, it is observed that several other reactions occur at the same time,
resulting in products such as CO and H;,. The main challenge of stating the reaction mechanism
of the methane oxidation is that it is a fast exothermic reaction. Consequently it is challenging
to determine the rate determining step and the deactivation mechanisms that can occur. It
must also be considered that even for one catalyst, the reaction may undergo different paths
depending on the state of the catalyst. It is still confusion about whether palladium is oxidized
(PdO) or not.[18]

The following are proposed reaction mechanisms of methane oxidation with Pd or PdO,
reviewed by Chen et al.[1] According to MvK‘s mechanism, the CH, species produced from
the dissociation of the CH4 react with the oxygen in PdO,, and the rate determining step is the
activation of the first C-H bond of the methane molecule. The LH mechanism which suggest
that the methane oxidises through interactions between CH, species and oxygen on the Pd
surfaces. Surface reaction between dissociative adsorption of oxygen and gaseous methane is

assumed in the ER mechanism.

2.4 Preparation of supported catalyst

2.4.1 Incipient Wetness Impregnation

The idea of incipient wetness impregnation is that a support is loaded with active material by
exactly filling the pores of the support with a solution of the catalytically active element, after
which the solvent is removed by drying.[8] The main interaction between the dissolved catalyst
precursor and the surface of the support is capillary suction.[10] It is preferable that the volume
of the solution is equal to the volume of the pore (Vpr=Vsor). In order to determine the pore
volume of the support, a test is done before the solution is introduced to the support In the case
of proper wetting no excess of solution remains outside the pore space, the so-called wetness

point is reached, hence incipient wetness impregnation.
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2.4.2 Drying

After the incipient wetness impregnation, the metal salts are dehydrated by being heated up in
an oven up to a temperature around the boiling point of the solvent. Hydrated salts like nitrates
sublime first when heated, and then decompose.[19] The precursor concentration increases as

the water evaporates, until precipitation. Figure 2 illustrates the pore and particle profiles after

N 1
RN L —
L

— Increasing Rate Of Drying———
Figure 2: Pore and particle profiles after drying at different rates. The Figure is adapted from a lecture
in the Specialization Course TKP4515 Catalysis and Petrochemistry fall 2015 at NTNU.

drying at different rates.

2.4.3 Calcination

Calcination is a further heat treatment in which the solid/solvent interface has been replaced
by a solid/gas interface.[10] The goal of calcination is to decompose undesired salts and strip
them for water or gases. [20] The calcination is usually carried out in an oxygen or inorganic

containing atmosphere.

2.5 Catalyst characterization

2.5.1 Nitrogen Adsorption

In terms of finding the catalyst‘s specific surface area, the theory developed by Brunauer-
Emmet-Teller (BET) can be applied. The BET aims to find the gas adsorption on a solid
material, to determine the complete surface area of the support and metal by measuring the
number of Nitrogen molecules physisorbed on the surface. The total area can be calculated
using the extension of Langmuir‘s monolayer adsorption to multilayer adsorption by assuming
that the surface is nonporous and energetically uniform, where the adsorption happens in the

first layer, and the molecules in the first layer act as sites for adsorption of additional molecules,
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such that a multilayer forms before the first layer is completed. [21] The BET equation is as

follows:

p/pO _ 1 +C—1
”ads(1 _p/pO) nnC n,C

where p is the gas pressure [bar], p® is the equilibrium pressure of condensed gas [bar], n,,

(p/P°) 3)

is the monolayer capacity, thus the volume of the first monolayer [mm?], n,y, is the volume
each molecule occupies [mm?3/molecule] and C is a parameter related with the molar energy of
adsorption in the first layer.

The equation is based on the assumptions mentioned and the rates of adsorption and desorp-
tion from each layer are equal. The numbers of layers is assumed to infinite at p/p®=1 and the
adsorption energy is considered to be the same as the molar energy for condensation of the gas.
In the first layer the molecules will adsorb on equivalent adsorption sites, but it‘s adsorption
energy is independent of layer number two and consecutive layers.

The n,, and C values can be obtained from the slope (s) and intercept (b) if the plotting of
(p/po)/[nads(l-p/po)] versus p/pO is linear, as:

1
= 4
rim s+b @
and
s
C= 5
b+1 )
n,, can be used to find the specific surface area, Ay, using:
As = npamNa (6)

where a,, is the area occupied by one molecule in the monolayer and N4 is Avogadro‘s
number.

a,, can be found by:

A

am = (7
" MeatVin

where m.; is the mass of the catalyst, A is the total surface area and V,, is the volume of 1
mole of ideal gas, from the assumptions of standard temperature and pressure.

The pore size distribution of mesopores are obtained from adsorption and desorption isotherm
branch according to Barrett, Joyner and Halenda (BJH). The pores are filled with nitrogen
fluid at initial relative pressure 0.9 < p/p’ < 0.95 in condensed state. As the relative pressure

is decreased, the pores are emptied for condensed adsorptive.[22] In order to determine the
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pore size, the pore volume is found by using the Kelvin equation, which is based on classic

thermodynamics.[21]

2.5.2 X-Ray Fluorescence

X-Ray Fluorescence is a spectroscopic method of material analysis of powders, bulk solids or
liquid samples.[23] X-rays are generated from a excitation source (Pd-source) which excites the
characteristic x-rays in the sample, i.e. fluorescent x-rays. [24] An analysing crystal receives
the x-rays and sends the radiation to two different detectors, which disperse, detect, count and
displays the spectrum of x-ray photons emitted by the sample.

The material gets excited with high energy (X-rays) and becomes ionized if the energy is
sufficient to excite an inner electron.[25] The electron is replaced by an outer electron, and
energy is released due to a decreased binding energy of the outer electron than the inner elec-
tron. The emitted radiation is termed fluorescent radiation, due to the lower energy than the
primary X-rays. The resulting fluorescent x-rays can be used to identify and quantify the el-
ements from Fluor to Uranium, due to that the emitted photon is characteristic of a transition
between specific electron orbitals in a particular element. The resulting plot shows intensity
(counts per second) as a function of energy (keV). The intensity of the peaks is measured in
counts per second. For the trace elements, the detection limits are in the order of a few parts

per million.[25]

2.5.3 Chemisorption

Chemisorption is a method to determine the dispersion of a metal in supported catalysts by
using adsorption isotherms. [26] Chemisorption is the adsorption which results from chemical
bond formation between the adsorbent and the adsorbate in a monolayer on the surface.[27]
Adsorption isotherms are obtained by measuring the amount of gas adsorbed on a sample at
increasing pressures while the catalyst is maintained at constant temperature. Hy, CO and O,
are usually used as probe gases for chemisorption, where hydrogen and carbon monoxide are
used in this thesis.

Chemisorption does not always give a realistic picture. For example the chemisorption can
take place in non realistic conditions (temperature and pressure may affect the catalytic surface
structure), the adsorption may take place on the carrier, promotors or other components of the
catalyst, the catalytic active site may not be a completely reduced site and, most importantly, a
lot of the assumptions in the Langmuir isotherm are far from reality.[28] The summary of the
assumptions are obtained from HSE-lecture at NTNU during fall 2015 and are as follows:[27]

e Applied conditions that give predominantly chemisorption with full monolayer coverage
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e Adsorbate that adsorbs selectively to the active component and not to any other. Ag,s +

Mur face < AM (or support)
e The surface is homogeneous and uniform
e -AH, = constant (independent of coverage)
e Monolayer adsorption

e Immobile adsorption (lack of surface diffusion)

An illustration of the results obtained from a chemisorption experiment is shown in Figure 3
and illustrates how the volume adsorbed gas increases by increasing the pressure in the sample.
The first isotherm shows how much CO or H; which are chemisorbed and physisorbed. The

second isotherm is the physisorbed amount. The difference between them is the amount of gas
chemisorbed.
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Figure 3: An illustration of chemisorption and the isotherms obtained from increasing the pressure the
sample is exposed to. The highest isotherm symbolizes how the volume of gas which is chemisorbed and
physisorbed. The lower isotherm is the physisorbed gas volume. The difference between the isotherms,
the regression line in the middle, is the volume of gas chemisorbed. The Figure is obtained from
HSE lectures at the Catalysis and Petrochemistry group during fall 2015 at NTNU held by Cristian
Ledesma.[27]



The disperson of the metal is defined as[28]:

Number of surface atoms on the metal
DI[%]

(8)

~ Total number of metal atoms in the sample

For calculation of the dispersion on the metal surface, the extrapolated value of volume H,
or CO adsorbed, V,45[mol/g..], can be used. The equation used to calculate the % of metal

atoms exposed, i.e. dispersion, is as follows:

_ Vads'Mm'F

Xm

D 9)

where M,, is the molecular weight of the metal and x,, is the metal weight fraction in the
catalyst. F is the adsorption stoichiometry, hence the number of surface atoms covered by
one adsorbed molecule. Hydrogen is especially used to decide the number of surface atoms
on group VIII metals. H chemisorbs dissociative and it is usually assumed that the surface
stoichiometry between a hydrogen atom and a metal is 1:1. For this thesis, the reaction stoi-

chiometry is assumed as:

Hy +2Pd; — 2Pd,H (10)

The average size of the particle, d, is:

d:f.% (11)

m
where f is a factor that describes the shape of the particle, V), is the specific volume of the
metal particles and S,, is the specific surface area of the metal.

CO can chemisorb in a linear form or in a bridge form, leading to stoichiometries of 1:1
or 1:2, respectively, [29], or CO can dissociate on the surface, leading to a stoichiometry equal
to 2, but not necessarily. It may depend on the metal or the surface structure. The reaction
stoichiometries for CO and Pd are shown below and varies with temperature, metal dispersion,

metal loading and preparation:[30]

Pd + CO — Pd-C =0 (12)

2Pd + CO — (2Pd)-C =0  (bridging 2-fold sites to all surfaces) (13)
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2.5.4 Temperature Programmed Reduction

Temperature Programmed Reduction (TPR) is an analysis technique to find the temperature(s)
needed for the (complete) reduction of a catalyst. It is also possible to perform a pulse calibra-
tion which quantifies the H, uptake.

The reactor is loaded with the catalyst in it‘s oxidized form or pre-oxidized form, and is
heated at a constant rate (normally around 10 °C/min), while reduced with a reducing mixture
such as hydrogen in argon. The reduction of the Palladium oxide by H; is described by the
equation[31]:

PdO+H, — Pd+H,O (14)

Whether the catalyst can be reduced/oxidized or not, is decided by the thermodynamics. A
reduction will proceed when the change in Gibbs free energy, AG, has a negative value. The

following equation shows how AG depends on temperature and pressure[31]:

AG = AG® —|—nRTln(pH—20)

PH>0,eq

(15)

where AG is the change in Gibbs free energy for reduction, AG? is the same but under
standard conditions (i.e. 1 atm and 25 °C), n is the stoichiometric coefficient, R the gas constant,
T the temperature and p the partial pressure. The second term in Equation 15 is always negative
when the catalyst is reduced by hydrogen and the water is removed efficiently. For noble metals,
such as Pd, AG is already negative at STP and reduction is thermodynamically feasible, but to
achieve a complete reduction, the reaction must happen at a temperature where the kinetics is
rapid enough. The opposite applies for oxidation. A phase diagram of the Pd oxide system in
mixtures of Hy and H>O can predict the reduction process.

It is possible to measure the rate of reduction by continuously monitoring the change in the
hydrogen concentration of the reducing gas mixture in effluent gas with respect to the initial
percentage. The resulting reduction profile also gives the catalyst‘s reducibility. The area under
the curve represents the total hydrogen consumption, i.e. moles of H, consumed per mole of
palladium atoms, H,/Pd. Peaks at lower temperatures indicates less strongly bound between
oxides to the support, and vice versa. The metal oxide may be reduced in more than one step
by oxidation states from +2 to 0, or surface to bulk-reduction. Where more peaks occur it is
most likely reduction in several steps. The profile in Figure 4 shows that the catalyst is reduced
in two steps, hence at 127 °C and 210 °C.
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Figure 4: A TPR-profile where the hydrogen consumption of a Pd/y-Al,O3 catalyst is measured as a
function of temperature (°C). The result is obtained from an article by B. Wang et al. [32].

Alumina (Aluminium Oxide) reduces to Aluminium at high temperatures using Hydrogen,
as shown in Figure 5[33]. This should be considered when using temperature programmed

reduction using hydrogen, even though it is normally not a huge issue.
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Figure 5: The equilibrium diagram for the system Al-Al,O3 in various pressures of Hy-H,O at 500-2000
°C. It also shows a phase transformation of y-alumina to ¢¢-alumina at high temperatures. By adjusting
the pressure and the temperature the alumina can be reduced to liquid or solid aluminium. The Figure is
adapted from The Possible Reduction of Alumina to Aluminum Using Hydrogen|33]



2.5.5 X-Ray Diffraction

X-Ray Diffraction (XRD) is a method for characterization of powder or microcrystalline sam-
ples to determine the crystallite size and identifying crystalline phases using x-rays.[34] X-rays
scattered from the crystalline solid can constructively interfere, producing a diffracted pattern.
This is based on the theory that crystalline substances act as 3-dimensional diffraction gratings
for X-ray wavelengths similar to the spacing of planes in a crystal lattice.[35] Figure 6 illus-
trates how the crystal is made out of parallel planes of atoms, spaced a distance d apart and the

angle between the incoming X-Rays and the normal to the reflecting lattice plane is 0.[8][36]

*—
*— — 4 @ & ®
® —e — ——&— —e

Figure 6: X-rays scattered from the crystalline solid interfere, producing a diffracted beam. The Figure
is obtained from the University of Delaware.[36] A is the wavelength of the X-rays, d is the distance
between two lattice planes, 0 is the angle between the incoming X-rays and the normal to the reflecting
lattice plane.

The conditions for a reflected beam are given by the relation, Bragg‘s equation, as follows:

nA = 2dsin0; n=1, 2,... (16)

where A is the wavelength of the X-rays, d is the distance between two lattice planes, 6 is
the angle between the incoming X-rays and the normal to the reflecting lattice plane and n is
an integer called the order of the reflection. The lattice spacing is characteristic for a particular
compound. X-ray diffraction of powder samples are much more complex due to every possible
crystalline orientation is represented in the sample.[37] It is therefore assumed that the sample
is randomly arranged, and each plane will be represented in the signal. To eliminate how

the texturing may affect the results, the samples are often rotated. Clear or narrow peaks are
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achieved for perfect crystals. For crystallite sizes below 100 nm, line broadening occurs due to
incomplete destructive interference in scattering directions where the x-rays are out of phase.[8]
The particle size can be determined by studying the diffraction pattern and the line broadening,

and approximated by Scherrer‘s equation, which is as follows:

__Kvy
T B cos6

where 7, K, B, 7 and 6 represent the volume-weighted crystalline thickness, is a con-

(17)

stant normally equal to 0.9, line broadening of the peak, radiation wavelength and angle of the
diffraction peak, respectively. An important feature of XRD is that it can not detect particles
that are either amorphous or too small and for samples with mixed compositions, the detection

limit is 2% of mixed samples.[35]

2.5.6 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a method used to quantify the mass change while the
sample is exposed to reducing or oxidizing environments at a controlled rate as a function of
time and temperature.[38] By investigating the thermal stability, information about chemical
reactions and/or physical changes can be found. The weight is gained when the sample is
adsorbing/absorbing the gases due to oxidation, and vice versa for reduction.[39]

The TGA apparatus continuously monitors the sample weight while the furnace is heated

up or cooled down. The results can be plotted as the temperature, the weight percentage and/or
the heat flow as a function of time. A reference inert sample purge gas controls the sample
environment. This is done so the sample only reacts to temperature when the catalyst loose or
gain weight.[40]
There are some key parameters to read out of the results, including the initial temperature of
decomposition or dehydration, the temperature where 50% of the sample is decomposed or
dehydrated, the final sample weight and the maximum rate of decomposition or dehydration
temperature. The same applies when compound is oxidized and the sample gains weight.

Prior to the analysis, it is important to know which reactions the sample undergo in contact
with different gases, to better understand the result. Figure 7 shows how Palladium supported

on Al,O3 behaves under complete reduction and oxidation.

Reducticn {H; in Ar) Oxidation (Air) Reduction (Hy in Ar)
Al;04 Al,O5 Al; 05 Al;O4

Figure 7: The procedure of oxidation and reduction of Palladium supported on Al,O3 under differ-
ent atmospheres, including hydrogen (25% H»/75% Ar), argon and air (20% O,/80% N) at different
temperatures. The palladium will alter between the oxidized state, PdO and the reduced state, Pd°.
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2.6 Catalyst Testing

2.6.1 Powder vs pellets catalyst

Catalysts work best when they have a large active surface area of metal and support and are
consequently usually used as pellets or powder. Pellets are mostly used in the industry. The
reaction rare is proportional to the active surface area and the pellet must therefore be porous.
The reactor efficiency is reduced with increasing particle diameter but the pressure drop is
minimized, and vice versa. A low pressure drop minimizes the plant power costs.[41]

A fixed-bed reactor holds the catalyst in place while reactants is transported from the reactor
inlet and up to the catalyst bed. Silica carbide is used in order to keep a uniform temperature

profile in the catalyst bed.

2.6.2 Gas Chromatograph

Gas chromatograph(GC) is an apparatus used for obtaining information about components’
molecular compositions and amounts, by separating components of mixtures (samples).[42]
A block diagram showing the procedure is shown in Figure 8. The GC has a mobile phase
which is the carrier gas and a stationary phase, usually an inert gas and a microscopic layer
of liquid/polymer on a solid support, respectively. When a sample is prepared, an autosam-
pler introduces the sample automatically into the inlets, in which introduces the sample into
the continuous flow of carrier gas. The carrier gases used are normally nitrogen, helium and
hydrogen. The stationary phase is often placed inside glass or metal tubing, called a column.
Each compound will use different amounts of time through the column due to the different
velocities and the time each compound uses to elute can reveal the type of compound which is
present.

After the species are separated in the column, they are detected and quantified at the end
of the column, and the electrical signals are generated and sent to a computer. The chromato-
graphic detected signals can include information regarding the heights and the areas of the
resolved peaks, because the detected signal of the resolved analyte is directly proportional to
the concentration. The most commonly used detectors are the thermal conductivity detector
(TCD) and the flame ionization detector (FID). The TCD measures the change in the thermal
conductivity of a gas mixture, caused by changes in the concentration of the species it is de-
sired to detect. [43] FID applies an electrical field between two parallel electrodes placed on
both sides of a flame, to measure the ions from the combustion of organic compounds, such as
hydrocarbons.[44]
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Figure 8: Block diagram of a chromatographic system, adapted from the book named Gas
Chromatography[42]. It includes a sample introduction device which introduces the sample into the
inlet. The gas flows through the column, before a detector detects the composition of the out flow, and
sends the signal to a computer.

2.6.3 Activity and selectivity

The activity and selectivity of the catalyst can be found by running an experiment on methane
oxidation using a fixed-bed reactor and analyse the measurements done by the gas chromato-
graph, described in section 2.6.2. The area under each peak is proportional to the amount of
each component in the sample, where the data analyser analyses and computes the mol% of the
flows for a specific amount of time.

The methane conversion, Xcp,, can be calculated using the following equation:[28]

The amount of CH4 converted _ Fenyin—Fery ou

Xch, (%) = (18)

The amount of CHy in feed Fer, in

where Fcy, i, and Fcy, 4 are the molar flows before and after reaction, respectively. Con-
version is a measure of how much methane that has reacted. The selectivity is the ratio of
how much desired product or reactant converted that was formed compared to the undesired

products, and is defined as:

__ The amount of desired product Fi our

- = 19
' The amount of CH4 converted Feny in — FeHy our (19

where F; ,,,; 1s the molar flow of specie i out of the reactor. The desired product for methane
oxidation is CO;. A selectivity of 100% is reached if all the methane has converted intothe

desired product, CO,.

2.6.4 Turnover-frequency

The rate referred to the number of catalytic sites, thus the turnover per unit time, and is known

as the turnover frequency (TOF). It is found by using:

r'Mm
Xm'

TOF =

(20)
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where 1, M,,;, X, and D, are the reaction rate (mol/g.,;), molecular weight (g/mol), weight
fraction and the dispersion, respectively. The dispersion can be found using Equation 8 in Sec-
tion 2.5.3 The reaction rate is an intensive measure and a function of composition, temperature

and pressure, and hard to measure in exothermic reactions, such as combustion of methane.

2.6.5 Gas Hourly Space Velocity

Space velocity is defined as the ratio of the volumetric feed flow rate to the reaction volume or

the reactor‘s catalyst mass, as shown below:[45]

Volumes of feed as gas at STP/hr - Vo
Volume of the reactor or catalyst bed or catalyst mass ~ Vor mey

GHSV = 21

The volumetric feed-gas flow rate, V) is at standard temperature and pressure, which are at

20 °C and 1 atm. V is defined as the reactor volume and m.,, as the catalyst mass.

2.6.6 Residence Time

Residence time is the time a molecule spends in a reactive system and is shown below:[46][47]

ols] V' System capacity to hold a substance 22)
S|l = — =
q Flow rate of the substance

where V (m? is the reactor volume where the catalyst would be i.e. catalyst bed and q is
the flow rate of the feed into the reactor (m>/s). T depends upon temperature and will decrease
with increased temperature due to the ideal gas law.

2.6.7 Heterogeneous Catalyst Deactivation

Most catalysts will loose their activity after use, i.e. loss of catalytic rate with time.[28] The
catalyst can deactivate by chemical, thermal or/and mechanical changes caused by poisoning,
coke formation and structural changes on the catalyst surface. Although palladium based cat-
alysts have the highest known activity for methane oxidation, reaction inhibition by water and
water-induced sintering can deactivate these catalysts.[48] Water may degrade Pd through sin-
tering, where the sintering rate is dependent of the particle size. For small particles (less than
3 nm in diameter), Ostwald ripening is the most likely sintering mechanism, and for larger
particles (3-10 nm), particle migration and coalescence may also occur. Ostwald ripening is
a phenomena where atoms are detached from the crystallites, moves on the surface and get
captured by bigger crystallites. When whole crystallites collides and grows, it is called coa-
lescence. The movement of particles on the surface is normally the rate determining step.[28]
These processes normally take place at above 500 °C and accelerated by the presence of water

vapor.[49]
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The catalyst used in methane oxidation reaction must operate under relatively low temper-
atures, low concentrations of methane and high concentrations of water and carbon dioxide.
Reaction inhibition by water is related to the reaction of PdO sites and H,O, as PdO + H,O —
Pd(OH),, resulting in inactive PA(OH);-molecules, which may reduce the catalyst activity.[48]
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3 Experimental

The chapter describes all the experimental work done, including synthesis, characterization
and testing of the palladium y-alumina supported catalysts for methane oxidation for low tem-
perature combustion and lean conditions, and is described further in section 2.4, 2.5 and 2.6,
respectively. Before entering the laboratory a risk evaluation was done, and is described in

section 3.1.

3.1 Risk evaluation

Prior to the laboratory work, the risk of working in the laboratory with all the apparatus and
chemicals was evaluated. It is necessary to identify the chemical and physical factors to avoid
injuries regarding health and environment. All students and employees at NTNU are required
to obey laws and regulations set by the government and NTNU, including HSE-regulations,
safety data sheets, apparatus cards and ”Arbeidsmiljgloven”. A lab training was accomplished
and a HSE-test was passed before entering the laboratory. Every laboratory and apparatus have
a contact person, which can be contacted in case of any problems.

The risk evaluation included evaluation of the laboratory work and it‘s likelihoods and con-
sequences of potential accidents, and was done in cooperation with supervisor Professor Hilde
Venvik. In order to perform the lab work as safe as possible, the suggested measures were
performed if the evaluation ended up in the yellow or red fields in the matrix.

The risk assessment forms are attached in Appendix A as Figure 18 and 19. The existing
safety measures were using lab coat, gloves and goggles when handling the hazardous sub-
stances. Leak tests were done for each experiment to avoid leak of the hazardous gas CO and
explosive Hj-gas. No apparent dangers for human, environment or economy in conjunction

with the experiments were found.

3.2 Catalyst Preparation

The catalysts used in this study consist of 0.2 and 2.0 wt% Pd supported on y-Al,O3. The
catalysts were prepared by a incipient wetness impregnation of PA(NOs3), x 2H,0.[2]. The 0.2
wt% Pd/Al,O3 catalyst made for the Specialization Project (SP) during fall 2015 was named
0.2 wt% Pd/Al,O3 SP, and the two catalysts made for the Master‘s Thesis (MT) during spring
2016 were named 0.2 wt% Pd/Al,O3 MT and 2.0 wt% Pd/Al,O3 MT.

The support, y-alumina, was calcined in a high temperature furnace for six hours at 600 °C
and a heating rate of 5 °C/min. It was then fractionated to particle size 75-150 um using sieves
of size 75, 150 and 250 um.

5 g of the calcined support was weighed out and de-ionized water was added using a pipette
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until the incipient wetness point was found. The saturated support was weighed again, the
amount of water used was noted and the amount of water needed for 10 g of support was
calculated. This is shown in Appendix C. The amount of Pd(NO3); x H,O that were used
were 0.0433 g to prepare the 0.2 wt% palladium supported catalysts and 0.3032 g for 2.0 wt%.
The calculations are shown in Appendix B.

10 g of the support and the dissolved salt were then mixed in a ceramic bowl, dried for three
hours at 120 °C, while mixing every half an hour for the first hour and then every hour. The
temperature is chosen due to the boiling point of water.

The dried supported catalyst was calcined in air using a calcination reactor. The reactor
was filled with the catalyst using a funnel, and then placed in the calcination apparatus. The

temperature was raised to 500 °C at 1 atm for two hours at a rate of 5 °C/min with air-gas.

3.3 Catalyst Characterization

The catalysts were characterized using different techniques, including Nitrogen Adsorption, X-
Ray Fluorescence, Hydrogen and Carbon Monoxide Chemisorption, Temperature Programmed
Reduction, X-Ray Diffraction and Thermogravimetric Analysis. The descriptions are found in

section 2.5.

3.3.1 Nitrogen Adsorption

The Nitrogen Adsorption experiments were performed using the Micromeritics Tri Star 3000
Surface Area and Porosity Analyzer. The purpose was to find the total surface area of the
support and the metal, and the pore volumes and sizes.

About 0.1 g of the catalysts or the support were placed in a sample tube. The exact weights
of the 0.2 wt% and 2.0 wt% palladium supported catalysts and support can be found in Table
11 in Appendix D.1. They were first placed in a cooling station for degassing for one hour with
vacuum, and then placed in the heating station in 200 °C until the pressure in the degas unit
was below 100 mTorr. Liquid Nitrogen was filled in the dewar, the sample tubes installed and

the analyse were done overnight.

3.3.2 X-Ray Fluorescence

Material analyzes of the alumina, 0.2 and 2.0 wt% palladium supported catalysts were made us-
ing the Wavelength Dispersive X-Ray Fluorescence (WDXRF) Supermini200 analyser. About
0.2 g of the catalysts were weighed out and mixed in a mortar with about 2.8 g boric acid as a
binder. The exact weights of the 0.2 wt% and 2.0 wt% palladium supported catalysts, support
and boric acid can be found in Table 12 in Appendix D.2.The homogeneous mixtures were

placed in a pellet die and later in a press machine to make pellets. The final pellets were placed
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in the sample retainers, covered with propylene films and covered with the sample holders.
The Pulse Height Analyzer (PHA) was adjusted before analysis in order to calibrate the de-

tector. Then the sample holders with the pellets were positioned, and information such as type

of binder, sample weights and binder weights were typed in the software, before the analysis

was started.

3.3.3 Chemisorption

In order to find the dispersions of the catalysts a hydrogen and carbon monoxide chemisorp-
tion were performed, using Chemisorption ASAP 2020 (SINTEF). A piece of quartz wool was
placed in the sample tube and a sample of about 0.15 g catalyst were were weighed out and
poured into the sample tube and a portion of quartz wool was placed on top of it, before it
was weighed and dried for one hour at 120 °C. The exact weights of the 0.2 wt% and 2.0 wt%
palladium supported catalysts can be found in Table 13 in Appendix D.3.

The tube was installed into the apparatus with clean O-rings and gloves to avoid contam-
ination. The sample was evacuated to approximate vacuum followed by a leak test until the
pressure change was less than 50 ymHg/min.

The thermocouple was attached, the furnace placed around the sample tube and the sys-
tem was isolated. During the Specialization Project, two analyses were performed on the
0.2 Pd/Al;0O3 wt% SP catalyst using hydrogen. The analysis conditions used for hydrogen
chemisorption are found in Table 1. For the Master‘s Thesis, two carbon monoxide analyses
were performed for each of the three catalysts. The analyse conditions using carbon monoxide

as the adsorptive gas are shown in Table 2.

Table 1: The analyse conditions using Chemisorption ASAP 2020 (SINTEF) at NTNU. The adsorptive
was hydrogen, flows of hydrogen (H,) and helium (He) were used and the sample was evacuated with
vacuum. The analyses were performed on 0.2 wt% palladium supported catalyst SP.

Task Gas Temperature Rate Time
[°C] [°C/min] [min]
Flow He 200 10 10
Evacuation 100 10 10
Flow H, 400 10 30
Evacuation 400 10 30
Evacuation 35 10 120
Leak Test 35 10
Evacuation 35 10 10
Analysis H, 35 10
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Table 2: The analyse conditions using Chemisorption ASAP 2020 (SINTEF) at NTNU. The adsorptive
was carbon monixide, flows of hydrogen (H;) and helium (He) were used and the sample was evacuated
with vacuum. The analyses were performed on the 0.2 wt% Pd/Al,O3 SP and 0.2 wt% and 2.0 wt%
palladium supported catalysts MT.

Task Gas Temperature Rate Time
[°C] [°C/min] [min]
Flow He 200 10 10
Evacuation 100 10 10
Flow H, 400 10 30
Evacuation 400 10 30
Evacuation 35 10 30
Leak Test 35 10
Evacuation 35 10 10
Analysis CO 35 10

3.3.4 X-Ray Diffraction

An apparatus called DaVincil at the Department of Materials Science and Engineering at
NTNU was used to do the X-Ray Diffraction analysis. Samples (0.2 and 2.0 wt% palladium
supported catalysts and alumina) were prepared in sample holders. The parameters scan time,
angle range and divergence slit were set, and chosen as 30 minutes, 10-75° and V6, respec-
tively. V6 means that it keeps a constant six mm of sample illuminated at all angles. Kristin

Hgydalsvik, the lab responsible, loaded the samples into DaVincil.

3.3.5 Thermogravimetric Analysis

The Thermogravimetric Analysis was performed with a NETZSCH temperature controller,
DCU PFEIFER vacuum controller, STA 449C JUPITER, pump and power unit, and in JU-
LABO F257MC water bath and PFEIFER turbo pump. Three correction files were made, first
reduction, then oxidation and lastly reduction with an empty crucible. The reduction correc-
tion files were made using argon (Ar) and hydrogen (25% H;/75% Ar) at a rate of 5°C/min
and temperatures between 30-350 °C. The oxidation correction file was made using air (20%
0,/80% N») within 30-700 °C and the same temperature rate as the reduction. The hold-times
varied between 0-30 minutes. Later a sample of about 0.10-0.20 mg of the 2.0 wt% Pd/Al,O3
SP catalyst was placed in the crucible and run with the same parameters as the correction files.
The exact weights of the catalyst can be found in Table 14 in Appendix D.4. An illustration of
the temperature profile with the exposed gases can be seen in Figure 9.
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Figure 9: An llustration of the temperature profile as a function of time(min) of the TGA with the
exposed gases and the hold-time (minutes) shown below the curve. The curve is divided in isothermal

and dynamic parts, where the rate is 5°C/min in the dynamic parts. The gases are hydrogen (25%
H,/75% Ar), argon (Ar) and Air (20% 0,/80% Ny).
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3.4 Activity Measurements

The methane oxidation testing was ran in a setup prepared by Research Scientist Jia Yang and
build by Professor Hilde Venvik, and is equipped with mass flow and temperature controllers,
connections to feed gases and analysis apparatus. Figure 10 shows the flow diagram of the pro-
cess. The experiments were performed outside the concentration explosion limits for methane
which are 5-15 percent per volume for methane in air.[50] A sketch of the reactor can be found
in Appendix J and the heights and radii of the catalyst bed were measured to be 2 cm and 0.5
cm, respectively. Setpoints (% open valves) that were implemented in the labview window
were found using calibration data from calibrations of the mass flow controllers. The analysis
of the feed amount and composition was done using Agilent 3000 Micro Gas Chromatograph
and column type porous layer open tubular column, where the stationary phase is molsieve
(HP-AL/M) and the carrier gas used is helium. HP-PLOT Q column was used for detection of
CO;. Each analysis required approximately 7 analysis of the feed and product flows for each

temperature hold-up time.

vent

Bubble
Meter

a
I

wvent

Pk

Figure 10 The flow diagram of the methane oxidation process, where MFC and PC are controllers of
the mass flows, level and pressure, respectively. The GC is the gas chromatography. The inlet gases used
for this work are nitrogen, air and methane and the flows are opened by control valves. Several vents are
present to release the reactants, products and by-products if required.

20 0

To achieve the wanted flows, set points for the flows of CHy, O; (synthetic air) and N, were
calculated using the MFC calibration data from Jia Yang. The calculations can be found in
Appendix K.

To minimize the pressure drop and the friction between the flow of the reactants and the
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catalyst particles, pellets of sizes 250-500 um were made of the newest 0.2 wt% and 2 wt%
Pd/Al,O3 MT catalysts using a pellet die, pressure machine and sieves. Powder was used for
the 0.2 wt% Pd/Al,O3 SP catalyst.

A mix of a sample of the catalyst (about 0.2 g) and silicon carbide (about 2.0 g) was loaded
into the quartz reactor, the reactor was placed in the furnace with a thermocouple inside (same
height as the catalyst bed), the gas inlet and outlet were connected and then a leak test with
hydrogen (20 Nml/min, 2.8%) in N, (100 Nml/min, 15.1%) was performed. The exact weights
of the 0.2 wt% and 2.0 wt% palladium supported catalysts can be found in Table 15 in Appendix
D.5. The sample was reduced with Hy in Ny from 20 °C up to 350 °C with a rate five °C/min,
the temperature was kept constant for 120 minutes before it was reduced to 200 °C.

To analyse the catalyst behaviour and methane oxidation under oxygen rich and very-rich
environment, the compositions of the reactant feed consisting of methane, oxygen and nitrogen
(CH4/O;(synthetic air)/N;) are varied from CHy4:0;-ratio equal to 1:5 and 1:10. The total
molar feed flow was constant equal to 200 NmL/min for each run. The reference reaction was
ran with a CH4:0;-ratio equal to 1:5, flows of methane, oxygen and nitrogen equal to 4, 20 and
176 NmL/min, respectively, and MFC set points equal to 24.5%, 91.4% and 15.2%. The 0.2
wt% Pd/Al,O3 SP catalyst was tested under reference conditions, only. The reference reaction
is reaction #1 in Table 3. The 2.0 wt% Pd/Al,O3 MT is ran in series under different conditions
as shown in Table 3 as reaction #1 to #8. The 0.2 wt% Pd/Al,O3 MT catalyst was tested in the
order reaction #1, #3, #5, #6, #7 and #8 as explained in Table 3.

To achieve lower methane concentrations, a gas bottle with 5% CH4 in N, was installed. It
was assumed that the MFC gas correction factors for nitrogen and methane, which are 1 and
0.72, respectively, could be used to correct the MFC calibration data in Appendix K.[51] The
calculations can be found in Appendix K and the analysis conditions for reaction number 9
and 10 can be found in Table 3.4 below. The 2.0 wt% Pd/Al,O3 MT catalyst was tested under
conditions described in reaction number 9 and 10 in Table 3.4.
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Table 3: The feed flow compositions for reactions with different reaction conditions. The compositions
differ with a CH4:0;-ratio equal to 1:5 and 1:10, i.e. rich and very rich oxygen environment. The
reactions were ran from around 200 to around 650 °C, depending on the activity, with temperature
intervals of 25 to 50 °C, rate at five °C/min and hold-up times of 20 to 30 minutes. The total feed
flow were held constant at 200 NmL/min, where the composition of methane, oxygen and nitrogen were
varied and consequently the set points. The calculations of the MFC set points to achieve the desired
feed flows can be found in Appendix K.

Reaction |CH4:0, Flows [Nml/min] IFraction, F;/F;,; Set points [%]
no. FCH4 F02 FN2 CH4/02/N2 CH4/air/N2

1 1:5 4 20 176 2%/10%/88% 24.5/91.4/15.2
2 1:5 4 20 176 2%/10%/88% 24.5/91.4/15.2
3 1:10 2 20 178 19%/10%/89% 12.3/91.8/15.4
4 1:5 4 20 176 2%/10%/88% 24.5/91.4/15.2
5 1:5 2 10 188 1%/5%/94 % 12.3/45.8/21.9
6 1:5 1 5 194 0.5%/2.5%/97% 6.15/22.7/25.3
7 1:10 1 10 189 0.5%/5%/94.5% 6.15/45.8/22.1
8 1:5 4 20 176 2%/10%/88% 24.5/91.4/15.2
9 1:5 0.2 1 198.8 [0.1%/0.5%/99.4% (17.7/4.3/27.7
10 1:10 0.2 197.8 10.1%/1%/98.9% 17.7/8.92/27.0

The temperature profile was set from around 200 to around 650 °C, depending on the activ-
ity of the catalyst, with temperature intervals of 25 to 50 °C, rate at 5 °/min and hold-up times
of 20 to 30 minutes, as shown below:

Temperature profile of the catalysttesting
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Figure 11: An illustration of the temperature profile of the catalyst testing, with 25 to 50 °C intervals,
hold-up times of 20 to 30 minutes and a rate of 5 °C/min.

In order to find the actual temperature in the catalyst bed, the temperatures were recorded
at set-point temperatures 350 °C and 450 °C, by noting the temperatures along the catalyst bed
to make temperature profiles. The described procedure was done for the 0.2 wt% Pd/Al,O3
SP catalyst. The temperature measurements are shown in Appendix L. For the other catalysts,
temperature measurements were performed every 25 or 50 °C across the catalyst bed. The
measurements can be found in Tables 20, 21, 22, 23, 24 and 25, 27, 28, 29, 30, 31, 32, 33, 34,
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35 and 36 in Appendix L, for the 0.2 wt% and 2.0 wt% Pd/Al,O3 MT catalysts, respectively.

The system was then stepped down in the same manner as shown in Figure 11, from around
600 to 250 °C, and the flows were switched off in the order CHy4, air and lastly N, (which flows
for five minutes to remove air from the system). The reactor was then cooled down to around
25 °C.

The GHSVs were calculated using Equation 21 and the calculations can be found in Ap-
pendix M. They were found to be 59400 NmL/g.,h, 58000 NmL/g..h, 58800 NmL/g.,-h
and 59400 NmL/g.4h for the 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3 MT and the 2.0 wt%
Pd/Al,O3 MT catalysts tested with the initial methane gas bottle and the diluted methane gas

bottle, respectively.
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4 Results and discussion

The results have been divided into two sections. Results obtained from the characterization and
activity measurements of the catalysts, and can be found in Section 4.1 and 4.2, respectively.
The 0.2 wt% Pd/Al,O3 SP was made using incipient wetness impregnation method for the
Specialization Project and are also included in this work. The 0.2 wt% Pd/Al,O3 MT and 2.0
wt% Pd/Al,O3 MT catalysts were prepared using the same synthesis method and were made
for my Master‘s Thesis at NTNU spring 2016.

4.1 Catalyst Characterization

The catalysts were characterized using Nitrogen Adsorption, H,- and CO-chemisorption, X-

Ray Fluorescence, X-Ray Diffraction and Thermogravimetric Analysis.

4.1.1 Nitrogen Adsorption

The Nitrogen Adsorption method is described in Section 2.5.1, and the properties found using
BET of the alumina, 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,03 MT and 2.0 wt% Pd/Al,O3
MT catalysts are summed up in Table 4. The loss of BET area and pore volume, compared
to alumina, of the 0.2 wt% Pd/Al,O3 catalysts can possibly be attributed to the deposition of
Pd species in the pores, but it is not significant. When the loading of Pd is increased to 2.0
wt%, the surface area and pore volume decreased significantly compared to the 0.2 Pd wt%
catalysts and y-alumina, which may be due to the blockage of inner pores by palladium and
especially small ones. The pore diameter confirms that the support is of mesoporous material
as mentioned in Section 2.2.

The pore volume distributions, showing the volume adsorbed N; or the pore volume as a
function of the pore size, can be found in Appendix F. The preferred catalyst is having small
pore volume and diameter, and high surface area but high dispersion. Too big pores may reduce
the mechanical strength of the alumina, but the mass transport of reactants flowing through the
catalyst may be reduced by too tight and long pores. By studying the distributions for alumina,
0.2 wt% Pd/Al,03 SP, 0.2 Pd/Al,03 MT and 2.0 wt% Pd/Al,O3 MT catalysts in Figures 20,
21, 22, and 23, respectively, it is possible to see where the majority of the volume is. The
catalysts exhibited broad distributions, indicating that they are in all type of sizes. The catalyst
with high loading shows a greater volume of smaller pores.

The results obtained from the adsorption and desorption isotherm differ from each other.
The adsorption isotherm is supposed to give a more realistic picture, due to that evaporation
along the desorption branch can not occur if the pathway is blocked by other filled pores, but
an empty pore during adsorption can be filled.[52] It was only possible to obtain the desorption
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isotherms from the experiments performed during spring 2016.

Table 4: The physical-chemical properties of the prepared 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3 MT
and 2.0 wt% Pd/Al,O3 MT catalysts found by Nitrogen Adsorption using BET and BJH. Catalyst SP
and MT are performed during fall 2015 for the Specialization Project and for the Master‘s Thesis during
spring 2016, respectively. The results are shown for desorption and adsorption isotherms, respectively.
Where one number is presented, the number is obtained from the desorption isotherm.

Catalyst Surface area Pore volume Pore diameter
[m*/g] [em®/g] [nm]

0.2 wt% Pd/A1,O; SP  |146 0.66-0.67 13-16

0.2 wt% Pd/Al,O; MT |144 0.66 14

2.0 wt% Pd/Al, O3 MT |130 0.59 13

AL O3 152 0.68-0.68 13-16

4.1.2 Chemisorption

Chemisorption experiments were performed using hydrogen and carbon monoxide gas, and the
results are shown in Table 5 and 6, respectively.

During the Specialization Project fall 2015, only hydrogen chemisorption was performed
and the analysis conditions and results can be found in Table 1 and 5, respectively. Dispersion,
a measure indicative of the percentage of exposed palladium atoms, increased with increasing
evacuation time, resulting in smaller crystals and a higher metal surface area. As explained in
Section 2.5.3 and shown in Figure 3, the first dispersion represents the total adsorbed amount
of adsorption gas (physisorbed and chemisorbed) and the second the difference between the
isotherms, i.e. the amount of gas chemisorbed. The chemisorbed results showed negative/low
values for the dispersion, as shown in Table 16 in Appendix E and could possibly be explained
in terms of more gas is physisorbed on the surface than chemisorbed. This results in nega-
tive/low values may be due to hydrogen not being strongly bound to the surface. A solution
could be to increase the evacuation period. Other theories are that the catalyst is not completely
reduced when starting the chemisorption or there is a leakage in the system. According to Shin
et al., hydrogen can dissolve in Pd and diffuse through palladium.[53] Hydrogen is adsorbed
on the palladium surface at low pressures, but at high pressures adsorbed in the bulk, which can
give lower dispersion results.

As mentioned, a proposed solution is to increase the evacuation time. A longer time to
remove the air in the sample the more correct picture of the dispersion may be found. When
residue air is present in the sample, less hydrogen is chemisorbed to the surface and the disper-
sion can show lower values than in reality indicating that the hydrogen is physisorbed. When
the second isotherm is made, showing that more hydrogen is removed than the quantity ph-
ysisorbed. When the second isotherm is made, showing that more hydrogen is removed than

the quantity physisorbed, and give low/negative “difference” dispersion.
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Table 5: The physical-chemical properties of the 0.2 wt% Pd/Al,O3 SP catalyst prepared during the
Specialization Project during fall 2015 found by H, chemisorption. Chemisorption was performed two
times. The results are shown for the total adsorbed amount. The analysis conditions are found in Table
1.

Experiment [Dispersion Crystallite Size Metal surface area
no. [%] [nm] [m2,, /8ca]

1 65 1.7 0.58

2 70 1.6 0.62

As mentioned, it is discussed whether hydrogen is dissolved in palladium or not [53], there-
fore the chemisorption experiments performed during the Master‘s Thesis were done using only
carbon monoxide and the results can be found in Table 6. The analysis conditions are described
in Table 2. Two individual chemisorption experiments with the same analysis conditions were
performed for each catalyst, i.e. the 0.2 wt% Pd/Al,O3 SP , the 0.2 wt% Pd/Al,O3 MT and 2.0
wt% Pd/Al,O3 MT catalysts, and as shown in Table 6 the total metal dispersion varied from
16% to 26%, 46% to 54% and 17% to 26% for the catalysts, respectively. The results indicate
that the palladium atoms are well dispersed on the y-alumina support and that the dispersion
increased with decreasing loading. It may be explained by a lower loading of palladium and
consequently fewer atoms are easier to disperse than many active metal atoms.

The chemisorption experiments were performed in the same period of time using fresh
catalyst and no one used the same apparatus in between these experiments, to minimize the
uncertainties of the experiments. Despite that, clear deviations are observed in the repeated
experiments, i.e. the two 0.2 wt% catalysts which can be explained by uncertainties during the
catalyst preparations. More experience when preparing the catalyst the second time can give
more accurate results. The relatively high dispersions can be explained in terms of the prepa-
ration method used. When the catalysts are prepared using the impregnation method instead of
the bulk preparation method, more active metal is deposited on the support surface instead of
trapped within the bulk matrix. The dispersion results indicate that the impregnation method
was a good preparation method to make the active sites available on the support surface.[30]

By comparing the dispersion data obtained from H;- vs CO-chemisorption it is trustworthy
to believe that the CO results show the most realistic picture of the dispersion, due to the neg-
ative and very high dispersion using H,. However, there are some errors associated with using
CO, because, as mentioned in Section 2.5.3, the CO can chemisorb in various forms, that can

introduce errors to the reliability of the data.[30]
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Table 6: The physical-chemical properties of prepared 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,0O3 MT
and 2.0 wt% Pd/Al,O3 MT catalysts found by CO chemisorption. Chemisorption were performed two
times for each catalyst for repetition of the experiments. The results are shown for the total adsorbed
amount.The analysis conditions are found in Table 2.

Catalyst Experiment Dispersion Crystallite Size Metal surface area
no. [%] [nm] [,/ 8car]
0.2 wt% Pd/ALLO; SP 1 26 4.3 23
2 16 6.8 0.15
0.2 wt% Pd/A1,O; MT 1 54 2.1 0.48
2 46 24 0.41
2.0 wt% Pd/A1LO; MT 1 26 4.3 2.3
2 17 6.8 1.5
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4.1.3 X-Ray Fluorescence

The detected compounds found using XRF and their intensity versus 26 can be found in Figure
24,25, 26, 27, 28, 29, 30, 31, 32 and 33 in Appendix G. The summary of the results obtained
can be found in Table 7, where the compounds with lower detected weight% than 0.1 have been
excluded. The XRF-apparatus was newly calibrated in front of the experiments to reduce the
uncertainties regarding the apparatus and wrong XRF-references. Here the pure HBO3 (binder)
is used as reference. Alumina was detected, so was palladium and oxygen which were detected
as palladium oxide. The amount of pure palladium in the catalysts was calculated to be 0.11%,
0.28% and 1.70% for the 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3 MT and 2.0 wt% Pd/Al,O3
MT catalysts, respectively, based on the amount of PdO detected. The calculations can be found
in Appendix H. The weight% were supposed to be 0.2 and 2.0, but the losses and gains may be
attributed to the catalyst pellets not being homogeneous mixtures. The results confirm that the
preparation conditions including the heating temperatures for drying and calcination have been
sufficient to remove organic compounds and the nitrate from the starting salt, as described in
Section 2.4.

Table 7: The mass% of the compounds detected of the 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3 MT, 2.0
wt% Pd/Al,O3 MT catalysts, alumina and the binder (HBO3) using X-Ray Fluorescence. The intensity
is measured in kilo counts per second(kcps). The mass% of pure Pd is calculated based on the mass%
of PdO. The calculations can be found in Appendix H.

Catalyst Compound Mass% Intensity
[keps]

0.2 wt% Pd/Al, O3 SP  |Al,03 99.9 8.61
PdO 0.124 0.0211
Pd (calculated) 0.110

0.2 wt% Pd/Al,O; MT |Al,O4 99.7 8.35
PdO 0.319 0.0307
Pd (calculated) 0.280

2.0 wt% Pd/Al,O; MT |Al,O3 98.1 6.08
PdO 1.90 0.234
Pd (calculated) 1.70

Alumina Al,O3 100 9.45

HBOj; (binder) K,O 99.0 0.182
SiO, 1.01 0.0111
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4.1.4 X-Ray Diffraction

The X-ray diffraction patterns for all four samples, including the alumina support, the 0.2 wt%
Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3 MT and 2.0 wt% Pd/Al,O3 catalysts are shown in Figure 12.
The results from the XRD of alumina and the Pd/Al,Oj3 catalysts are fairly similar and indicate
that the catalysts contain too small amounts of palladium or that the particles are too small for
palladium to obtain a diffraction peaks. The relative heights matched the crystal reflections for
Y-alumina. As y-alumina is semi-amorphous, the resulting peaks are broad.[?]

By heat treatment, y-alumina can be transformed into different alumina phases, i.e. 8-, o-,
7n- and 0-Al,03, as mentioned in Section 2.2 and 2.5.4. With reference to previous work, i.e.
Rane et. al [54], 6, ) and 6 phases were excluded when fitting the resulting patterns with the
characteristic patterns for Al,O3. According to Rane et. al the y-alumina will transform into
the other phases with heat treatment above 800 °C. The alumina prepared for this work was
only heated up to 600 °C. a-alumina was not detected either, and conclusively the alumina

probably did not undergo a phase change.[54]
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Figure 12: The XRD patterns for the alumina support (black line), 2 wt% Pd/Al,O3; MT catalyst (purple
line), the 0.2 wt% SP catalyst(dark green line) and 0.2 wt% MT catalyst (light green line). The lines
marked red and blue are crystal reflections for y-Al,O3 and palladium, respectively. The graph is shown
as counts per minute (CPS) as a function of 260. The Y Offset is adjusted to fit all the results in the same
plot by position the objects above or below the baseline.
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4.1.5 Thermogravimetric Analysis

A Thermogravimetric Analysis of the 2.0 wt% Pd/Al,O3 MT catalyst was performed and the
results can be found in Figure 13. The blue and the red curves represent the weight% and tem-
perature changes as a function of time when the catalyst is exposed to reducing and oxidizing
environments, as explained in Section 2.5.6 and illustrated in Figures 7 and 9. The palladium
will alter between being oxidized, PdO, and the reduced state, Pd’. The three “temperature
sections” represent first the reducing, then the oxidizing and lastly the reducing atmosphere,
using hydrogen in argon, oxygen in nitrogen and hydrogen in argon, respectively. It is note
worthy that each time the gases are switched, it starts on a new baseline, which is where the
weight% is equal to 100.

The drop in the weight% in the first part where the catalyst is heated up to 350 °C strongly
suggests that the palladium is reduced from bulk-palladium oxide to palladium. By assuming
that the weight loss is attributed to oxygen, the amount of oxygen removed by reduction is
1.70 mg. The calculations can be found in Appendix I in Table 17. A TPR experiment per-
formed by B. Wang et al. as shown in Figure 4, shows that palladium supported on y-alumina
reduces at 127 °C and 210 °C, which may explain the reduction temperatures from the TGA-
measurements.

When introducing the catalyst to the inert argon gas, the catalyst weight increases. This
may be due to contaminated gas or leakage in the system, where the catalysts may be exposed
to oxygen.

As the temperature is raised to 700 °C and the catalyst is introduced to air, the weight of the
catalyst is stable. The catalyst may be fully oxidized before injecting the oxygen in the system.
It may be explained by the temperature decrease between the reducing/oxidizing ”sessions”.

The weight of the catalyst is decreasing when introducing it to hydrogen and temperature
increase the second time. The weight loss of oxygen is calculated to be 1.40 mg after the sec-
ond reduction. The oxygen amount is almost the same as the oxygen loss in the first reduction
under the same conditions. The results strongly suggest that the palladium is initially oxidized
and is reduced at temperature increase up to 350 °C with hydrogen as the reducing gas.

The XRF results showed that the catalyst most likely contained palladium oxide or palla-
dium and oxygen, and therefore a reduction was performed first to remove the oxygen from
the palladium. A preliminary conclusion of the TGA results can be that the palladium is most
likely carrying a significant amount of oxygen, due to the loss of mass when introducing the
catalyst to a reducing environment. As mentioned in Section 2.1, at temperatures starting from
300 °C and up to 600 °C, the palladium can be identified as PdO.
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Figure 13: TGA measurement of 2.0 wt% Palladium supported Al,O3 catalyst. The blue and red line
are the change in weight% of the catalyst and the temperature as a function of time, respectively. The
procedure of oxidation and reduction of Palladium supported on Al,O3 under different atmospheres,
including hydrogen (25% H»/75% Ar), argon and air (20% O,/80% Nj) at different temperatures. An
illustration can be found in Section 2.5.6 in Figure 7. The catalyst is reduced for three hours up to 350
°C, oxidized for five hours up to 700 °C and lastly reduced for three hours up to 350 °C. The palladium
will alter between being an oxygen-carrier, PdO, and the reduced state, Pd®. It starts on the baseline
equal to 100 wt% each time the gases are switched.

4.2 Activity Measurements

The catalysts were loaded in the reactor and the catalytic activity was studied by altering the
reaction conditions such as feed composition of methane, oxygen and nitrogen and monitor-
ing the gaseous products by GC. The molar feed flow was held constant at 200 NmL/min for
each reaction. The extent of deactivation was found by running the reactions in series without
replacing the catalyst and comparing theT o9, because the reaction is extremely exothermic
and irreversible. The testing results of the 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3 MT and
2.0 wt% Pd/Al,O3 MT catalysts are presented in Table 8, 9 and 10, respectively. There are no
mass flow limitations in the system and therefore the use of powder or pellets will not affect
the results. No pressure drop was observed in any of the experiments. The combustion curves,
i.e. the catalytic activities of the 0.2 wt% Pd/Al,0O3 SP, 0.2 wt% Pd/Al,O3 MT and 2.0 wt%
Pd/Al,O3 MT catalysts as a function of the reactor bed temperature, can be found in Appendix
N.1, N.2 and N.3, respectively. The conversion calculations are found in Appendix O. The
temperatures where the catalysts achieved 10%, 50% and 100% methane conversion labelled
as Tio%, Ts09 and Tipog, respectively, and are summarized in Table 8, 9, and 10. Where a
10% methane conversion is achieved it is referred to as the ignition temperature and Tsgg, as
the light-off temperature. The 0.2 wt% Pd/Al,O3 MT catalyst was made for checking the vali-
dation of the results by repeating the experiments.
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To test the presence of temperature gradients in the catalyst bed, measurements across the
bed were performed for each hold-up temperature. The temperature was not uniform and there-
fore the average of the three measurements was used, i.e. o cm, 1 cm and 2 cm into the bed.
Figure 14 shows the temperature profile of measurements performed when testing the 2.0 wt%
Pd/Al,Oj3 at setpoint temperatures 250 to 500 °C and at reference conditions, including a total
molar flow of 200 NmL/min with composition of methane, oxygen and nitrogen equal to 2%,
10% and 88%, respectively. All the temperatures measurements of the catalyst bed for each
run can be found in Appendix L. It can be seen that there is general higher temperature in the
middle of the catalyst bed, i.e. 1 cm, and consequently the bed is not uniform. Also, there are
observed some deviations between the setpoint temperatures and the measured temperatures,
indicating that the temperatures in the catalyst are lower than the system measures. This is

unfortunate for the control of the reaction conditions such as the temperature.
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Figure 14: The temperature profile of the 2.0 wt% Pd/Al,O3 MT catalyst at each setpoint hold-up tem-
perature when testing the catalyst for methane oxidation using a total molar flow equal to 200 NmL/min
and gas feed composition of methane, oxygen and nitrogen equal to 2%, 10% and 88%, respectively.
The setpoint temperatures were every 50 °C from 250 to 500 °C. The catalyst bed was 2 cm in height
and the measurements were performed at axial length across the catalyst bed equal to 0 cm, 1 cm and 2
cm.

The GC did not detect any CO and it is assumed that the combustion was almost complete,
apart from the 2% methane that was not converted into water and carbon dioxide. To ensure that
the best accuracy was obtained, the flows of each component in the reaction were calculated
based on 98% methane conversion as shown in Appendix P and the results in Table 55. The
calculated results were compared to the component flows detected by the GC. It was found that
the calculated and the actual flows (detected by the GC) were in agreement and conclusively
it is reasonable to believe that the GC is extremely sensitive hence gives reasonable data. The

selectivity of CO, is set to be almost 100% because no other products were detected.

36



The catalytic activity of the 0.2 wt% Pd/Al,O3 SP catalyst by increasing the temperature in
the catalyst bed, can be found in Figure 15. As seen, it takes time before the reaction is initi-
ated, i.e. Tg¢ equal to 325 °C, but as the temperature arises it goes quickly before maximum
conversion is achieved. A well-controlled laboratory reactor would have given coincided heat-
ing and cooling curves. That is not observed here, due to temperature dissipation in the system
and the reaction rate increases rapidly after ignition as the reaction is strongly exothermic. As
the reactor is cooled, the system is not able to remove heat quickly enough. Dissipation is a
contributor for controlling the temperature.

As seen from the results in Table 8 and Figure 15, the 0.2 wt% Pd/Al,O3 SP catalyst did
only achieve 98% methane conversion, because the reaction was stopped at 550 °C. By increas-
ing the catalyst bed temperature further for the 0.2 wt% Pd/Al,O3 MT, Tjggq was 541 °C, as
seen in Table 9. Conclusively, the temperature raise was not high enough for the first catalyst.
Since the 0.2 wt% Pd/Al,O3 MT catalyst achieved 100% methane conversion, it is said to show
higher activity, and it may be due to the greater palladium loading, 0.28 wt%, observed using
XRE. Consequently, the catalyst has higher palladium loading and therefore showed greater
dispersion and thus more available active sites. These observations indicate that additional and
repeated experiments always should be performed.

The XRF and TGA results indicate that the catalysts contained a considerable amount of
oxygen, also at temperatures above 300 °C. It confirms what Gelin et. al claim, where PdO is
stable in an oxidized state from temperatures from 300 to 800 °C, which are within the tem-
perature intervals these catalysts are tested.[14] It is assumed, based on the results, that the
temperature, the hold-time and the reducing environment the catalysts were exposed to before
starting the methane oxidation reaction, were good enough to reduce the oxygen-carrying pal-
ladium to palladium. The palladium is most likely oxidized when the catalysts are exposed to

the reactants.

Table 8: The methane converted as a function of the catalyst bed temperature to achieve
10%, 50% and 100% converted methane, labelled Tgg, Tsos and Tigge, respectively.
The 0.2 wt% Pd/Al,O3 SP catalyst was only tested under the reference conditions de-
scribed in Section 3.4. The reaction number corresponds to the reaction number and
consequently reaction conditions described in the table. The fraction of the feed gas con-
taining methane, oxygen and nitrogen is changed for each reaction and the total molar
feed flow is 200 NmL/min. The GHSV is calculated using the amount of fresh catalyst
and is 59400 NmL/g.,h.

Catalyst Reaction Fraction, F;/F;,; Tioss Tsox Tioo%
no. CH4/02/N2 [OC] [OC] [OC]
0.2 wt% Pd/A1,O5 SP 1 2%110%/88% 325 430  535*F

* The temperature when 98% of the methane has converted, Togo.

37



—a— Heating Cooling

100

30
B0 //'

70

60 /

50

40

20 ./
10 il

0 —
150 200 250 300 350 400 450 500 550

Methane Conversion [%]

Catalyst bed temperature [*C]

Figure 15: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%
Pd/Al,O3 SP catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 59400
NmL/g.,h. The temperature was ramped for 5°C/min and the temperature was held for 30 minutes
every 50 °C. The total molar flow is 200 NmL/min and the flow reactant feed CH4/O,/N; is 4/20/176
(2%/10%/88%) NmL/min. The red curve symbolizes when the reaction was heated up to 550 °C and
the blue curve when it was cooled from 550 to 250 °C.

As explained in Section 2.6.7, deactivation of the catalyst can contribute to loss of active
sites and consequently decrease in catalytic activity. The results of running the reactions in
series using the same 0.2 wt% Pd/Al,O3 MT catalyst can be found in Table 9. When comparing
the catalyst bed temperatures needed to achieve 10%, 50% and 100% methane conversion for a
reaction tested under reference conditions, i.e. reaction no. 1 and 8, it is evident that the catalyst
has lost activity. The first and last run achieved 100% combustion of methane at 541 °C and 624
°C,respectively. One theory is that the loss of active sites are due to palladium atoms migrate
and collide with bigger crystallites, making bigger crystallites and fewer active sites. Another
theory is that palladium is mostly active and thermodynamically stable as PdO, starting from
300 °C and up to 600 °C.[14] The results obtained in the present work are hence in agreement
with other literature studies and evidenced that the Pd metal is reported to negatively affect the
activity. It is discussed that palladium store a considerable amount of oxygen which contribute
to increase activity towards combustion of methane.

An article by Carlsson et al. [18] on the influence of the gas composition changes on the
methane conversion, suggested that lean conditions are beneficial and results in more active
sites due to palladium crystallites undergo bulk oxidation. This is in line with the present
observations where the A/F (Air/Fuel) ratio was altered between 5 and 10. The reactions ran
under very oxygen rich conditions showed 100% methane conversion at lower catalyst bed
temperatures, T100¢, than the A/F ratio equal to 5. In addition, it was observed that lowering the

methane feed concentrations, in which is preferable according to MARINTEK, also lowered
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the Tpo%. Although the data in Table 9 cannot be compared directly because they are run
under different conditions, they do show that reaction number 3 with a CH4/O,/N, equal to
1%/10%/89% has the lowest Tpog equal to 539 °C. Reaction number 7, with a CH4/O,/N;
equal to 0.5%/5%/94.5%, also showed low catalyst bed temperature, i.e. 549 4 °C, despite the
catalyst was used four times in advance. Reaction number 3 and 7 both proceeded under lean-
burn i.e. A/F ratio equal to 10 at low methane feed concentrations. The trend can also be seen
in Figure 16. The ignition temperatures, Too¢, are fairly similar but the light-off temperatures
seem to be more dependent on the reaction conditions. The reactions ran with A/F-ratio equal

to 10 and lower methane feed composition have lower Tsgg, and consequently steeper curves.

Table 9: The methane converted as a function of the catalyst bed temperature to achieve
10%, 50% and 100% converted methane, labelled T, Tsog and Tiggg, respectively.
The catalyst, 0.2 wt% Pd/Al,O3 MT was ran in reaction series as described in Table
3. The reaction number corresponds to the reaction number and consequently reaction
conditions described in the table. The fraction of the feed gas containing methane, oxygen
and nitrogen is changed for each reaction and the total molar feed flow was kept constant
equal to 200 NmL/min. The GHSV is calculated using the amount of fresh catalyst and
is 58000 NmL/g..h.

Catalyst Reaction Fraction, F;/F;,; Tioes Tsoa Tioo

no. CH4/0,/N, [°C] [°C] [°C]
0.2 wt% Pd/Al,03 MT 1 2%/10%/88% 299 382 541

3 1%/10%/89% 324 409 539

5 19%/5%/94 % 356 425 567

6 0.5%/2.5%/97% 323 386 551

7 0.5%/5%/94.5% 359 438 549

8 2%/10%/88% 378 470 624
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Figure 16: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%

Pd/Al,O3 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58000

NmL/g..h. The temperature was ramped for 5°C/min and the temperature was held for 20-30 minutes

every 50 °C.

In order to study how the loading may affect the catalyst activity, a catalyst with 2.0 wt%
palladium supported on alumina was prepared. The 2.0 wt% Pd/Al,O3 MT catalyst was stud-
ied for combustion of methane by alter the feed gas composition and deactivation by running
the reactions in series. The catalyst was tested in series of reactions, i.e. reaction number 1 to
8 as described in Table 3. The results can be found in Table 10. In general, the temperatures
were lower and all reactions achieved 100% methane conversion. Reaction number 1 achieved
100% conversion at 437 °C which is significantly lower than for the 0.2 wt% Pd/Al,O3 MT
catalyst under the same conditions. It is most likely a consequence of more active sites being
present on the catalyst surface. The results from the chemisorption experiments revealed that
the metal surface area was significantly bigger and that the palladium was greatly dispersed on
the support.

In order to study the catalyst deactivation, the 2.0 wt% Pd/Al,O3 MT catalyst was used
when running the reaction under the same (reference) conditions, i.e. reaction number 1 and 2
in Table 10. An increase in T by three degrees from reaction number 1 (437°C) to number
2 (440°C) indicates that the catalyst is slightly deactivated. It may be explained by a loss of
catalytic area caused by such as water-induced sintering, despite Argyle et al. [49] suggest that
sintering happens above 500 °C. The phenomena is probably more applicable explaining the
deactivation occurring when using the catalysts with a 0.2 wt% palladium loading, due to the
T1009% being above 500 degrees.

The ignition temperature is significantly higher for reaction number 2, which is not favourable.

40



The lower temperature, the lower the energy consumption in the methane slip abatement is
needed.

The A/F ratio was adjusted hence the methane gas feed was decreased to achieve as low
methane concentration as possible to meet the recommendations from MARINTEK at SINTEF
of having methane slip containing small amounts of methane, such as 500-2000 ppm. By low-
ering the inlet methane concentration and increasing the A/F ratio to 10, the Tigp9 decreased
significantly. The data in Table 10 cannot directly be compared due to that the reactions are run
in series, but it is remarkable that by adjusting the O,/CHy4 ratio from 5 to 10 in reaction number
2 and 3, the Tgp9 decreased by 22 degrees, using a spent catalyst. Throughout the catalytic
run it is observed that the Tjgg¢ decreases as the methane inlet flow decreases and the lowest
temperature where 100% of the methane is converted at 397 °C. That is 40 °C lower than the
first reaction where a fresh catalyst was used. Conclusively, by increasing the A/F ratio to 10
and run the reaction in lean-burn i.e. CH4/O,/N, fraction equal to 0.5%/5%/94.5%, compared
to the reference conditions that is equal to 2%/10%/88%, lower methane combustion temper-
atures are achieved, which is preferable. The results are in line with what Carlsson et al.[18]
reported on the effect of oxygen to Pd/Al,O3 in a methane oxidation reaction, as described in
an earlier section.

Due to limitations of the MFCs, a gas bottle containing diluted methane (5% in N;) was
installed to achieve lower methane inlet concentrations. A fresh 2.0 wt% Pd/Al,O3 MT catalyst
was placed in the reactor, resulting in a T equal to 340 °C when the gas inlet composition
CH4/07/N> was equal to 0.1%/0.5%/98.9% (reaction number 9 in Table 10). Upon further oxy-
gen excess by increasing the A/F ratio from 5 to 10 (reaction number 10), the catalyst‘s activity
increases and 100% conversion of methane was achieved at 317 °C (marked red in the table).
The results suggest that the palladium particles are more active in an oxygen rich environment,

1.e. lean burn and it may correspond to bulk oxidation of the Pd particles becoming more active.
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Table 10: The methane converted as a function of the catalyst bed temperature to achieve 10%, 50% and
100% converted methane, labelled T1gg, Tso9 and T1ggg, respectively. The catalyst, 2.0 wt% Pd/Al,Oz MT
was ran in reaction series as described in Table 3. The reaction number corresponds to the reaction number
and consequently reaction conditions described in the table. The total molar feed flow is constant equal to
200 NmL/min. The fraction of the feed gas containing methane, oxygen and nitrogen is changed for each
reaction. The GHSVs are calculated using the amount of fresh catalyst and the calculations can be found in
Appendix M.

Catalyst Reaction Fraction, F;/F;,, GHSV Tiow Tso Tioo%
no. CH4/0,/N, [NmL/g.,/h] [°C] [°C] [°C]

2.0 wt% Pd/Al,0O3 MT 1 2%/10%/88 % 58800 302 362 437
2 2%/10%/88 % 363 326 440
3 1%/10%/89 % 271 327 418
4 29%1/10%/88% 259 327 436
5 19%/5%194% 288 336 420
6 0.5%/2.5%/97% 299 388 401
7 0.5%/5%1/94.5% 277 324 397
8 2%/10%/88 % 250 320 469

2.0 wt% Pd/Al,O3 MT 9 0.1%/0.5%/99.4% 59400 269 304 340
10 0.1%/1%/98.9% 224 276 317

The combustion curves when testing the 2.0 wt% Pd/Al,O3 MT catalyst can be found in
Figure 17. The ignition and light-off temperatures of the reactions ran with an A/F-ratio equal
to 10 are much lower and consequently the curves are much steeper. Also, the reactions achieve
100% methane conversion at much lower temperatures. As the reactions are ran in series, it
is clearly that the steepness of the curves decreases as the catalyst are tested under different
conditions. The resulting heating and cooling curves for each reaction can be found in Ap-
pendix N.3. The catalyst‘s ignition temperature should be close to the temperature of the outlet
of the burned LNG in the marine machinery and minimal pressure drop.[56] To get even more
correct conversion data more temperature measurements should be done at shorter temperature
intervals. The analysis time with temperature measurements for each reaction took one to two
days and therefore measurements thought to be within the most critical phases were prioritized
to analyse. It was needed to be present at the lab to measure the actual temperature throughout
the catalyst bed.
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Figure 17: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%
Pd/Al,O3 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58800
NmL/g..h for reaction number 1 to 8 and 59400 NmL/g.4h for reaction number 9 and 10, as described
in Table 3. The temperature was ramped for 5°C/min and the temperature was held for 20-30 minutes
every 50 °C.

As mentioned, the GC is thought to give reasonable data, and no CO is detected in any of
the runs when testing the Pd/Al,O3 catalysts and 100% of the methane was converted in each
reaction, i.e. the amount of methane into the reactor is equal to the amount of carbon dioxide
out of the reactor, the selectivity of CO; is 100% for each reaction.

An increase in metal loading increases the number of active sites, thus the activity, if the
active sites are available. The results show a clearly increase in activity when increasing the
loading. The Tjgp9 has decreased from 624 °C to 317 °C for the reaction with the lowest to
the reaction with the highest activity, respectively, when increasing the loading. The obtained
data reveal that the 2.0 wt% Pd/Al,O3 MT catalyst has the highest activity for combustion of
methane when comparing it to the catalysts with lower loading, i.e. 0.2 wt% Pd/Al,O3. The re-
sults obtained when testing the 2.0 wt% Pd/Al,O3 MT catalyst was good and it performed well
below the temperature limit MARINTEK has recommended.[4] However, the costs of using
a loading of 2.0 instead of 0.2 wt% palladium have to be considered. Palladium is an expen-
sive metal and increasing the loading increases the expenses. The benefits and drawbacks of
increasing the loading must be measured against each other, such as the benefits of increas-
ing the loading gives higher activity but the life-time of the catalyst is limited as the catalyst
is deactivated when running the reactions in series. An economic evaluation is not included
in this work. The purpose of this work is to evaluate the catalysts that consist of pure metal,
where the results are later being used as reference to further analyses using palladium based

catalysts mixed with other metals, such as nickel, or catalysts containing small or no amount of
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palladium.

Sintering is a possible explanation for the activity loss when running the reactions in series.
Several techniques could reveal the extent of the sintering, such as chemisorption, Transmis-
sion Electron Microscope (TEM) and X-Ray Powder Diffraction (XRDP). TEM could be used
on the spent catalyst to get visual pictures of the dispersion of the active metal on the support
surface. An increase in the particle size could indicate sintering and chemisorption experiments
or comprehensive X-Ray Powder Diffraction (XRDP) of the used catalysts could reveal that. A
comparison of the decrease in dispersion of the spent catalyst due to sintering and the observed
deactivation, could give indication of other deactivation mechanisms co-exist.

The catalysts used for this thesis are mixed with SiC, making it harder to analyse the spent
catalysts. An idea could be to run the reactions using only the catalysts. Also, a XRD analysis
should be performed on the spent catalyst to find out if the activity loss could be prescribed to
a phase transformation from y-alumina to & or 8, as described in Section 2.2 and 2.5.4.

The reaction mechanisms and the reaction rates are not included in this work, and conse-
quently the turnover frequency is not calculated. The turnover frequency could have given an

indication of the catalyst activity. The reaction rates must be measured under correct conditions.
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5 Conclusions

The main objective of the study was to investigate whether catalytic oxidation of methane us-
ing palladium supported catalysts is a good alternative to oxidise the methane exhaust from
the high-temperature burning of methane, which produces noxious by-products, to improve the
methane slip abatement. The engines working today can achieve very low NO,-emissions, but
the exhaust gas will contain small amounts of methane. The catalysts used should have great
activity at appropriate reaction conditions, such as low temperature and low inlet methane con-
centrations. The expensive catalysts are meant to be used as references to cheaper palladium
based catalysts using a mix of other metals, such as nickel, or catalysts containing small or
none palladium.

Three catalysts, 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3 MT and 2.0 wt% Pd/Al,O3 MT,
were made using the incipient wetness impregnation and characterized using Nitrogen Adsorp-
tion, X-Ray Fluorescence, Chemisorption with H, and CO, X-Ray Diffraction and Thermo-
gravimetric Analysis. Their catalytic activities were also tested for methane oxidation by alter
the reaction conditions such as feed composition and making catalysts with different loadings.
The extent of deactivation was also studied by letting the reactions run in series without replac-
ing the catalyst.

The BET showed a decreasing BET areas and pore volumes of the supported catalysts, com-
pared to alumina. It also showed that the particles are of mesoporous material. Chemisorption
experiments were performed using hydrogen and carbon monoxide gas. The results from the
H,-chemisorption suggests that hydrogen is not being strongly bound to the surface and that
hydrogen can dissolve in Pd and diffuse through palladium. It is discussed whether hydrogen
dissolves in palladium or not, and it promoted doing chemisorption using CO. The dispersion
of palladium atoms on the y-alumina increased with decreasing palladium loading. The rel-
atively high dispersion results can be a cause of impregnation method being good enough to
deposit active metal on the surface. It is also concluded that CO-chemisorption gives more
reliable results.

The XRD and XRF experiments did not show any impurities, indicating that the preparation
conditions were good enough to remove organic and nitrate compounds.

The activities were compared by the temperature where 100% methane was converted,
T100%, because the reaction is extremely exothermic and irreversible. Low temperatures are
favourable. By running the reaction under reference conditions with a total molar feed flow
constant equal to 200 NmL/min and a methane/oxygen/nitrogen feed composition equal to
2%/10%/88%, the catalysts achieved 100% conversion at 535 °C (only 98% conversion), 541
°C and 437 °C for the 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3 MT and 2.0 wt% Pd/Al,O3
MT catalyst, respectively. In general, the catalyst with the highest loading performed the best
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with an A/F-ratio equal to 10 and low inlet methane concentration. A constant total feed flow
equal to 200 NmL/min and feed composition equal to 0.1%/1%/98.9% under oxygen rich envi-
ronment and a used catalyst, Tggg was equal to 317 °C. The methane concentration is within
the concentration limits recommended by MARINTEK, i.e. 500-2000 ppm. The TGA results
strongly suggest that the palladium is carrying a lot of oxygen and will especially in an oxy-
gen rich environment contribute to an increased activity. It is suggested that the bulk-oxygen
become more active under these conditions. All the catalysts made for the Master‘s Thesis
achieved 100% conversion and selectivity at relatively low temperatures. The ignition tem-
peratures, T, are low, which is favourable to save energy in the process. The temperature
should almost be at the same temperatures as the outlet temperature of the high temperature
burning of methane in the marine machinery.

The activity loss due to catalyst deactivation can be observed by the increasing temperatures
when running the reactions in series. In general, the temperature increases for each run, indi-
cating that the catalyst is deactivated and the observed activity loss may be related to sintering

of palladium crystallites.
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6 Suggestions for further work

The cause of the deactivation when running the reactions in series can be investigated further
by studying the spent catalyst. Sintering can be one explanation of it. Several techniques could
reveal the extent of the sintering, such as chemisorption, Transmission Electron Microscopy
and X-Ray Powder Diffraction. Chemisorption experiments of the spent catalyst could have
given data on the dispersion change. A decrease in dispersion and increase in particle size
could indicate sintering. Also, using TEM to get visual pictures and XRDP to see if the sup-
port has undergone a phase transformation, could also reveal the reasons for deactivation. A
comparison of the decrease in dispersion of the spent catalyst due to sintering and the observed
deactivation, could give indication of other deactivation mechanisms co-exist. There are still
work to overcome when it comes to pressure drop. The experiments were performed using a
mix of the catalyst and SiC, making it hard to analyse the spent catalysts. Also, Temperature
Programmed Reduction experiments could be performed to reveal the reduction temperature
of PdO, which could be used to explain the catalyst activity. The TPR-apparatus was mostly
broken and therefore not available for experiments during the spring 2016.

The uncertainty in whether the hydrogen dissolves in palladium or not promotes to do TEM
analysis to get visual pictures of the dispersions and compare it to the chemisorption results.
Having reliable chemisorption data is important when evaluating the preparation method and if
it is good enough to disperse the active sites on the support.

The results showed increasing activity by increasing the palladium loading. Catalysts with
higher loadings can be prepared to achieve 100% methane conversion at lower temperatures.
However, by increasing the loading and the expensive palladium the costs also increase and it
must be evaluated against the cons. Experiments using catalysts with promotors, such as alka-
line metals, could be performed to increase the activity with lower palladium loading or a mix
with cheaper metals. These results can be used as reference catalysts.

Other feed conditions, such as using wet feed, can experimentally reveal the sensitivity of
the catalyst towards water. Also, altering the space velocities by adding more catalyst to the
reactor bed or additional study on the catalyst effect of feed compositions, can be performed.
A repetition of the experiments should also be done, to strengthen the reliability of the results.

Sintering has been postulated as a cause of deactivation and a long-term deactivation ex-
periment should be done to study the catalysts‘ activities over a long period of time. A such
experiment could give a better understanding on the catalysts‘ behaviours during methane oxi-
dation on an industrial level. The activity loss due to catalyst deactivation is observed, still, the

cause and the mechanism are not clear and further studies are necessary to reveal it.

47



References

[1] J. Chen, H. Arandiyan, X. Gao, J. Li. Recent Advances in Catalysts for Methane Combus-
tion. Springer Science & Business Media, New York, 2015.

[2] L.S. Escandon, S. Ordofiez, A. Vega, F. V. Diez. Oxidation of methane over palladium
catalysts: effect of the support. Chemosphere, Vol. 58, pages 9-17, 2005.

[3] U.S. Environmental Protection Agency. Technical Bulletin- Nitrogen Oxides(NOy), why
and how they are controlled. U.S. EPA, 1999.

[4] Inside information from the Norwegian Marine Technology Research Institute (MARIN-
TEK) part of the SINTEF Group.

[5] J.A.Z. Pieterse, R.W. can den Brink S. Boonevald, H. Top, J.E. Westing, F. Vollink, K. Hov-
ing. Selective catalytic reduction of NOy, in real exhaust gas of gas engines using unburned

gas. Chemical Engineering Journal, 2005.

[6] L. Guczi, A. Erdohelyi. Catalysis for Alternative energy Generation. Springer Science &
Business Media, 2012.

[7] C. L. Fevre, M. Madden, N. White. LNG in Transportation. CEDIGAZ, 2014.

[8] I. Chorkendorff, J. W. Niemantsverdriet. Concepts of Modern Catalysis and Kinetics.
Wiley-VCH, Weinheim, 2007.

[9] J. Bolstad. Process Intensification of the Fischer- Tropsch Synthesis. NTNU, 2014.
[10] Krijn P. de Jong. Synthesis of Solid Catalysts. Wiley-VCH, Weinheim, 2009.

[11] Specialization Course TKP 4515 Catalysis and Petrochemistry fall 2015 at NTNU held
by Professor Hilde Venvik in Catalytic Combustion.

[12] M.L. Toebes, J.A. van Dillen, K.P. de Jong. Synthesis of supported palladium catalysts.
Journal of Molecular Catalysis A: Chemical, Vol. 173, pages 75-98, 2001.

[13] P. Albers, J. Pietsch, S. Parker. Poisoning and deactivation of palladium catalysts. Journal
of Molecular Catalysis A: Vol. 173, pages 275-286, 2001.

[14] P. Gelin. Catalytic complete oxidation of methane at low temperatures. Topsge Catalysis
Forum, 2009.

48



[15] B.C. Enger, R. Lgdeng, A. Holmen. A review of catalytic partial oxidation of methane
to synthesis gas with emphasis on reaction mechanisms over transition metal catalysts.
Applied Catalysis A: General, Vol. 346, pages 1-27, 2008.

[16] N.J. Schoenfeldt. Synthesis and Characterization of Gamma-alumina Supported Man-
ganese Oxides Prepared by Grafting and Impregnation for Applications in Heterogeneous
Catalysis. Proquest LLC, 2009.

[17] University of Groningen. vY-alumina unit cell. [Internet]. Available from:
http:/ /www.rug.nl /research /portal /files /9818571 /appendix.pdf (page 106)(read Novem-
ber 5. 2015)

[18] P.A.Carlsson, E.Fridell, M. Skoglundh. Methane oxidation over Pt/Al,O3 and Pd/Al, O3
catalysts under transient conditions. Catalysts Letters, Vol. 115, 2007.

[19] K.H. Stern. High Temperature Properties and Decomposition of Inorganic Salts Part 3.
Nitrates and Nitrites. Electrochemistry Branch, Naval Research Laboratory, Washington
D.C. 20390.

[20] Norwegian language encyclopedia Definition of Calcination. [Internet]. Available from:
https : / /snl.no/kalsinering (read October 10. 2015)

[21] J. L. Figueiredo, M. M. Pereira, J. Faria. Catalysis from Theory to Application, pages
89-93. COIMBRA, 2008.

[22] J.M. Thomas, W.J. Thomas. Principles and Practice of Heterogeneous Catalysis, page
300. Wiley-VCH, Weinheim, 2014.

[23] XRF Procedure written June 29. 2015 by Cristian Ledesma at the Department of Chemical
Engineering an NTNU.

[24] R. Jenkins. Quantitative X-Ray Spectromety. CRC Press, 1995.

[25] SERC-the Science Education Resource Center at Car-
leton College. X-Ray Fluorescence. [Internet]. Available from:

http: / /serc.carleton.edu/research_education/geochemsheets /techniques /XRF.html
(read October 22. 2015)

[26] Z. Paal, P.G. Menon. Hydrogen effects in Catalysis: Fundamentals and Practical Appli-
cation. Marcel Dekker, Inc, New York, 1988.

[27] HSE lectures in the course TKP 4510 Catalysis and Petrochemistry at the Norwegian
University of Science and Technology fall 2015.

49



[28] Anders Holmen. Heterogen Katalyse. Institutt for kjemisk prosessteknologi, NTNU,
2002.

[29] J. B. Butt, E. E. Petersen Activation, Deactivation, and Poisoning of Catalysts. Academic
Press, Inc., 1988.

[30] National Programme on Technology Enhanced Learning- A project funded
by MHRD, Government of India. CO-chemisorption. [Internet]. Available from:
http://nptel.ac.in/courses/103103026/14 (read May 9. 2016)

[31] J.W. Niemantsverdriet. Spectroscopy in Catalysis: An Introduction, pages 9-19. John Wi-
ley & Sons, 2008.

[32] B. Wang, L. Si, Y. Yuan, Y. Li, L. Chen, X. Yan. Reductive cyclization of 2-nitro-
2 ‘hydroxy-5 ‘-methylazobenzene to benzotriazole over K-doped Pd/Al,O3. Royal Society
Using Hydrogen, Springer, 2000.

[33] O. Braaten, A. Kjekshus, H. Kvande. The Possible Reduction of Alumina to Aluminum
Using Hydrogen. Springer, 2000.

[34] A. Saha, 2008. Synthesis and Characterization of Grafted Vanadium and Co-grafted Vana-

dium/zirconium Mixed Oxides on Gamma-alumina Surface.

[35] SERC-the Science Education Resource Center at Car-
leton College X-Ray Diffraction. [Internet]. Available from:
http: / /serc.carleton.edu/research_education/geochemsheets /techniques /SXD.html
(read October 19. 2015)

[36] University of Delaware Illustration of X-Ray Diffraction, page 2. [Internet]. Available
from: http: //www.physics.udel.edu/ yji/PHYS624/Chapter3.pdf (read February 23.
2016)

[37] Wikipedia- The Free Encyclopedia. Powder X-Ray Diffraction. [Internet]. Available from:
https: //en.wikipedia.org/wiki/Powder_diffraction (read May 28. 2016)

[38] B.H. Stuart. Polymer Analysis, pages 201-206. John Wiley & Sons, 2002.

[39] R. Chen, S.W.S. McKeever. Theory of Thermoluminescence and Related Phenomena,
page 375. World Scientific, 1997.

[40] Perkin  Elmer- For the Better TGA  apparatus. [Internet].  Avail-
able from: http: / /www.perkinelmer.com/CMSResources /Images /44-
74556GDE_TGABeginnersGuide.pdf (read November 4. 2015)

50



[41] H. Silla. Chemical Process Engineering- Design and Economics, page 348. CRC Press,
2003.

[42] C.F. Poole. Gas Chromatography. Elsevier, 2012.
[43] W. Boyes. Instrumentation Reference Book. Butterworth-Heinemann, 2009.

[44] G. Guiochon, C.L. Guillemin. Quantitative Gas Chromatography for Laboratory Analy-

ses and On-Line Process Control. Elsevier, 1988.

[45] J.R. Couper, W. R. Penney, J.R. Fair. Chemical Process Equipment revised 2E: Selection
and Design, page 581. Gulf Professional Publishing, 2009.

[46] E.B. Nauman. Chemical Reactor Design, Optimization and Scaleup, page 535. Wiley
Publications, 2008.

[47] Wikipedia- The Free Encyclopedia. Residence Time. [Internet]. Available from:
https: //en.wikipedia.org/wiki/Residence_time (read May 5. 2016)

[48] R. Gholami, M. Alyani, K.J. Smith. Deactivation of Pd Catalysts by Water during Low
Temperature Methane Oxidation Relevant to Natural Gas Vehicle Converters. MDPI- Mul-
tidisciplinary Digital Publishing Institute, 2015.

[49] M.D.Argyle, C.H. Bartholomew. Heterogeneous Catalyst Deactivation and Regeneration.
MDPI- Multidisciplinary Digital Publishing Insitute, 2015.

[50] Matheson-The Gas Professionals’™. Lower and Upper Explosive Lim-
its  for  Flammable  Gases and  Vapors. [Internet].  Available from:
https: / /www.mathesongas.com/pdfs/products /Lower-(LEL)-&-Upper-(UEL)-
Explosive-Limits-.pdf (March 31. 2016)

[51] Seniro Scientist Rune Lgdeng (SINTEF). MFC gas correction factors.

[52] Y. H. Tan, J.A. Davis, K. Fujikawa, N.V. Ganesh, A.V. Demchenko, K.J. Stine. Surface
area and pore size characteristics of nanoporous gold subjected to thermal, mechanical, or
surface modification studied using gas adsorption isotherms, cyclic voltammetry, thermo-

gravimetric analysis, and scanning electron microscopy. ] Mater Chem pages 6733-6745,
2012.

[53] E. W. Shin, S.II Cho, J. H. Kang, W.J. Kim, J.D. Parkm S.H. Moon. Palladium-hydrogen
interaction on supported palladium catalysts of different metal dispersions. Korean Journal
of Chemical Engineering, Vol. 17, Issue 4, p 468-472, 2000.

51



[54] S.Rane, @. Borg, J. Yang, E. Rytter, A. Holmen. Effect of alumina phases on hydrocarbon
selectivity in Fischer-Tropsch synthesis. Appl. Catal. A Vol. 388, pages 160-167, 2010.

[55] p. McKinney. The Adsorption of Gases on Palladium Oxide. Journal of the American
Chemical Society, 1933.
[?] Lectures in the use of the XRD-apparatus held by Kristin Hgydalsvik at the Department
of Materials Science and Engineering at NTNU.

[56] G. Zhu. Kinetics of Complete Methane Oxidation on Palladium Model Catalysts. Doctoral
Thesis, Worchester Polytechnic Institute, 2004.

[57] NIST Chemistry WebBook Physical Properties. [Internet]. Available from:
webbook.nist.gov/

52



A Risk assessment

Japmod ) 1 YIBaq 0} JoU [ o LaAD| Ol LUEpioqy HEEwW J5Np “jaeis elep Aajes| yauap apH eujwne-ewweb jo ogn
‘suonejnba-ggH| ‘feoo g 'sanol 'sa)fiob 9
uasgjafpuspiogly| 00 qe 'saaoif ‘so|Ebob HQINY| yAusA BRJH) |ouBLe/auajede|
‘sunie|nfal-3g} o "18ays Ejep fiajes wswdinba jo eyl g
Hsew 1sng uanpjefuuspagly L) saquinu ymusg, sp)H| ZEoNipd Ies ool jo asnbuguassy
‘suoneinfia-3sH|  1snp 'jeos qe) ‘sanoif o ‘jeays ejep Aajes P
*salfifiob ‘Gunss) yea
“IJes ay) Ag uBAD|ofwspIagly 0|60 ‘Bupse) yea "eays Biep A8 jes| yiwuay, spi 20D ‘8H 1 ‘2N 'sesed
ouop o4 o) 5ey pue simoy Gupjom ay) ‘suoenbaagy opoj-uou pue pauy jo asn Bujquossy|
upim suop s sayjjoq sefi jo Buibueyy
usADafiSpiBgY fLEh puea snjeteddy| yuus, sppH BN
"suonenbal-35H| gey 'se|Bbob “acueusuiEw ualizupes sunjeasatwal ybiy jo 25
‘sano|f 'aumjesadwa) [
oLy Joj swsls
(1D PUE SI0SUSS
“IJeis oyl Ag usaojaljwspiegly|  JoEeep sEG woo (¥HD) YBLOXdA| MinUBA BRIH &H
Suop &4 o S8y pue sinoy Gujyom ay)| ‘suofeyfal-3gH (pue -E20) '1eoz qe) ‘seso|l (DOLHED) J0qunu 'pHD seb aqewey jo osn Dujgwessy I
uiypis suop =1 seytog sek jo Guibusys) ‘se|Bfiob ‘uyse) yea) ou jsaus eep fjajes
uossad
gl SaMsHHY uoijEjUMLINIOR
JUSILILLIC &g ssaa0.dAyn “1u al
9| suopeinbe: ‘smey Ayayes Bupspa Bupispxa _ _ o
~—md T FES :sainjeubl

15AIEIRD Wnipe||eg paloddns jo sisaliuAs :558204d wiewyAnAnoe urew sy jo uonduosap yoys

YINpUES BUSJAH (sigyio Jospuedns-03 Juspnis Sospsdns)

‘(yewpuadis qud) Bue, eip *(1oswadns-00) Buspe] auny ‘(iospuadns) yiauap appH H(uonauny ‘|au) ssasosd uoljeayiuap) auy) u sjuediaiped

Hiauap ap|iy {sospuadns ayqrsucdsas) tiafeuew au

51026040 e avibug [eanwey) foj Juawpedag (@inmsuy) sun
002724 1Dy dodey ey asH

sasmday alied] fq pasoiddy
LUOZ'E0Z2] LOSTAHSINH] UoN2es 35H

$s8001d uonBolnuUsp! ANAIOE Snopiezey

MNLN

a8y squinp) A pausdang

TAT] IS STOT60°SH XS[X'[EUI -1uatusasse ysryalsolgy

Figure 18: The risk evaluation due to the experimental work done, including synthesis, characterization

and testing of the catalysts for methane oxidation under application relevant conditions.
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Figure 19: The risk evaluation due to the experimental work done, including synthesis, characteriza-
tion and testing of the catalysts for methane oxidHtion under application relevant conditions and the

likelihoods and consequences of potential accidents.



B Calculation of amount of Pd(NOs), x H,O used

Two catalysts with 0.2 weight% palladium supported on 10 g of alumina were made. The
following calculations are made to find the mass of PA(NO3), - 2H;O to use in the preparation
of the catalysts. The molecular weight of PA(NO3); - 2H;0O and Pd are 230.43 g/mol and 106.4

g/mol, respectively.[57] The amount of palladium is:

0.2 gPd
100 g A1203

The number of moles of palladium is as follows:

.10 g AL,O3=0.02 g Pd (23)

m(Pd)  0.02¢g
Mm(Pd)  106.4 g/mol
The stoichiometric relationship between Pd and PdA(NO3), - 2H,O is 1:1, and therefore the

number of moles of palladium equals the number of moles of the salt, thus the amount of salt

n(Pd) = = 1.88-107* moles (24)

needed is:

m(Pd(NO3); - 2H,0) = 230.43 g/mol - 1.88 - 10~* moles = 0.0433 g (25)

A catalyst with 2.0 weight% palladium supported on 7 g of alumina was also made. The
following calculations was made to find the mass of Pd(NO3), - 2H,O to use in the preparation

of the catalyst. The mount of palladium is:

2.0 ¢ Pd
27870 74 ALOs=0.14 g Pd 26
100 g ALO; g A O3 g (26)
Pd 0.14
npd) = 2D E  _132.1073 moles 27)

Mm(Pd)  106.4 g/mol

By using the same stoichiometric approach as above, the amount of salt needed is 0.3032 g.
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C Calculation of the amount of water needed

The amount of water needed for the incipient wetness impregnation preparation is found by
dripping water to 5 g of support, until it was saturated. The weight of the support was measured
before and after wetness, to find the weight of water needed. The water weight was found to

be:
11.0250 g - 4.9964 ¢ =6.0286 g (28)

The relationship between the water and support weight is found to be:

6.0286 g water

= 1.2066 ter/ t 29
4.9964 g support & Walclig Suppor 29)

The amount of water needed for 10 g of support:

10 g support - 1.2066 g water/g support = 12.0659 g water (30)

The amount of water needed for 7 g of support is 8.4462 g water.
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D Exact catalyst mass used for the experiments

The exact catalyst mass used for the experiments using the following techniques: Nitrogen
Adsorption, X-Ray Fluorescence, Chemisorption woth H and CO, Temperature Programmed
Reduction and Thermogravimetric Analysis. The exact compound weights used for testing the

catalysts in methane oxidation reaction can be found in Table D.5.

D.1 Nitrogen Adsorption

Table 11: The exact weights of the 0.2 wt% Pd/Al, O3 SP, 0.2 wt% Pd/Al,O3; MT and 2.0 wt% Pd/Al,O3
MT catalysts and the support used for Nitrogen Adsorption.

Catalyst Experiment no. [Mass
[g]

0.2 wt% Pd/ALLbO; SP 1 0.0902

0.2 wt% Pd/ALLOs MT 1 0.0850
2 0.0747

2.0 wt% Pd/ALLOs MT 1 0.0928
2 0.0756

AL O3 1 0.0760

D.2 X-Ray Fluorescence

Table 12: The exact weights of the 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3; MT and 2.0 wt% Pd/Al,O3
MT catalysts, support and boric acid (binder) used for X-Ray Fluorescence. SP and MT symbolize the
palladium supported catalysts made for the Specialization Project and Master‘s Thesis, respectively.

Catalyst Mass of catalyst Mass of boric acid Total mass
[g] [g] [g]

0.2 wt% Pd/A1,O3; SP  0.1994 2.7932 2.993

0.2 wt% Pd/A1,O; MT (0.2122 2.7970 3.009

2.0 wt% Pd/A1, O3 MT |0.1932 2.8355 3.029

AL O3 0.2174 2.8559 3.073




D.3 Chemisorption

Table 13: The exact weights of the 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3; MT and 2.0 wt% Pd/Al,O3
MT catalysts used for Hy- and CO-chemisorption. SP and MT symbolize the palladium supported
catalysts made for the Specialization Project and Master‘s Thesis, respectively.

Catalyst Experiment [Mass of catalyst used for H, Mass of catalyst used for CO
no. [g] [g]
0.2 wt% Pd/AL, O3 SP 1 0.1473 0.1385
2 0.1443 0.1450
0.2 wt% Pd/AL,O; MT 1 0.1433
2 0.1515
2.0 wt% Pd/AL,O; MT 1 0.1647
2 0.1396

D.4 Thermogravimetric Analysis

Table 14: The exact weight of the 2.0 wt% Pd/Al,O3 MT catalyst used for Thermogravimetric Analysis.
MT symbolize the palladium supported catalysts made for the Master‘s Thesis.

Catalyst

Mass of catalyst
[mg]

2.0 wt% Pd/ALLO3; MT [19.7

D.5 Catalyst Testing

Table 15: The exact weights of the 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3; MT and 2.0 wt% Pd/Al,O3
MT catalysts and silica carbide used for the methane oxidation testing. SP and MT symbolize the
catalysts made for the Specialization Project and Master‘s Thesis, respectively.

Catalyst Experiment no. [Mass of catalyst used Mass of silica carbide used
[g] [g]
0.2 wt% Pd/AL, O3 SP 1 0.2020 1.9924
0.2 wt% Pd/AL,O; MT 1 0.2070 1.9803
2.0 wt% Pd/ALLbO; MT 1 0.2040 2.0014
2 0.2021 1.9931
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E H;-Chemisorption results using the 2nd isotherm

The results of the Hy-chemisorption shown using the amount of gas chemisorbed, only.

Table 16: The physical-chemical properties of the 0.2 wt% Pd/Al,O3 SP catalyst prepared during the
Specialization Project during fall 2015 found by H; chemisorption. Chemisorption was performed two
times. The results are shown for the chemisorbed amount, only. The analysis conditions are found in
Table 1.

Experiment [Dispersion Crystallite Size Metal surface area
no. [%] [nm] (M2, 0/ Ecar]

1 -14 -8.2 -0.12

2 23 4.8 0.21
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F Pore Size Distribution
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Figure 20: The pore volume (cm?/g -A) distribution as a function of the pore size (A) for alumina based
on desorption branch using BJH model. The pore diameter is given in a logarithmic scale.
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Figure 21: The pore volume (cm?/g -A) distribution as a function of the pore size (A) for the 0.2 wt%
Pd/Al,O3 SP catalyst based on desorption branch using BJH model. The pore diameter is given in a
logarithmic scale.
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Figure 22: The pore volume (cm?/g -A) distribution as a function of the pore size (A) for the 0.2 wt%
Pd/Al,O3 MT catalyst based on desorption branch using BJH model. The pore diameter is given in a
logarithmic scale.
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Figure 23: The pore volume (cm?/g -A) distribution as a function of the pore size (A) for the 2.0 wt%
Pd/Al,03 MT catalyst based on desorption branch using BJH model. The pore diameter is given in a
logarithmic scale.
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G XRF-results

The results obtained using the X-Ray Fluorescence technique on the alumina sample, HBO3-

binder and the two 0.2 wt% and 2.0 wt% Pd/Al,O3 catalysts.
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Figure 24: The intensity (kcps)(blue line) measured as a function of 260 up to 20=88 for 0.2 wt%
Pd/Al,0O3 SP, where palladium and alumina compounds were detected (green writing). Palladium com-
pounds were detected around around 15-20 26. Iron compound was detected around 28 equal to 57.
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Figure 25: The intensity (kcps)(blue line) of 0.2 wt% Pd/Al,O3 SP as a function of 26, where the results

are not continuous, but only showed for the most common compounds. The XRF detected palladium and

alumina. There are no traces of calcium, potassium, chlorine, sulfur, phosphorus, silicon, magnesium,

sodium or fluorine.
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Figure 26: The intensity (kcps)(blue line) measured as a function of 26 up to 260=88 for the second
made 0.2 wt% Pd/Al,O3 MT, where palladium and alumina compounds were detected (green writing)
and traces of silica, sulfur and silver. Palladium compounds were detected around around 15-20 26.Iron
compound was detected around 26 equal to 57.
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Figure 27: The intensity (kcps)(blue line) of the second made 0.2 wt% Pd/Al,O3 MT as a function of
20, where the results are not continuous, but only showed for the most common compounds. The XRF
detected palladium and alumina. There were also detected traces of silicon, potassium, silver and sulfur.
There are no traces of calcium, chlorine, phosphorus, magnesium, sodium or fluorine.
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Figure 28: The intensity (kcps)(blue line) measured as a function of 26 up to 20=88 for 2.0 wt%
Pd/Al,03 MT, where palladium and iron were detected (green writing). Palladium compounds were
detected around around 15-20 26 and iron compounds were detected around 260 equal to 57.
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Figure 29: The intensity (kcps)(blue line) of 2.0 wt% Pd/Al,O3 MT as a function of 26, where the results
are not continuous, but only showed for the most common compounds. The XRF detected palladium and
alumina, and traces of potassium. There are no traces of calcium, chlorine, sulfur, phosphorus, silicon,
magnesium, sodium or fluorine.
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Figure 30: The intensity (kcps)(blue line) measured as a function of 20 up to 260=88 for alumina,
where palladium compounds were detected (green writing). Palladium compounds were detected around
around 15-20 26.Iron compound was detected around 26 equal to 57.
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Figure 31: The intensity (kcps)(blue line) of alumina as a function of 26, where the results are not
continuous, but only showed for the most common compounds. The XRF detected alumina, and traces
of potassium and tin. There are no traces of calcium, chlorine, sulfur, phosphorus, silicon, magnesium,
sodium or fluorine.
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Figure 32: The intensity (kcps)(blue line) measured as a function of 260 up to 20=88 for the binder
(HBOs3), where palladium compounds were detected (green writing). Palladium compounds were de-
tected around 15-20 26.
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Figure 33: The intensity (kcps)(blue line of the binder (HBO3) as a function of 20, where the results are
not continuous, but only showed for the most common compounds. The XRF detected palladium and
silicon. There are no traces of calcium, potassium, chlorine, sulfur, phosphorus, magnesium, sodium or
fluorine.
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H Weight% of Palladium in the XRF-results

The weight% of PdO can be found in Table 7, and are found to be 0.124, 0.319 and 1.90 for
the 0.2 wt% Pd/Al,O3 SP, the 0.2 wt% Pd/Al,03 MT, and 2.0 wt% Pd/Al,O3 MT catalysts,
respectively. The weight of the samples are found in Table D.2 in Appendix , and are 2.993
g, 3.009 g and 3.029 g for the 0.2 wt% Pd/Al,O3 SP, the 0.2 wt% Pd/Al,O3 MT, and 2.0
wt% Pd/Al,O3 MT catalysts, respectively. The weight% of Pd in the 0.2 wt% Pd/Al,O3 SP is
calculated below, by using 122.4 and 106.4 g/mol as the molecular weights for PdO and Pd,

respectively[57]:.

PdO

0.124g— -2.993 g sample = 0.371 g PdO 31
g sample
The number of moles PdO:
0.371 g PdO

=——=0. 1 Pd 2
nPd0 = 554 ofmol 0.00303 mol PdO (32)

The stoichiometric relationship between PdO and Pd is 1:1, and therefore the number of

moles of PdO equals the number og moles Pd in the sample. The weight of Pd in the sample is:

mpg = 0.00301 mol Pd - 106.4 g Pd/mol Pd = 0.323 g Pd (33)

The weight% of Pd in the sample is then:

0.323 g Pd
Wt%py = =0.11 34
P 5993 g sample 4

The same approach are used for the 0.2 wt% Pd/Al,O3 MT and 2.0 wt% Pd/Al,O3 MT
catalysts and the weight% of Pd in the samples are 0.28 and 1.7, respectively.
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I TGA-measurements: weight changes

The resulting mass changes during the TGA-experiments are found in Table 17. The calcula-
tions are based on the resulting weight% changes during gas switches or temperature changes
as seen in Figure 13. It is assumed that the palladium catalyst is fully oxidized, i.e. PdO, at
2), 6) and 7) in Figure 34, and completely reduced at 4), 11) and 12). Consequently, the mass
change is attributed to loss or gain of oxygen. The results are found by using:

100 == (wt%q — wt %)

m(Pd or PdO) = my - 700

(35)

where m, mg, m;, wt%g and wt%/, are the catalyst mass, catalyst mass before and after

temperature or gas switch and the weight% before and after the temperature or gas switch

Table 17: The observed weight% changes during TGA-measurements and the calculated mass change.

The numbers correlate to the numbers in Figure 34 and thus the weight of the catalyst at that point. The

weight% is equal to 100, the baseline, when the gases are switched between argon and oxygen
Number Weight% Weight% change Catalyst weight

[mg]
1 100 19.7
2 113 +13.0 22.2
3 105 -8.00 20.5
4 96.0 -9.00 18.7
5 98.0 +2.00 19.0
baseline 100 19.0
6 102 +2.00 19.3
7 102 - 19.3
8 102 - 19.3
baseline 100 19.3
9 113 +8.00 21.7
10 108 +5.00 20.7
11 106 -7.00 20.3
12 98.0 -8.00 18.7
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Figure 34: An illustration of the temperature profile as a function of time of the TGA with exposed gases

and hold-up times. The red numbers illustrate the reaction conditions where the data for mass change
are calculated from.
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J Sketch of the methane oxidation reactor

A sketch by Jia Yang of the reactor used for methane oxidation is shown in Figure 35.
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Figure 35: A sketch of the reactor with dimensions which is used when 0.2 and 2.0 wt% palladium
supported catalysts are tested during methane oxidation.
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K MFC calibration data

The setpoints that were calculated were based on MFC calibrations that Jia Yang performed.
The calibration curves showed the flow of gas as a function of the % setpoint of the mass flow

controller. The curves are shown in the Figures below:

Calibration curve for Air
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Figure 36: The calibration curve of the air flow as a function of the % setpoint of the mass flow controller,
where the trend line equation is shown.
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Figure 37: The calibration curve of the Methane flow as a function of the % setpoint of the mass flow
controller, where the trend line equation is shown.
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Figure 38: The calibration curve of the Nitrogen flow as a function of the % setpoint of the mass flow
controller, where the trend line equation is shown.
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It was necessary to find the setpoints to obtain the appropriate flow used in each reaction.
The reference reaction, i.e. reaction number 1 in Table 3, using a flow with CHy4/ O, (synthetic
air)/N,=4/20/176 Nml/min (2%/10%/88%) for the total flow of 200 NmL/min. The flows were

substituted into the trend line equations of the calibration curve. The methane flow were found

by:

2% - 200 NmL/min=4 NmL/min (36)

which give a setpoint of 24.5%.

For synthetic air, the flow is:

10% - 200 NmL/min= 20 NmL/min 37

but the air contains 21% O, and 79 % N, and therefore:

I .
10, = mAlr (38)
and
20 . .
200, = EAII‘ = 95.2 NmL/min 39
which give a setpoint of 91.4%.
The rest is Nitrogen:
(200-4-95.2) NmL/min = 100.8 NmL/min (40)

which give a setpoint of 15.2%. The same approach was obtained when finding the setpoints
for molar flows of CH4/O;(synthetic air)/N, equal to 2/20/178, 2/10/188, 1/5/194 and 1/10/189
NmL/min. The resulting setpoints can be found in Table 3 in Section 3.4. The same calibration
data was used when using 5% CH4 in N3, only MFC gas correction factors of 1 and 0.72 for
nitrogen and methane, respectively, were used. 0.2 NmL/min of pure methane is achieved with
a 4 NmL/min of diluted methane due to the 5% CH4/95% N,. The calculations are shown
below:

0.2 NmL/min pure CH4
X NmL/min diluted CH4

where X is the diluted methane flow and is found to be 4 NmL/min. A N, calibrated

= 0.05 pure CHy/diluted CH4 41)

controller which gives 100 NmL/min at a set point will give 72 NmL/min CHy at the same
value. The opposite will apply for the opposite incident. The MFC is calibrated with respect to
methane and the flow which is implemented into the calibration data is:

XX



4 NmL diluted CH; - 0.72 = 2.88 NmL/min (42)

The resulting setpoint for the methane MFC is 17.7%. A CH4:0; ratio equal to 1:5 results
in a oxygen flow of 1 NmL/min and air flow of 4.78 NmL/min which give a setpoint for the air
MEC equal to 4.31%. The nitrogen flow is equal to 192.34 NmL/min and the MFC setpoint is
27.7%. The same approach is applied for a CH4:0; ratio equal to 1:10 and a methane flow of
0.2 NmL/min. The results can be found in Table 3 in Section 3.4.
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L. Temperature measurements in the catalyst bed

Temperature profiles of the catalysts were performed during the testing. Temperature measure-
ments performed during testing of the 0.2 wt% Pd/Al, O3 SP catalyst at 350 and 450 °C can be
found in Table 18 and 19. The catalyst bed is 2 cm in height and 0.5 cm in width.

Table 18: Catalyst bed temperature measurements at 350 °C for 0.2 wt% Pd/Al, O3 catalyst.

Distance from top of the catalyst bed [Temperature
[cm] [°C]
0.2 wt% Pd/Al,Os

0 336.3

1 338.0

2 340.3

3 338.9

Average T 338.4

Table 19: Catalyst bed temperature measurements at 450 °C for 0.2 wt% Pd/Al, O3 catalysts.

Distance from top of the catalyst bed (Temperature
[cm] [°C]
0.2 wt% Pd/Al,O5

0 435.2

1 440.9

2 451.9

3 451.4

Average T 444.9

The temperatures in the 0.2 wt% Pd/Al,O3 SP catalyst bed at the theoretical temperatures
200, 250, 300, 400 and 550 °C were found using the difference between the theoretical and the

average catalyst bed temperature.

338.4°C —350.0°C = —11.6°C

444.9°C —450.0 = -5.1°C

(43)

(44)

Equation 43 and 44 were used to find the average difference from the real catalyst bed

temperature at 250 and 550 °C. As shown below:

~11.6°C+(—5.1)°C
2

=-8.4°C

(45)

The real catalyst bed temperature is 8.4 °C below the set temperature for the 0.2 wt%

palladium supported catalyst.
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The temperature profiles were measured for each temperature interval for the second 0.2 wt%
and 2.0 wt% Pd/Al,O3 MT catalysts and the measurements can be found in Tables 20, 21, 22,
23, 24 and 25, 27, 28, 29, 30, 31, 32, 33, 34, 35 and 36.

Table 20: Catalyst bed temperature measurements for the first reaction (reference) with the second 0.2
wt% Pd/Al,Os3 catalyst with a ratio CHy : O3 equal to 1:5. The flows of methane, oxygen and nitrogen
are 4 NmL/min, 20 NmL/min and 176 NmL/min.

Set Temp. [°C] Real Temp. [°C]
Distance from top |0 1 2 IAverage
of catalyst bed [cm]

250 197.1 1922 192.1 |192.1

300 253.9 249.1 241.1 [248.0

350 3009 2939 287.4 [294.1

400 360.9 355.1 342.5 [352.8

450 428.8 412.1 3954 @412.1

500 467.1 462.0 448.5 459.2

550 540.9 515.6 496.7 [|517.7

600 582.7 554.7 5422 [559.9

Table 21: Catalyst bed temperature measurements for the second reaction with 2.0 wt% Pd/Al,Os3 cata-
lyst with a ratio CHy : O; equal to 1:10. The flows of methane, oxygen and nitrogen are 2 NmL/min, 20
NmL/min and 178 NmL/min.

Set Temp. [°C] Real Temp. [°C]
Distance from top 0 1 2 Average
of catalyst bed [cm]

250 205.6 201.3 196.6 [201.2

300 248.5 243.3 240.9 P44.2

350 303.4 301.2 296.7 (300.4

400 349.3 344.5 340.0 [344.6

450 402.7 398.7 391.1 [397.5

500 460.6 4555 447.2 4544

550 515.3 5104 506.4 [510.7

600 565.8.3 553.6 548.7 [556.0
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Table 22: Catalyst bed temperature measurements for the third reaction with 2.0 wt% Pd/Al, O3 catalyst
with a ratio CHy : O; equal to 1:5. The flows of methane, oxygen and nitrogen are 2 NmL/min, 10
NmL/min and 188 NmL/min.

Set Temp. [°C] Real Temp. [°C]
Distance from top 0 1 2 IAverage
of catalyst bed [cm]

250 206.7 200.3 197.4 [R01.5

300 256.0 249.7 2414 [249.0

350 304.0 301.3 296.4 [300.6

400 366.0 361.2 3589 [362.0

450 407.8 401.3 389.9 [399.7

500 455.0 450.0 438.6 447.9

550 513.6 506.3 501.7 [507.2

600 560.9 5524 548.7 [554.0

Table 23: Catalyst bed temperature measurements for the fourth reaction with 2.0 wt% Pd/Al, O3 catalyst
with a ratio CHy : O; equal to 1:5. The flows of methane, oxygen and nitrogen are 1 NmL/min, 5
NmL/min and 194 NmL/min.

Set Temp. [°C] Real Temp. [°C]
Distance from top 0 1 2 IAverage
of catalyst bed [cm]

250 203.2 201.1 197.6 [200.6

300 268.3 260.4 249.7 [259.5

350 307.4 3029 298.1 [302.8

400 367.0 354.8 350.7 [357.5

450 407.8 401.3 398.1 402.4

500 456.4 450.1 439.9 448.8

550 504.0 501.3 499.2 [501.5

600 557.4 549.2 546.6 [551.1
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Table 24: Catalyst bed temperature measurements for the fifth reaction with 2.0 wt% Pd/Al,Oj3 catalyst
with a ratio CHy : O, equal to 1:10. The flows of methane, oxygen and nitrogen are 1 NmL/min, 10
NmL/min and 189 NmL/min.

Set Temp. [°C] Real Temp. [°C]
Distance from top 0 1 2 IAverage
of catalyst bed [cm]

250 201.7 199.0 196.4 [199.0

300 258.9 256.3 251.3 [255.5

350 304.0 300.6 298.7 [301.1

400 362.1 3574 3522 [357.2

450 409.0 406.4 401.7 405.7

500 459.8 457.0 449.3 4554

550 507.6 505.0 501.2 [504.6

600 555.7 550.0 547.3 [551.0

Table 25: Catalyst bed temperature measurements for the sixth reaction (reference) with 2.0 wt%
Pd/Al,O3 catalyst with a ratio CHy : O; equal to 1:5. The flows of methane, oxygen and nitrogen
are 4 NmL/min, 20 NmL/min and 176 NmL/min.

Set Temp. [°C] Real Temp. [°C]
Distance from top |0 1 2 IAverage
of catalyst bed [cm]

250 195.1 191.1 186.2 [190.8

300 249.1 244.8 243.1 [45.7

350 208.9 297.6 2943 [296.9

400 348.8 343.6 341.0 [344.5

450 424.0 4163 3989 413.1

500 461.4 458.7 454.0 458.0

550 526.2 518.3 5149 [519.8

600 577.7 568.0 564.4 [570.0

650 630.3 622.7 6150 622.7
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Table 26: Catalyst bed temperature measurements for the eighth reaction with 2.0 wt% Pd/Al, O3 catalyst
with a ratio CHy : O; equal to 1:5. The flows of methane, oxygen and nitrogen are 4 NmL/min, 20

NmL/min and 176 NmL/min.

Set Temp. [°C]

Real Temp. [°C]

Distance from top 0 1 2 IAverage

of catalyst bed [cm]
250 205.2 201.3 197.9 [01.5
300 248.6 245.1 2419 [45.2
325 279.3 275.7 270.8 [275.3
350 308.9 3063 299.3 304.8
375 337.0 336.5 326.7 [333.4
400 403.6 379.8 352.1 [378.5
450 442.5 420.6 400.8 421.3
500 486.6 462.0 449.3 466.0

Table 27: Catalyst bed temperature measurements for the first reaction with the 2.0 wt% Pd/Al,O3
catalyst with a ratio CHy : O, equal to 1:5. The flows of methane, oxygen and nitrogen are 4 NmL/min,

20 NmL/min and 176 NmL/min.

Set Temp. [°C]

Real Temp. [°C]

Distance from top 0 1 2 IAverage

of catalyst bed [cm]
250 208.1 206.8 207.1 [207.3
300 256.8 257.7 258.7 [257.7
350 327.4 326.7 327.0 327.0
400 394.6 399.7 400.6 [398.3
450 435.4 4373 43777 436.8
500 468.5 4759 4754 4733

Table 28: Catalyst bed temperature measurements for the second reaction with 2.0 wt% Pd/Al,O3 cata-
lyst with a ratio CHy : O, equal to 1:5. The flows of methane, oxygen and nitrogen are 4 NmL/min, 20

NmL/min and 176 NmL/min.

Set Temp. [°C]

Real Temp. [°C]

Distance from top 0 1 2 IAverage

of catalyst bed [cm]
250 205.9 2029 1989 [202.6
300 256.6 258.3 2532 [256.0
350 326.2 318.7 3043 3164
400 403.2 378.0 355.1 [378.8
450 446.2 418.8 401.0 422.0
500 486.7 465.0 4494 467.0
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Table 29: Catalyst bed temperature measurements for the third reaction with 2.0 wt% Pd/Al, O3 catalyst
with a ratio CHy4 : O, equal to 1:10. The flows of methane, oxygen and nitrogen are 2 NmL/min, 20

NmL/min and 178 NmL/min.

Set Temp. [°C]

Real Temp. [°C]

Distance from top 0 1 2 IAverage

of catalyst bed [cm]
250 205.6 202.5 197.0 [201.7
300 252.2 248.6 2444 P48.4
350 307.3 305.6 297.3 [303.4
375 336.5 336.1 325.3 [332.6
400 368.7 364.3 350.3 361.1
450 424.0 408.9 398.1 410.3
500 467.3 455.6 4455 456.1

Table 30: Catalyst bed temperature measurements for the fourth reaction with 2.0 wt% Pd/Al, O3 catalyst
with a ratio CHy4 : O, equal to 1:5. The flows of methane, oxygen and nitrogen are 4 NmL/min, 20

NmL/min and 176 NmL/min.

Set Temp. [°C]

Real Temp. [°C]

Distance from top 0 1 2 Average

of catalyst bed [cm]
250 205.8 202.6 197.5 [202.0
300 253.9 249.1 2449 P49.3
325 282.7 279.5 272.0 _278.1
350 317.5 313.0 2994 310.0
375 364.6 350.5 3304 348.5
400 403.6 379.8 352.1 [378.5
450 450.1 423.1 401.5 4249
500 489.0 462.0 448.5 466.5

Table 31: Catalyst bed temperature measurements for the fifth reaction with 2.0 wt% Pd/Al,Oj3 catalyst
with a ratio CHy : O; equal to 1:5. The flows of methane, oxygen and nitrogen are 2 NmL/min, 10

NmL/min and 188 NmL/min.

Set Temp. [°C] Real Temp. [°C]
Distance from top 0 1 2 IAverage
of catalyst bed [cm]

200 1754 166.2 157.0 [166.2

250 249.8 2455 241.1 2455

325 2769 273.8 2689 [273.2

350 305.7 303.9 297.9 [302.5

375 333.2 3323 322.6 (3294

400 3669 366.3 352.0 [361.7

450 422.8 413.4 3984 4l11.5

500 467.1 4549 4453 4558
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Table 32: Catalyst bed temperature measurements for the sixth reaction with 2.0 wt% Pd/Al, O3 catalyst
with a ratio CHy : O; equal to 1:5. The flows of methane, oxygen and nitrogen are 1 NmL/min, 5
NmL/min and 194 NmL/min.

Set Temp. [°C] Real Temp. [°C]
Distance from top 0 1 2 IAverage
of catalyst bed [cm]

250 205.8 202.1 197.5 [201.8

300 254.5 2504 246.2 [250.4

325 279.0 274.8 271.2 [275.0

350 305.3 303.0 297.3 [301.9

375 332.2 330.6 323.4 [328.7

400 360.1 358.3 349.1 [355.8

450 411.3 407.0 396.5 404.9

500 461.2 4558 448.3 455.1

Table 33: Catalyst bed temperature measurements for the seventh reaction with 2.0 wt% Pd/Al,O3
catalyst with a ratio CHy : O; equal to 1:10. The flows of methane, oxygen and nitrogen are 1 NmL/min,
10 NmL/min and 189 NmL/min.

Set Temp. [°C] Real Temp. [°C]
Distance from top 0 1 2 IAverage
of catalyst bed [cm]

250 205.8 202.1 197.5 [201.8

300 249.7 246.0 241.5 [45.7

325 273.7 270.5 266.1 [270.1

350 302.3 300.2 2942 [298.9

375 331.6 329.2 3224 (327.7

400 360.4 358.5 3494 [356.1

450 413.4 406.8 397.7 406.0
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Table 34: Catalyst bed temperature measurements for the eighth reaction with 2.0 wt% Pd/Al, O3 catalyst
with a ratio CHy : O; equal to 1:5. The flows of methane, oxygen and nitrogen are 4 NmL/min, 20

NmL/min and 176 NmL/min.

Set Temp. [°C]

Real Temp. [°C]

Distance from top 0 1 2 IAverage

of catalyst bed [cm]
250 205.2 201.3 197.9 [01.5
300 248.6 245.1 2419 [45.2
325 279.3 275.7 270.8 [275.3
350 308.9 3063 299.3 304.8
375 337.0 336.5 326.7 [333.4
400 403.6 379.8 352.1 [378.5
450 442.5 420.6 400.8 421.3
500 486.6 462.0 449.3 466.0

Table 35: Catalyst bed temperature measurements for the ninth reaction with 2.0 wt% Pd/Al,O3 catalyst
with a ratio CHy : Oj equal to 1:5. The flows of methane, oxygen and nitrogen are 0.2 NmL/min, 1

NmL/min and 198.8 NmL/min.

Set Temp. [°C]

Real Temp. [°C]

Distance from top 0 1 2 IAverage

of catalyst bed [cm]
200 161.4 158.0 1504 [156.6
250 204.4 201.7 200.1 [202.1
275 239.8 232.2 2247 [232.2
300 250.8 247.2 243.8 [247.3
325 27277 267.7 265.8 [269.4
350 300.9 298.7 293.7 297.8
400 348.7 344.1 3403 (3444

Table 36: Catalyst bed temperature measurements for the ninth reaction with 2.0 wt% Pd/Al,O3 catalyst
with a ratio CHy : O, equal to 1:10. The flows of methane, oxygen and nitrogen are 0.2 NmL/min, 2

NmL/min and 197.8 NmL/min.

Set Temp. [°C]

Real Temp. [°C]

Distance from top 0 1 2 \Average

of catalyst bed [cm]
200 156.3 153.6 149.5 |153.1
250 202.5 1984 195.6 [198.8
300 242.4 240.0 237.6 [240.0
325 2744 270.8 2669 [270.7
350 208.1 2944 290.0 [294.2
375 323.9 319.8 3149 319.5

The information is used to calculate the conversion as a function of the real catalyst bed
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temperature. The conversion was calculated using the methane concentrations at the hold-up

times and the inlet concentration:

FCH4,in - FCH4,0ut (46)

XcH, =
* Feny,in

where Xcp, is the conversion of methane and Fcy, ;» and Fcy, o4 are the molar flows of
methane at the inlet and the outlet of a specific temperature interval, respectively. The results

can be found in Appendix O.
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M Gas Hourly Space Velocity calculations

By using Equation 21 in Section 2.6.5, the GHSV's were calculated for each methane oxidation

test using fresh catalyst. The weights of the catalysts are found in Appendix D.5 in Table 15.

Table 37: The calculated GHSVs for each methane oxidation reaction using fresh catalyst. Catalysts
made for the Specialization Project during fall 2015 and Master ‘s Thesis during spring 2016, are marked
as SP and MT, respectively.

Catalyst Reaction no. Catalyst weight GHSV
[8car] [NmL/g.. h]
0.2 wt% Pd/Al,03 SP 1 0.2020 59400
0.2 wt% Pd/Al,03 MT 1 0.2070 58000
2.0 wt% Pd/Al,O3; MT 1 0.2040 58800
2.0 wt% Pd/Al,03 MT 2 0.2021 59400
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N Results from methane oxidation testing

The catalysts were tested for methane oxidation reactions as explained in Section 3.4 and the
results are shown as the percentage of methane converted as a function of catalyst bed temper-
ature. The 0.2 wt% Pd/Al,O3 SP was only tested one time under the reference conditions and
the results can be found in Section N.1. The 0.2 wt% and 2.0 wt% Pd/Al,O3 MT catalysts were
tested in series of reactions under different conditions as explained in Table 3 and the results
can be found in Sections N.2 and N.3, respectively.

N.1 0.2 wt% Pd/Al,O3 SP catalyst
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Figure 39: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%
Pd/Al,O3 SP catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 59400
NmL/g.,+h. The temperature was ramped for 5°C/min and the temperature was held for 30 minutes
every 50 °C. The feed flow was constant equal 200 NmL/min and the composition of CH4/O,/N; is
4/20/176 (2%/10%/88%) NmL/min. The red curve symbolizes when the reaction was heated up to 550
°C and the blue curve when it was cooled from 550 °C to 250 °C.
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N.2 0.2 wt% Pd/Al,O3; MT catalyst
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Figure 40: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58000
NmL/g.h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 4/20/176 (2%/10%/88%) NmL/min. The red curve
symbolizes when the reaction was heated up to 600 °C and the blue curve when it was cooled from 600
°C to 250 °C.
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Figure 41: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58000
NmL/g.+h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 2/20/178 (1%/10%/89%) NmL/min. The red curve
symbolizes when the reaction was heated up to 600 °C and the blue curve when it was cooled from 600
°C to 250 °C.
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Figure 42: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58000
NmL/g.,h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O»/N; is 2/10/188 (1%/5%/96%) NmL/min. The red curve
symbolizes when the reaction was heated up to 600 °C and the blue curve when it was cooled from 600
°C to 250 °C.
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Figure 43: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58000
NmL/g.+h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 1/5/194 (0.5%/2.5%/97%) NmL/min. The red curve
symbolizes when the reaction was heated up to 600 °C and the blue curve when it was cooled from 600
°C to 250 °C.
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Figure 44: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58000
NmL/g..h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes ev-
ery 25-50 °C. The flow reactant feed CH4/O»/N; is 1/10/189 (0.5%/5%/97%) NmL/min. The red curve
symbolizes when the reaction was heated up to 600 °C and the blue curve when it was cooled from 600
°C to 250 °C.
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Figure 45: The methane converted (%) in the catalytic combustion of methane over the 0.2 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58000
NmL/g..h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes ev-
ery 25-50 °C. The flow reactant feed CH4/O,/N; is 4/20/176 (2%/10%/88%) NmL/min. The red curve
symbolizes when the reaction was heated up to 650 °C and the blue curve when it was cooled from 650
°C to 250 °C.
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N.3 2.0 wt% Pd/Al,O3; MT catalyst
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Figure 46: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58800
NmL/g.,h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 4/20/176 (2%/10%/88%) NmL/min. The red curve
symbolizes when the reaction was heated up to 500 °C and the blue curve when it was cooled from 500
°C to 200 °C. The tests were ran in series where this was run number one.
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Figure 47: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,0O3 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58800
NmL/g.+h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 4/20/176 (2%/10%/88%) NmL/min. The red curve
symbolizes when the reaction was heated up to 500 °C and the blue curve when it was cooled from 500
°C to 200 °C. The tests were ran in series where this was run number two.
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Figure 48: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58800
NmL/g.,h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 2/20/178 (1%/10%/89%) NmL/min. The red curve
symbolizes when the reaction was heated up to 500 °C and the blue curve when it was cooled from 500
°C to 250 °C. The tests were ran in series where this was run number three.
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Figure 49: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,0O3 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58800
NmL/g.+h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 4/20/176 (2%/10%/88%) NmL/min. The red curve
symbolizes when the reaction was heated up to 500 °C and the blue curve when it was cooled from 500
°C to 250 °C. The tests were ran in series where this was run number four.
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Figure 50: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58800
NmL/g.,h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O»/N; is 2/10/188 (1%/5%/94%) NmL/min. The red curve
symbolizes when the reaction was heated up to 500 °C and the blue curve when it was cooled from 500
°C to 200 °C. The tests were ran in series where this was run number five.
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Figure 51: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,0O3 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58800
NmL/g.+h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 1/5/194 (0.5%/2.5%/97%) NmL/min. The red curve
symbolizes when the reaction was heated up to 500 °C and the blue curve when it was cooled from 500
°C to 250 °C. The tests were ran in series where this was run number six.
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Figure 52: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58800
NmL/g.,h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N3 is 1/10/189 (0.5%/5%/94.5%) NmL/min. The red curve
symbolizes when the reaction was heated up to 450 °C and the blue curve when it was cooled from 450
°C to 250 °C. The tests were ran in series where this was run number seven.
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Figure 53: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,0O3 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 58800
NmL/g.+h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 4/20/176 (2%/10%/88%) NmL/min. The red curve
symbolizes when the reaction was heated up to 500 °C and the blue curve when it was cooled from 500
°C to 250 °C. The tests were ran in series where this was run number eight.
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Figure 54: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,03 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 59400
NmL/g.,h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes
every 50 °C. The flow reactant feed CH4/O,/N; is 0.2/1/198.8 (0.1%/0.5%/99.4%) NmL/min. The red
curve symbolizes when the reaction was heated up to 400 °C and the blue curve when it was cooled from
400 °C to 200 °C. A gas bottle with 5% CHy4 in N, was used to achieve lower methane concentrations
and were tested using a fresh catalyst.
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Figure 55: The methane converted (%) in the catalytic combustion of methane over the 2.0 wt%
Pd/Al,O3 MT catalyst as a function of the catalyst bed temperature (°C) with a GHSV equal to 59400
NmL/g..h. The temperature was ramped for 5°C/min and the temperature was held for 20 minutes ev-
ery 50 °C. The flow reactant feed CH4/O,/Nj is 0.2/2/197.8 (0.1%/1%/98.9%) NmL/min. The red curve
symbolizes when the reaction was heated up to 375 °C and the blue curve when it was cooled from 375
°C to 200 °C. A gas bottle with 5% CH,4 in N; was used to achieve lower methane concentrations. The
same catalyst as used to achieve the results in Figure 54 was used.

XL



O Conversion Calculations

The methane conversion as a function of the real catalyst bed temperature were calculated using
the data from the GC apparatus, the temperature measurements from Appendix L and Equa-
tion 18. The normal volumetric flows of the reactants were 4 Nml/min, 20 Nml/min and 176
Nml/min for methane, synthetic air and nitrogen, respectively, using the reference conditions.
The air contains 79% nitrogen and 21% O;. The normal volumetric flows (NmL/min) were
converted to molar flows using standard molar volume of a gas which is defined as the volume
occupied by 1 mole of any gas at 0 °C (273 K) and 1 atm (STP), and is equal to 22400 mL, as

shown below:

200 Nml/min

Froin = = 1.49-10~* mol/ 47
totin = 55400 NmL at STP - 60 s/min ? mows “47)

The total molar flow of the entering inert nitrogen gas is:

(176) NmL/min

Ey, in=F = =1.31-10"* mol/ 48
Nasin = ENaout = 55400 NmL at STP - 60 s/min movs (48)
The molar flows of the gases can be found using:
Fi,oul = E‘ol,out : mOI%i.,out (49)

where F; our, Fror 0ur and mol%; 4, are the molar out flow of gas i, the total molar out flow
and the mol% of gas i, respectively. The total molar out flow can be found using Equation 48
and the mol% of nitrogen detected by the GC:

Fyyou  1.31-107* mol/s

= 1.56-10~° mol/ 50
mol%n, ow 839 mol% mows (50)

tot,out —

The mol%y, ou: 1s the average mol% of Ny out of the reactor detected by the GC. The
methane conversion is calculated using Equation 18 for each hold-up temperature, i.e. 200-550
°C with 50 °C intervals. The real catalyst bed temperatures are based on measurements made
throughout the catalyst bed and can be found in Appendix L. The GHSVs are calculated and
can be found in Appendix M. The calculations are done for each reaction run, i.e. the reac-
tions described in Table 3, for the 0.2 wt% Pd/Al,O3 SP, 0.2 wt% Pd/Al,O3; MT and 2.0 wt%
Pd/Al,O3 MT catalysts. The temperatures where 10% and 50% of the methane was converted,
T1o9% and Tsoq, respectively, was found using linear regression of the combustion curves in

Appendix N and the data obtained below. The results can be found in the following tables:
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Table 38: The catalytic activities for the methane oxidation reaction, using 0.2 wt% Pd/Al,O3 SP cat-
alyst, at each set hold-up temperature, i.e. 200-550 °C with 50 °C intervals and GHSV equal to 59400
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and is 8.4 °C below the real temperature. The reaction conditions can be found in Table 3
as reaction number 1.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

200 190 0.0

250 240 0.6

300 290 3.3

350 340 13

400 390 32

450 440 57

500 490 91

550 440 98

Table 39: The catalytic activities for the methane oxidation reaction, using 0.2 wt% Pd/Al,O3 MT
catalyst, at each set hold-up temperature, i.e. 250-600 °C with 50 °C intervals and GHSV equal to 58000
NmlL/g..;h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 1.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

250 190 2.3

300 250 2.9

350 290 8.3

400 350 28

450 410 65

500 460 88

550 520 99

600 560 100
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Table 40: The catalytic activities for the methane oxidation reaction, using 0.2 wt% Pd/Al,O3 MT
catalyst, at each set hold-up temperature, i.e. 250-600 °C with 50 °C intervals and GHSV equal to 58000
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found

in Table 3 as reaction number 3.

Set Temperature

Real Temperature

Methane Conversion, Xcy,

[°C] [°C] [%]
250 200 2.2
300 240 2.2
350 300 4.4
400 340 15
450 400 42
500 450 81
550 510 99
600 560 100

Table 41: The catalytic activities for the methane oxidation reaction, using 0.2 wt% Pd/Al,Oz MT
catalyst, at each set hold-up temperature, i.e. 250-600 °C with 50 °C intervals and GHSV equal to 58000
NmlL/g..;h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found

in Table 3 as reaction number 5.

Set Temperature

Real Temperature

Methane Conversion, Xcy,

[°C] [°C] [%]
250 200 1.0
300 250 2.1
350 300 3.2
400 360 11
450 400 31
500 450 68
550 510 95
600 560 100
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Table 42: The catalytic activities for the methane oxidation reaction, using 0.2 wt% Pd/Al,O3 MT
catalyst, at each set hold-up temperature, i.e. 250-600 °C with 50 °C intervals and GHSV equal to 58000
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 6.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

250 200 0.0

300 260 0.0

350 300 1.4

400 360 25

450 400 62

500 450 98

550 500 100

600 550 100

Table 43: The catalytic activities for the methane oxidation reaction, using 0.2 wt% Pd/Al,Oz MT
catalyst, at each set hold-up temperature, i.e. 250-600 °C with 50 °C intervals and GHSV equal to 58000
NmlL/g..;h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 7.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

250 200 0.6

300 250 0.6

350 300 2.8

400 360 9.3

450 410 29

500 460 61

550 500 89

600 560 100
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Table 44: The catalytic activities for the methane oxidation reaction, using 0.2 wt% Pd/Al,O3 MT
catalyst, at each set hold-up temperature, i.e. 250-650 °C with 50 °C intervals and GHSV equal to 58000
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 8.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]
250 190 0.4
300 250 0.4
350 300 1.5
400 340 4.8
450 410 15
500 460 43
550 520 81
600 570 98
650 620 100

Table 45: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,O3 MT
catalyst, at each set hold-up temperature, i.e. 200-500 °C with 50 °C intervals and GHSV equal to 58800
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and is 0.3 °C above the real temperature. The reaction conditions can be found in Table 3
as reaction number 1.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

200 200 0.0

250 250 5.6

300 300 8.8

350 350 41

400 400 o1

450 450 100

500 500 100

Table 46: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,O3 MT
catalyst, at each set hold-up temperature, i.e. 200-500 °C with 50 °C intervals and GHSV equal to 58800
NmL/g..;h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 2.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

200 150 2.4

250 200 2.4

300 260 6.1

350 320 42

400 380 93

450 420 100

500 470 100
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Table 47: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,O3; MT cata-
lyst, at each set hold-up temperature, i.e. 250-500 °C with 25-50 °C intervals and GHSV equal to 58800
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 3.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

250 200 0.6

300 250 2.8

350 300 20

375 330 57

400 360 84

450 410 100

500 460 100

Table 48: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,O3; MT cata-
lyst, at each set hold-up temperature, i.e. 250-500 °C with 25-50 °C intervals and GHSV equal to 58800
NmlL/g..;h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 4.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

250 200 3.2

300 250 7.5

325 280 15

350 310 33

375 350 71

400 380 93

450 420 100

500 470 100
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Table 49: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,O3; MT cata-
lyst, at each set hold-up temperature, i.e. 200-500 °C with 25-50 °C intervals and GHSV equal to 58800
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found

in Table 3 as reaction number 5.

Set Temperature

Real Temperature

Methane Conversion, Xcy,

[°C] [°C] [%]
200 170 0.0
250 200 0.0
300 250 0.0
325 270 0.0
350 300 17

375 330 44

400 360 76

450 410 100
500 460 100

Table 50: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,Oz MT
catalyst, at each set hold-up temperature, i.e. 250-600 °C with 50 °C intervals and GHSV equal to 58800
NmlL/g..;h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found

in Table 3 as reaction number 6.

Set Temperature

Real Temperature

Methane Conversion, Xcy,

[°C] [°C] [%]
250 190 2.3
300 250 2.9
350 290 8.3
400 350 28
450 410 65
500 460 88
550 520 99
600 560 100

XLVII



Table 51: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,O3; MT cata-
lyst, at each set hold-up temperature, i.e. 250-450 °C with 25-50 °C intervals and GHSV equal to 58800
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 7.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

250 200 0.0

300 250 0.5

325 270 4.6

350 300 27

375 330 54

400 360 82

450 400 100

Table 52: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,O3; MT cata-
lyst, at each set hold-up temperature, i.e. 200-500 °C with 25-50 °C intervals and GHSV equal to 58800
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 8.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]
200 200 0.0
250 200 4.4
300 250 8.6
325 280 17
350 300 26
375 330 72
400 380 97
450 420 99
500 470 100

Table 53: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,O3 MT cata-
lyst, at each set hold-up temperature, i.e. 200-400 °C with 25-50 °C intervals and GHSV equal to 59400
NmL/g..:h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 9.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

200 160 0.0

250 200 0.0

275 230 0.0

300 250 0.0

325 270 10

350 300 43

400 340 100
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Table 54: The catalytic activities for the methane oxidation reaction, using 2.0 wt% Pd/Al,O3; MT cata-
lyst, at each set hold-up temperature, i.e. 200-375 °C with 25-50 °C intervals and GHSV equal to 59400
NmL/g..h. The real catalyst bed temperature were found by measuring the temperature throughout the
catalyst bed and the measurements can be found in Appendix L. The reaction conditions can be found
in Table 3 as reaction number 10.

Set Temperature Real Temperature Methane Conversion, Xcy,
[°C] [°C] [%]

200 150 0.0

250 200 0.0

300 240 16

325 271 39

350 290 89

375 320 100
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P Check of the mass balances from the reaction

Tables 55 shows the molar flows detected of CH4, N, and CO; by the gas chromatograph when
the activity of the 0.2 wt% Pd/Al,O3 SP was tested. The water is dried up and therefore not
detected. No CO was detected for any of the catalysts tested and O, is normally not detected
by the GC. The flows of each of the inlet gases are found in Section 3.4 in Table 3. The actual
and theoretical molar flows were calculated using the Equations 47, 48 and 49 in Appendix O.
When using the 0.2 wt% Pd/Al,O3 SP catalyst, only 98% of the methane was converted, as
seen in Table 38. The theoretical flows out of the reactor are calculated based on that methane

was not fully converted. 2% of the methane is not converted:

0.02 % 3.0-107% mol/s = 6.0- 10~ mol/s (51)

The rest of the C-atoms will convert to carbon dioxide, since no carbon monoxide is de-

tected, and consequently:

0.98 x3.0-107% mol/s = 2.9-107° mol/s (52)

98% of the hydrogen in the methane will be converted to water with a stoichiometric ratio

of 4:2, and the out flow of water will be:

0.98 x (1.5-107>-3.0- 10~%) mol/s

. =5.8-10"% mol/s (53)

The out flow of oxygen is:

Fo, out = Fo,.in — Fryo.ou = (1.5-107° —5.8-107%) mol/s =9.2- 10 % mol/s  (54)

Table 55 shows the calculated theoretical out flows of the components for the gases methane,
oxygen, nitrogen, carbon dioxide and water, when the methane conversion is 98%. The molar
flows out of the reactor detected by the GC and the molar flows calculated based on a 98%
methane conversion are fairly similar and are marked in red. Also, the total molar feed flow
is equal to the calculated total molar flow out of the reactor, i.e. the mass balance make up,
and it is reasonable to conclude that no bi-products are produced. When the 0.2 wt% Pd/Al,O3
MT and 2.0 wt% Pd/Al,O3 MT catalysts were tested, all the runs achieved complete methane
oxidation, 1.e. conversion equal to 100%, and therefore it is expected that the mass balances

make up. The results suggest that the GC gives reasonable data.
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Table 55: The molar flows of the gases CHy, CO; and inert N, detected by the gas chromatograph (GC)
when testing the 0.2 wt% Pd/Al,O3 SP catalyst for the methane oxidation reaction. Water was dried
and O, is normally not detected by the GC. The composition of the gases in the feed was set to be 4
NmL/min, 20 NmL/min and 176 NmL/min for methane, oxygen and nitrogen, respectively, at 1 bar and
GHSYV equal to 59400 NmL/g.h, and the gas compositions at the reactor outlet was calculated when a

98% methane conversion was achieved at 540 °C in the catalyst bed.

Compound Set molar flow in Molar flow out Molar flow out

(by GC) (calculated)
[mol/s] [mol/s] [mol/s]
CH4 3.0-107° 6.1 -1078 6.0-10°8
Ny 1.3-10°% 1.3-107% 1.3-10°*
0, 1.5-1073 - 9.2.10°°
CO, 0.0 29.10°° 29-107°
H,0 0.0 - 5.8-10°°
Total 1.5-107% 1.3-107% 1.5-107%
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