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ABSTRACT
Kinetic Studies of Oxidative Coupling of Methane Reaction on Model
Catalysts
Abdulaziz Mohammed Khan

With the increasing production of natural gas as a result of the advancement in the
technology, methane conversion to more valuable products has become a must. One of the
most attractive processes which allow the utilization of the world’s most abundant
hydrocarbon is the oxidative coupling. The main advantage of this process is the ability of
converting methane into higher paraffins and olefins (primarily C2) in a direct way using a
single reactor. Nevertheless, low C2+ yields have prevented the process to be
commercialized despite the fact that great number of attempts to prepare catalysts were
conducted so that it can be economically viable. Due to these limitations, understanding
the mechanism and kinetics of the reaction can be utilized in improving the catalysts’
performance. The reaction involves the formation of methyl radicals that undergo gasphase radical reactions. CH4 activation is believed to be done the surface oxygen species.
However, recent studies showed that, in addition to the surface oxygen mediated pathway,
an OH radical mediated pathway have a large contribution on the CH4 activation. The
experiments of Li/MgO, Sr/La2O3 and NaWO4/SiO2 catalysts revealed variation of
behavior in activity and selectivity. In addition, water effect analysis showed that Li/MgO
deactivate at the presence of water due to sintering phenomena and the loss of active sites.
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On the other hand, negative effect on the C2 yield and CH4 conversion rate was observed
with Sr/La2O3 with increasing the water partial pressure. Na2WO4/SiO2 showed a positive
behavior with water in terms of CH4 conversion and C2 yield. In addition, the increment in
CH4 conversion rate was found to be proportional with PO124 PH122O which is consistent with
the formation of OH radicals and the OH-mediated pathway. Experiments of using ringdye laser, which is used to detect OH in combustion experiments, were tried in order to
detect OH radicals in the gas-phase of the catalyst. Nevertheless, noisy signals were
obtained that prevented the ability of detecting OH at the expected few ppms
concentrations. Further optimization of the experimental setup is required.

5

ACKNOWLEDMENTS
All praise, gratitude and glory are due to Almighty Allah, the most gracious and the most
merciful. I thank Him for all the blessings surrounding me and for providing me with the
right atmosphere and the great people to accomplish this work.
I would like to thank my family: my beloved parents, my dear wife, my children, my sister
and brothers, and my parents-in-law for their consistent care and spiritual support.
This work would not been possible to complete without the help and the support of many
kind people.
First of all, I would like to express my sincere gratitude to my advisor, Prof. Kazuhiro
Takanabe, for his guidance and continuous support along the entire journey. I have
received an exceptional training from him that will help me a lot in my future. I would like
also to thank my thesis defense committee members, Prof. Mani Sarathy and Prof. Aamir
Farooq for their insightful comments and encouragement.
My appreciation also goes for my colleagues Dr. Jung-Hyun Park, Dr. Somphonh Peter
Phivilay and the other members of Catalysis for Energy Conversion group for their help
and support. I would like also to send my gratitude to the faculty, lab staff and students for
making my research time in the KAUST Catalysis Center a great experience. I would like
also to acknowledge Mr. Fathi Khaled and Prof. Aamir Farooq’s group at the Clean
Combustion Research Center for their contributions in the OH detection part of this work.
My sincere acknowledgement also extends to my friends, colleagues and individuals who were
willing to help in the research.

6

TABLE OF CONTENTS
Page
EXAMINATION COMMITTEE APPROVALS FORM …...……………………………2
ABSTRACT ........................................................................................................................ 3
ACKNOWLEDMENTS ..................................................................................................... 5
TABLE OF CONTENTS .................................................................................................... 6
LIST OF FIGURES ............................................................................................................ 8
LIST OF TABLES ............................................................................................................ 13
Chapter 1: Introduction ..................................................................................................... 14
1.1. Natural Gas ............................................................................................................ 14
1.2. Oxidative Coupling of Methane............................................................................. 17
1.3. Thermodynamics.................................................................................................... 19
1.4. Reaction Mechanism .............................................................................................. 21
1.5. Objective ................................................................................................................ 22
Chapter 2: Experimental Section ...................................................................................... 23
2.1. Catalyst Preparation ............................................................................................... 23
2.1.1. Chemicals ........................................................................................................ 23
2.1.2. Catalyst Synthesis ........................................................................................... 23
2.2. Catalyst Activity Tests ........................................................................................... 24
2.2.1 Reactor Setup ................................................................................................... 24
2.2.3. Reaction Conditions ........................................................................................ 25
2.2.4. Catalyst Activity Calculations ........................................................................ 26
2.3. Characterization Methods ...................................................................................... 27

7
2.3.1. Nitrogen Physisorption ................................................................................... 28
2.3.2. Inductively Coupling Plasma Optical Emission Spectroscopy (ICP-OES) .... 29
Chapter 3: Results and Discussion .................................................................................... 30
3.1. Elementary Steps and Rate Laws ........................................................................... 30
3.2. Kinetic Analysis Using Li/MgO ............................................................................ 33
3.3. Kinetic Analysis Using Sr/La2O3 ........................................................................... 42
3.4. Kinetic Analysis Using Na2WO4/SiO2................................................................... 52
Chapter 4: OH Detection .................................................................................................. 63
4.1. Introduction ............................................................................................................ 63
4.2. OH Radical Thermodynamics................................................................................ 65
4.3. Reaction Kinetics ................................................................................................... 67
4.4. Experimental Setup ................................................................................................ 70
4.4.1. First Setup ....................................................................................................... 70
4.4.2. Second Setup ................................................................................................... 72
4.5. Experimental Method: ........................................................................................... 73
4.6. Challenges .............................................................................................................. 74
4.7. Results .................................................................................................................... 76
Chapter 5: Conclusions ..................................................................................................... 77
REFERENCES ................................................................................................................. 79

8

LIST OF FIGURES
Figure 1. Annual production of natural gas in the US in trillion cubic feet [2]. .............. 14
Figure 2. Schematic image of the surface O*-mediated and the OH radical mediated
pathways involved in the OCM reaction. ......................................................................... 21
Figure 3. Schematic image of the catalyst activity testing setup. .................................... 24
Figure 4. Sample plot of CH4 conversion rate as function of CH4 conversion showing the
zero conversion extrapolation. The intercept of y-axis represent the rate at zero
conversion. ........................................................................................................................ 27
Figure 5. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as a
function of time on stream over Li/MgO catalyst (0.2 g, 1073 K, 20 kPa CH4, 3.33 kPa
O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1). .................... 33
Figure 6. CH4 conversion rate dependence on A) methane partial pressure and B) oxygen
partial pressure with Li/MgO catalyst without H2O (0.2 g, 1073 K, 5−20 kPa CH4,
0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml
min−1). ............................................................................................................................... 35
Figure 7. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Li/MgO catalyst (0.2 g,
1073 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa H2O, total pressure= 101 kPa
balanced by He, total flowrate= 60−150 ml min−1). ......................................................... 36
Figure 8. CH4 conversion rate dependence on oxygen partial pressure after introducing
water with Li/MgO catalyst without H2O (0.2 g, 1073 K, 10 kPa CH4, 0.83−3.33 kPa O2,
total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml min−1). .................. 37
Figure 9. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as a
function of time on stream over Li/MgO catalyst (0.15 g, 923 K, 20 kPa CH4, 3.33 kPa
O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1). .................... 39
Figure 10. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Li/MgO catalyst without H2O (0.15 g, 923 K, 5−20 kPa

9
CH4, 0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60−150
ml min−1). .......................................................................................................................... 40
Figure 11. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Li/MgO catalyst (0.2 g,
1073 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa H2O, total pressure= 101 kPa
balanced by He, total flowrate= 60−150 ml min−1). ......................................................... 41
Figure 12. CH4 conversion and C2+ selectivities in the oxidative coupling of methane
after introducing water as a function of time on stream over Li/MgO catalyst (0.15 g, 923
K, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60
ml min−1). .......................................................................................................................... 42
Figure 13. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as a
function of time on stream over Sr/La2O3 catalyst (0.05 g, 1073 K, 20 kPa CH4, 3.33 kPa
O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1). .................... 43
Figure 14. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as a
function of time on stream over Sr/La2O3 catalyst 50x diluted with SiO2 (0.05 g, 1073 K,
20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml
min−1). ............................................................................................................................... 43
Figure 15. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Sr/La2O3 catalyst 50x diluted with SiO2 without H2O (0.05
g, 1073 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He,
total flowrate= 60−150 ml min−1). .................................................................................... 44
Figure 16. CH4 conversion and C2+ selectivities in the oxidative coupling of methane
after introducing water as a function of time on stream over Sr/La2O3 catalyst 50x diluted
with SiO2 (0.05 g, 1073 K, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced by
He, total flowrate= 60 ml min−1)....................................................................................... 45
Figure 17. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Sr/La2O3 catalyst 50x
diluted with SiO2 (0.05 g, 1073 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa H2O,
total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml min−1). .................. 46

10
Figure 18. Plot of CH4 conversion and C2+ selectivity as a function of temperature using
Sr/La2O3 catalyst (0.004 g, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced
by He, total flowrate= 60 ml min−1).................................................................................. 47
Figure 19. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as a
function of time on stream over Sr/La2O3 catalyst (0.004 g, 923 K, 20 kPa CH4, 3.33 kPa
O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1). .................... 48
Figure 20. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Sr/La2O3 catalyst without H2O (0.004 g, 923 K, 5−20 kPa
CH4, 0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60−150
ml min−1). .......................................................................................................................... 49
Figure 21. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Sr/La2O3 catalyst (0.004
g, 923 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa H2O, total pressure= 101 kPa
balanced by He, total flowrate= 60−150 ml min−1). ......................................................... 50
Figure 22. CH4 conversion and C2+ selectivities in the oxidative coupling of methane
after introducing water as a function of time on stream over Sr/La2O3 catalyst (0.004 g,
923 K, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate=
60 ml min−1). ..................................................................................................................... 51
Figure 23. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as a
function of time on stream over Na2WO4/SiO2 catalyst (0.1 g, 1073 K, 20 kPa CH4, 3.33
kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1). ............. 53
Figure 24. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Na2WO4/SiO2 catalyst without H2O (0.1 g, 1073 K, 5−20
kPa CH4, 0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate=
60−150 ml min−1).............................................................................................................. 55
Figure 25. Plot of incremental CH4 conversion rate (calculated from the difference
between zero conversion rates with water and without water) as a function of PO124 PH122O
over Na2WO4/SiO2 catalyst (0.1 g, 1073 K, 10 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa,
total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml min−1). .................. 56

11
Figure 26. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Na2WO4/SiO2 catalyst
(0.1 g, 1073 K, 10 kPa CH4, 1.11 kPa O2, 0−2.3 kPa, total pressure= 101 kPa balanced by
He, total flowrate= 60−150 ml min−1). ............................................................................. 57
Figure 27. Plot of CH4 conversion and C2+ selectivity as a function of temperature using
Na2WO4/SiO2 catalyst (0.3 g, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced
by He, total flowrate= 60 ml min−1).................................................................................. 58
Figure 28. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Na2WO4/SiO2 catalyst without H2O (0.3 g, 923 K, 5−20 kPa
CH4, 0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60−150
ml min−1). .......................................................................................................................... 59
Figure 29. Plot of incremental CH4 conversion rate (calculated from the difference
between zero conversion rates with water and without water) as a function of PO124 PH122O
over Na2WO4/SiO2 catalyst (0.3 g, 923 K, 10 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa,
total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml min−1). .................. 60
Figure 30. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Na2WO4/SiO2 catalyst
(0.3 g, 923 K, 10 kPa CH4, 1.11 kPa O2, 0−2.3 kPa, total pressure= 101 kPa balanced by
He, total flowrate= 60−150 ml min−1). ............................................................................. 61
Figure 31. OH radical detection limit as a function of temperature (L=15 cm). ............. 64
Figure 32. OH radical detection limit as a function of the laser path length, L (900 K, 1
atm). .................................................................................................................................. 64
Figure 33. Concentration of OH radicals as a function of temperature (0.3 atm O2 and
0.04 atm H2O). .................................................................................................................. 67
Figure 34. OH production by reaction of water and oxygen from Chemkin Pro
simulation[151]. ................................................................................................................ 68
Figure 35. OH sensitivity (1000 °C, 3 kPa O2, 3 kPa H2O, 1 atm balanced by He). ....... 69
Figure 36. Schematic image of the OH detection experiment first setup. ....................... 70

12
Figure 37. Pictures of the OH detection first setup. ......................................................... 71
Figure 38. Schematic image of the OH detection experiment second setup.................... 72
Figure 39. Picture of the OH detection second setup. ...................................................... 73

13

LIST OF TABLES
Table 1. Typical composition of natural gas [4, 5]. ......................................................... 15
Table 2. Acids used for the digestion during the sample preparation for ICP analysis. .. 29
Table 3. Li content and BET surface areas of Li/MgO catalyst before and after the heat
treatment, and after reaction and water effect tests........................................................... 38
Table 4. Sr content and BET surface areas of Sr/La2O3 catalyst before and after the heat
treatment, and after reaction and water effect tests........................................................... 52
Table 5. Na and W content and BET surface areas of Na2WO4/SiO2 catalyst before and
after the heat treatment, and after reaction and water effect tests. .................................... 54
Table 6. Rate constants and conversion rates of surface O*-mediated (k’, r’) and OH
radical- mediated (k’’, r’’) pathways with Na2WO4/SiO2 catalyst at different temperatures
at typical reaction conditions (10 kPa CH4, 1.7 kPa O2, 1.7 kPa H2O). ........................... 62
Table 7. Reaction thermodynamics calculations and OH concentrations at different
temperatures. ..................................................................................................................... 66

14

Chapter 1: Introduction
1.1. Natural Gas
With the discovery of new natural gas wells in the world and the movement to find
alternatives to crude oil, more research interest of purifying and utilizing natural gas has
raised in the last decade. Moreover, the recent developments in the fracking process that
allow the extraction of the shale gas in competitive prices [1] and, hence, lead to the
surprising increase in natural gas production. A report from the US Energy Information
Administration (EIA) [2] showed a significant rise in the natural gas production in the
last eight years which is more significant the one prior to the peak in the 1970 and is
continuing to increase. It is expected to exceed the 30 trillion cubic feet line in 2020, as it
can be seen in Figure 1.
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Figure 1. Annual production of natural gas in the US in trillion cubic feet [2].
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Another example is the recent discoveries of natural gas fields in Saudi Arabia which, in
addition to the associated gas from the oil crude fields, have increased more than 20
trillion cubic feet to its gas reserves in the last decade [3]. These findings along with the
fact of the rising interest of being less dependent on crude oil in the energy and the
petrochemical industry have grabbed the attention of the scientific community and the
companies’ research interests to investigate the utilization of natural gas. A typical
composition of natural gas is shown in Table 1. It can be seen that majority of the natural
gas is methane.
Table 1. Typical composition of natural gas [4, 5].

Compound

Symbol

Range (mol %)

Methane

CH4

Ethane

C2H6

Propane

C3H8

Butane

C4H10

Carbon Dioxide

CO2

Oxygen

O2

0 − 0.2 %

Nitrogen

N2

0−5%

Hydrogen sulphide

H2S

0−5%

Rare gases

A, He, Ne, Xe

70 − 90 %

0 − 20 %

0−8%

trace

Methane is a colorless and odorless gas at standard conditions but the addition of an
odorant, typically tert-butylthiol containing blend, gives it the familiar smell for safety
purposes [6]. It is the simplest existing alkanes with one carbon atom and has a stable

16
tetrahedral structure with four equivalent C-H bonds. It also has the highest C-H bond
strength among the other alkanes (439 kJ mol−1) [7] which makes breaking just one the
four bonds very difficult.
Currently, methane is mainly used as an energy source. The highest consumption of
methane is in power generation with about 40 % [8]. Other sectors include the residential
and commercial buildings that use methane for heating, cooling and cooking. Industry
uses about third of the methane production [9]. Methane in industry is not only used for
the purposes mentioned in residences and commercial buildings, it is also used as a raw
material to produces more valuable chemicals through direct or indirect routes [10, 11].
Indirect routes are more developed technologies at which methane is used to produce
syngas with range of H2/CO ratio subjected to the reforming technology used [12-15].
Syngas is then used as an intermediate for the production of methanol, hydrogen and
ammonia. It is also used to produces synthetic lubrication oil and synthetic fuel via
Fischer–Tropsch process. Commercially, there are two existing technologies for methane
reforming: steam methane reforming (SMR) and autothermal reforming (ATR) [16-19].
Both operate at high temperature and pressure and they are only profitable at large scale
applications. Although SMR works at lower temperature (1100−1200 K) and lower
pressure (14−40 bar) than ATR (1200−1400 K, 100 bar) [10, 20], it was proven that
hydrogen production from a well-designed SMR is more cost-effective than an ATR,
despite the fact that an SMR is more expensive to build [21]. Another route that has been
investigated excessively in the last few years is the dry reforming of methane (DRM)
which is sometimes referred to as the “carbon dioxide reforming” [22-25]. The main
advantage of this process is the ability of utilizing two of the greenhouse gases, methane
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and carbon dioxide, to produce syngas but in lower H2/CO ratio than the other reforming
processes. Nevertheless, the main the challenge of DRM lays on coke deposition which
causes deactivation of the catalyst [26].
Another interesting route which is less developed than the indirect processes to utilize
natural gas is the direct conversion of methane to more valuable hydrocarbon and
oxygenates through selective oxidation [27-30]. It has the advantage of less capital cost
compared with the indirect processes [31]. However, none of the direct conversion
processes has been taken on board for commercialization due to the low yields achieved
so far to make them economically feasible. Direct routes include the partial oxidation of
methane into methanol and formaldehyde [32-36] and dehydroaromatization of methane
to benzene [37-42]. Both reactions are very challenging and have thermodynamics
limitations that require more investigation. Oxidative coupling of methane (OCM) is
another process that involve the direct transformation of methane into ethane and
ethylene at high temperature [43].
In this work, we focus on oxidative coupling of methane (OCM) process which has a
great potential in the near future and try to understand the mechanism and the kinetics of
the reaction over various catalysts.

1.2. Oxidative Coupling of Methane
Oxidative coupling of methane (OCM) is one of the rising research investigated reactions
again after it was in the 80s and the 90s one of the hottest topics in the scientific
community [44-67]. Since then, research on this reaction was not grapping the interest of
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research scientists and companies’ R&Ds due to its low economic feasibility as a result of
the low C2+ yield [68, 69]. However, due to the rising dependency of natural gas and the
movement of utilizing methane as well as the ability of producing shale gas in
competitive prices, more attention has been given to the oxidative coupling of methane
reaction. Not only this reaction allows the utilization of methane, it also provides the
ability of converting methane to olefins in one reactor which is very attractive
economically compared with the other routes. Large number of OCM catalysts have been
investigated over the last three decades including catalysts based on MgO [70-76], La2O3
[77-86] and other rare earth oxides [87-100]. Few catalysts, however, succeeded in
achieving selectivities and conversions that meet the widely accepted economical target
of ~ 30 % C2 yield per pass with 90 % of selectivity and high rates under undiluted air
and methane feed conditions [51, 52, 54]. Therefore, understanding the mechanism and
the kinetics of the reaction as well as investigating the design of the reactor will help in
taking the reaction to the commercialization step. The current commercialization trials
are being done by Siluria Technologies which recently announced the completion of an
OCM demonstration plant using novel nanowire catalysts [101].
The reaction was first reported by Keller and Bhasin [102] in 1982. The principle product
of the reaction is ethylene, the fundamental building block of the petrochemical industry.

CH4 + 12 O2  12 C2 H4 +H2O

(ΔrH0 = −140.7 kJ mol−1)

(1)

However, less desired products such as ethane as well as higher alkanes, with much lower
selectivity, are also produced. In addition, complete oxidation promote the formation of
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undesired carbon monoxide and carbon dioxide. Scheme 1 shows a simplified reaction
pathway of the OCM reaction.

CH4

C2H6

C3H8

C2H4

C3H6

C4

COx
Scheme 1. Simplified scheme showing the OCM reaction
pathway at high conversion.

1.3. Thermodynamics
The main reactions in OCM following Stansch mechanism [55, 84] can be described by
Equations. 2-11. Although the oxidative coupling of methane reaction is exothermic, high
reaction temperature is needed to activate the methane C−H bond in CH4 [10]. Moreover,
high temperature also contribute to the selectivity towards C2+ hydrocarbons as it can be
concluded from Equations 2-5 that describe the conversion of methane. From the
standard enthalpy of reaction of Equations 2-5, it can be seen that the partial oxidation
(Equation 4) and total oxidation (Equation 5) of methane are much more
thermodynamically favorable than the oxidative coupling. Hence, high temperature is
required to promote Equation 2 and Equation 3. However, the situation is not as simple as
that since at high temperature endothermic reactions become more dominant that are: the
steam reforming of ethylene (Equation 8) and the thermal dehydrogenation of ethane to
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ethylene (Equation 9). Dehydrogenation of ethane (Equation 9), which is the only
homogenous non-catalytic reaction among the other reactions, can promote the
subsequent dehydrogenation of ethylene to lower hydrocarbons and carbon oxides, if not
controlled.
ΔrH0 (kJ mol−1)

CH4 + 14 O2  12 C2H6 + 12 H2O

−87.9

(2)

−53.8

(3)

CH4 + 32 O2  CO+2H2O

−519.3

(4)

CH4 +2O2  CO2 +2H2O

−802.2

(5)

CO+ 12 O2  CO2

−283

(6)

1
2

C2 H6 + 14 O2  12 C2H4 + 12 H2O

1
2

C2 H4 +O2  CO+H2O

−378.6

(7)

1
2

C2 H4 +H2O  CO+2H2

+105.1

(8)

1
2

C2 H6  12 C2 H4 + 12 H2

+68.1

(9)

CO+H2O  CO2 +H2

−41.2

(10)

CO2 +H2  CO+H2O

+41.2

(11)
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1.4. Reaction Mechanism
The reaction involves the formation of methyl radicals which then either couple with
each other in the gas-phase to produce ethane and higher hydrocarbons, or react with
oxygen to produce carbon monoxide which can be further oxidized to carbon dioxide. It
is widely believed that formation of methyl radicals happens on the surface of the catalyst
through the reaction of methane with surface oxygen. However, it was recently reported
that, in addition to the surface atomic oxygen mediated pathway, OH radical mediated
pathway has a large contribution in the reaction and the formation of methyl radical. This
pathway involves the reaction of methane in the gas-phase with OH radicals that were
formed from the surface reaction of water with oxygen. These findings were concluded
out of kinetic studies of Mn/Na2WO4/SiO2 and Na2WO4/SiO2 at which the addition of
water was analyzed [56, 57, 103]. Enhancement in methane conversion and C2 selectivity

Figure 2. Schematic image of the surface O*-mediated and the OH radical mediated
pathways involved in the OCM reaction.
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as well as significant increase in methane conversion rate were observed with increasing
the water pressure.

1.5. Objective
In this work, we conducted kinetic studies as well as the effect of water addition on two
other famous OCM catalysts: Li/MgO [104-120] and Sr/La2O3 [121-127], and compare
them with Na2WO4/SiO2 [57, 103, 128-135] at different temperatures. We also tried to
utilize the ring dye laser which is used to detect OH radicals generated during fuel
combustion in shock tube experiments for this reaction. The idea is to pass the laser just
above the catalyst bed trying to detect the OH radicals desorbed to the gas-phase.
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Chapter 2: Experimental Section
2.1. Catalyst Preparation
2.1.1. Chemicals
In order to prepare 7 wt. % Li/MgO, 1 wt. % Sr/La2O3, and 5 wt. % Na2WO4/SiO2,
various precursors and supports were used.
Li2CO3 (Sigma-Aldrich, 99.997 %), Sr (NO₃)₂ (Strem Chemicals, 99+ %) and
Na2WO4.2H2O (Sigma-Aldrich, 99 %) were used as catalyst precursors while MgO
(Sigma-Aldrich, 99.995 %), La2O3 (Sigma-Aldrich, 99.999 %), and SiO2 (Evonik,
Hydrophilic fumed silica, AEROSIL 130) as supports, respectively.

2.1.2. Catalyst Synthesis
Wetness impregnation is the preparation method used for the all catalysts in this work. In
this method, catalyst precursor was dissolved in water and let stirred by a magnetic stirrer
for 10−30 min. Then, the support was added. The solution was stirred for 3 h. Next, water
was removed using rotary evaporator and the formed sample was dried in 80 °C oven for
3 h. Catalyst was then heat treated in a tubular furnace under a flow of dry air (100 ml
min−1) at 1173 K for 8 h at a rate of 2 K min−1 in order to produce samples at conditions
relevant to the reaction conditions.
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2.2. Catalyst Activity Tests
2.2.1 Reactor Setup
The reactor setup used for catalyst activity tests is shown in Figure 3. Schematic image
of the catalyst activity testing setup. Fixed bed U-shaped tubular reactor (4 mm I.D.)
made out of quartz was used to test the activity of catalyst samples. The samples were
supported on quartz wool. The catalyst testing setup include a high temperature furnace
and a temperature controller with a K-type thermocouple located outside the catalyst bed
capable of marinating the high range of reaction temperature (873−1073 K). CH4 (99.995
%), O2 (20 % balanced with He), and He (99.999 %) cylinders were purchased from
Abdullah Hashim Industrial Gases & Equipment Co. Ltd. (AHG) and used for the
catalysts activity tests.

Figure 3. Schematic image of the catalyst activity testing setup.
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The gases flowing from theses cylinders were regulated through three Brooks mass flow
controllers that were calibrated for the three gases using a portable mass flow controller.
H2O gas was introduced to the system using a water saturator at which the water vapor
pressure was controlled through changing the water temperature using a minichiller.
Furthermore, a Varian Gas Chromatography (450-GC) was used to analyze the
concentrations of the various gases in the effluent stream of the reactor. It has two
detectors: a flame ionization detector (FID) to detect hydrocarbons from C1 to C4, and a
thermal conductivity detector (TCD) to detect CO2 and CO. Two columns were used with
TCD: a molecular sieve 5 A and a HayeSep Q, while a Varian CP-Wax 52 CB capillary
column was used with the FID. A carbon balance of 100 % for TCD and FID was
obtained for all the catalysts using this configuration.

2.2.3. Reaction Conditions
Although various temperatures and gas hourly space velocities (GHSVs) as well as a
range of partial pressures of the reactants were used in this study, a constant pressure of
atmospheric pressure (101.325 kPa) was used for all the catalysts in this work. A
temperature range of 873−1073 K was used. With regard to the GHSV range, total flow
rate range of 60−150 ml min−1 while the weight of the catalysts was varied in order to
achieve low conversion for the kinetic studies. This makes the GHSVs for each catalyst
vary with the weight used. 5−20 kPa of CH4 partial pressure and 0.83−3.33 kPa O2 partial
pressure ranges were used in this work. He partial pressure was varied accordingly to
balance the pressure in a way to keep the total pressure at 101 kPa. In the stability tests,
the highest partial pressures of CH4 and O2 at the lowest total flow rate were used. In
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other words, 20 kPa of CH4 and 3.33 kPa of O2 balanced with He to achieve atmospheric
pressure at a total flow rate of 60 ml min−1 were used in the stability tests. In the water
effect tests, a range of 0.9−2.3 kPa of H2O partial pressure was introduced.

2.2.4. Catalyst Activity Calculations
Conversion of methane, C2 selectivity and yield, and CH4 conversion rate were
calculated from the concentrations obtained from the GC suing the following equations:

CH4 conversion  %  =

C2 selectivity  %  =

Carbon moles of  C 2 H 6 ,C 2 H 4 ,C3 H 8 ,C3H 6 ,CO 2 and CO 

Carbon moles of  C 2 H 6 ,C 2 H 4 ,C3 H 8 ,C3H 6 ,CO 2 ,CO and CH 4 out 

Carbon moles of  C2 H6 and C2 H 4 

Carbon moles of  C2 H6 ,C2 H 4 ,C3 H8 ,C3 H6 ,CO2 and CO 

×100

(12)

×100

(13)

C2 yeild  % = C2 selectivity  %  CH4 conversion (%) 100

CH 4 conversion rate (μmol g -1 s-1 ) =

CH 4 in (μmol)×CH 4 conversion (%)÷100
Catalyst weight (g)

(14)

(15)

In order to minimize the effect of the backward reaction on the conversion rate, zero
conversion rate method was utilized in this work. Zero conversion rates are calculated
through extrapolating the measured rates at a range GHSVs, by changing the total flow
rate, to zero at certain reaction conditions (temperature, reactants partial pressures). It is
done through plotting a graph of the conversion rate as a function of the CH4 conversion

27
at different GHSVs. The intercept of the plot with the y-axis represents the rate at zero
conversion. An example plot is shown in Figure 4. Excel was used to determine the
intercept with the y-axis. Low conversion range, close to zero, is recommended in order
to get more accurate extrapolation.

Figure 4. Sample plot of CH4 conversion rate as function of CH4 conversion showing the
zero conversion extrapolation. The intercept of y-axis represent the rate at zero
conversion.

2.3. Characterization Methods
Beside the activity test experiments, other characterization techniques were used to
characterize the catalyst samples before and after the reaction including:
1. Nitrogen Physisorption
2. Inductively Coupling Plasma Optical Emission Spectroscopy (ICP-OES)
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2.3.1. Nitrogen Physisorption
N2 physisorption is an analysis technique that employs the van der Waals forces as the
gas adsorb on the surface of a solid sample in order to determine its surface area. The
adsorbate in this case is N2 while the adsorbent is the catalyst sample to be characterized.
It starts by pretreating the sample with heat and vacuum in order to evacuate the sample
form moisture and other gases. The sample is then cooled down under vacuum to
cryogenic temperature using liquid nitrogen. Next, nitrogen is dosed incrementally to the
sample and once the pressure equilibrium is achieved at each increment, the amount of
nitrogen adsorbed is recoded [136]. Since all the catalysts in this study are nonporous at
the severe reaction conditions presented, Brunauer-Emmett-Teller (BET) model [137]
was used and BET surface area was determined. Micrometrics ASAP 2420 Accelerated
Surface Area and Porosimetry System was used at the following conditions:
1. Degassing conditions:
a. Evacuation at 90 °C for 60 min at a ramp rate of 10 °C min−1.
b. Heating at 150 °C for 240 min at a ramp rate of 10 °C min−1.
2. Analysis conditions:
a. Relative pressure range of 0.01 to 0.995 at which the adsorption range
from 0.01 to 0.30 was used for BET surface area.
b. Equilibration interval was 30 s.
c. Backfill sample with nitrogen at the end of the analysis.
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2.3.2. Inductively Coupling Plasma Optical Emission Spectroscopy
(ICP-OES)
It is an analysis technique that is used to determine the trace metals. It has the ability to
detect them in ppm level. The analysis is based on utilizing the inductively coupling
plasma (ICP) to excite the atoms and the ions in the sample which as a result emit
electromagnetic radiation at characteristic wavelengths. Each element has particular
wavelength. Hence, the concentration can be metals in the sample can be calculated
[136]. Since it is a solution technique, solid catalyst samples (0.02−0.04 g) had to be
microwave digested using appropriate acids before they were introduced to the analysis
machine. The digestion took place in closed Teflon vessels [138]. Table 2 shows the
acids used for digesting the metals in this study. The instrument used for ICP analysis to
determine the bulk composition was Varian 720-ES.

Table 2. Acids used for the digestion during the sample preparation for ICP analysis.

Metal

Reagent

Li

HNO3

Sr

HNO3

Na

HNO3

W

Hf+HNO3
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Chapter 3: Results and Discussion
3.1. Elementary Steps and Rate Laws
In order to minimize the effect of the backward reaction in Equation 1, zero conversion
rates were utilized in this kinetic study. This method allows the direct correlation of the
net rate calculated from the experiment (rn) with the forward rate of the reaction (rf)
which solely depends on the reactants partial pressures. Zero conversion rates are
obtained from extrapolating the measured rates at various flowrates to zero.
rn  rf  rb

(16)

The reaction elementary steps that used in this kinetic study can be shown in the
following equations at which Equations 17-20 describe the surface oxygen mediated
pathway to form methyl radical following an Eley-Rideal type of mechanism. Equations
17-18 represent the mechanism of surface atomic oxygen formation which can be quasi
equilibrium approximated (QEA) to form Equation 19. Methyl radical formation reaction
from surface oxygen mediated pathway is shown in Equation 20.
K'

O2


 O2*
O2 + * 


K ''

O2


 2O*
O + * 


*
2

(17)

(18)

QEA:
O2


 2O*
O2 +2* 


K

(19)
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k

O
CH4 +O* 
 CH3 +OH* +*
*

(20)

On the other hand, the OH radical mediated pathway can be described in Equations 2126. The OH radical formation on the catalyst surface and its desorption into the gas-phase
are summarized in Equations 21-22. Formation of OH radical can be quasi equilibrium
approximated to form Equation 23. Its reaction with methane in the gas-phase to from
methyl radical can be shown in Equation 24.
K


 O* +H2O+*
2OH* 

H 2O*

(21)

K'

K'


 OH  *
OH* 

OH

or


 OH* +OH
H2O+O* 

OH

(22)

QEA:
K

OH

 4OH
O2 +2H2O 


k

OH
CH4 +OH 
 CH3 +H2O

(23)

(24)

The rate law obtained from these elementary steps can be described by the sum of the
rates from the surface O* mediated (r’) and the OH radical mediated (r’’) pathways as in
Equation 25.
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rCH4  r   r ''

(25)

Since the reaction step in Equation 20 is the rate determining step for the surface O*
mediated pathway, r’ can be written as:

r '  kO* PCH 4

KO1/22 PO1/2
2
1  KO1/22 PO1/2
2

(26)

The oxygen coverages are very small during OCM catalysis with weak adsorption ( K O2
<< 1) and, hence, Equation 26 becomes:
r '  kO* KO1/22 PCH4 PO1/2
2

(27)

On the other hand the rate determining step of the OH radical mediated pathway is the
reaction step represented by Equation 24. From the quasi equilibrium approximation
(QEA) in Equation 23, OH radical partial pressure is proportional with PO124 PH122O . Hence,
r’’ can be written as:
r ''  kOH KOH PCH4 PO1/4
PH1/22O
2

(28)

The overall rate constants of the two pathways can be referred to as k’ and k’’,
respectively, which can be described by Equation 29 and Equation 30 based on the
reaction elementary steps.
k '  kO* KCH4 KO1/22

(29)

k ''  kOH KOH

(30)
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3.2. Kinetic Analysis Using Li/MgO
Prior to the kinetic analysis, stability test of 7 wt. % Li/MgO was conducted over 1 day to
ensure that the analysis is consistent and no deactivation is happening. Stability over
several hours relevant to the analysis time, as illustrated in Figure 5, was achieved at
which low CH4 conversion and high C2 selectivity were achieved. A drop of CH4
conversion and a slight improvement in C2 selectivity during the first 15 hours of the
stability test were observed which can be attributed to impurities presented during the
synthesis. It also indicates that the heat treatment time was not sufficient.
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Figure 5. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as a
function of time on stream over Li/MgO catalyst (0.2 g, 1073 K, 20 kPa CH4, 3.33 kPa
O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1).

After the stability test, zero extrapolation of methane conversion rates measured at
various conditions was used to determine the effects of changing the partial pressures of
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the reactants. It was found out that the rate of methane conversion is directly proportional
with CH4 pressure and is zero order with respect to O2 (Figure 6). This suggests that the
adsorption of methane to the catalyst surface is the rate determinant step indicating a
Langmuir-Hinshelwood type of mechanism instead at which both oxygen and methane
adsorb on the surface and then react to produce methyl radicals. Therefore, Equation 27
can be rewritten in this case as:
r '  k ' PCH4

(31)

The rate constant of the surface atomic oxygen reaction (k’) is calculated from the slope
of Figure 6 A and found out to be 0.11 µmol g−1 s−1 kPa−1.
Water effect was studied and significant decline in the reaction rate was witnessed when
introducing water (Figure 7 A). A sharp decline in conversion and a slight decrease in C2
selectivity were also observed (Figure 7 B).
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Figure 6. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Li/MgO catalyst without H2O (0.2 g, 1073 K, 5−20 kPa CH4,
0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml
min−1).
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Figure 7. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Li/MgO catalyst (0.2 g,
1073 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa H2O, total pressure= 101 kPa
balanced by He, total flowrate= 60−150 ml min−1).
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A comparison between Figure 8, which shows an experiment done after introducing
water, and Figure 6 B (before water addition) can explain that deactivation of the catalyst
is occurring. This result is consistent with what has been reported in the literature [71, 72,
110] which demonstrates that sintering of active sites occurs as a result of adding water to
MgO. Hence, coming up with a rate law that includes the water term is very difficult.
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Figure 8. CH4 conversion rate dependence on oxygen partial pressure after introducing
water with Li/MgO catalyst without H2O (0.2 g, 1073 K, 10 kPa CH4, 0.83−3.33 kPa O2,
total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml min−1).

Inductively coupled plasma optical emission spectroscopy (ICP-OES) of the Li content in
the catalyst samples before and after the reaction and after the addition of water as well as
BET surface area of the samples are shown in Table 1. The big decrease of Li weight in
the sample explains that the reason behind the deactivation is loss of the active site rather
than decrease in the surface area since the BET surface area did not change. Therefore, it
can be concluded that the catalyst was already sintered and deactivated by the heat
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treatment as can be seen from the difference in BET surface area before and after the heat
treatment. However, Li sublimation at the presence of water was the cause of the further
deactivation observed.
Table 3. Li content and BET surface areas of Li/MgO catalyst before and after the heat
treatment, and after reaction and water effect tests.

Li/MgO catalyst

Li (wt. %)

SBET (m2 g−1)

Before heat treatment

2.7

49

After heat treatment

2.3

3

After reaction and water effect tests

0.1

3

Moreover, a change in the reaction order with respect to oxygen partial pressure from
zero order to almost half order can be observed from the comparison between Figure 8
and Figure 6 B. In other words, Li/MgO is kinetically different from MgO due to the
presence of oxygen vacancies as a result of the defects created by Li on the catalyst
surface.

In order to minimize the deactivation, lower temperature of 923 K was used to test 0.15 g
of the catalyst. Stability test, as shown in Figure 9, revealed a stable catalyst with lower
selectivity than at 1073 K. In addition, higher conversion was observed which suggests
that the deactivation process is much slower.
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Figure 9. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as a
function of time on stream over Li/MgO catalyst (0.15 g, 923 K, 20 kPa CH4, 3.33 kPa
O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1).

Reaction orders with respect to CH4 and O2 were the same as the ones observed at 1073
K, as can be seen from Figure 10. It agrees with Equation 31 with k’= 0.09 µmol g−1 s−1
kPa−1.
Interestingly, a slight rise in CH4 conversion rate and C2 selectivity was witnessed when
the water pressure increased from 0 to 0.9 kPa (Figure 11). Then, a drastic decrease
occurs as the water pressure further increased. Moreover, a stability test after the water
addition was conducted, as illustrated in Figure 12, and indicated a dramatic deactivation
took place. These experiments suggest that water has a positive and a negative effects at
the same time. The catalyst seems to activate H2O on the surface atomic oxygen and as a
result OH radicals are formed which then react with CH4 to produce methyl radicals. At
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the same time, they react with the active species on the catalyst surface and deactivate the
catalyst.
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Figure 10. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Li/MgO catalyst without H2O (0.15 g, 923 K, 5−20 kPa CH4,
0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml
min−1).
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Figure 11. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Li/MgO catalyst (0.2 g,
1073 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa H2O, total pressure= 101 kPa
balanced by He, total flowrate= 60−150 ml min−1).
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Figure 12. CH4 conversion and C2+ selectivities in the oxidative coupling of methane
after introducing water as a function of time on stream over Li/MgO catalyst (0.15 g, 923
K, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60
ml min−1).

3.3. Kinetic Analysis Using Sr/La2O3
Stability test of 1 wt. % Sr/La2O3 was conducted at 1073 K and, as illustrated in Figure
13, it showed high stability over several hours. Much higher conversion and lower
selectivity were achieved compared with Li/MgO. Hence, dilution of the catalyst using
SiO2 as the diluent was done in order to achieve lower conversion at the same
temperature to analyze the reaction kinetics while maintaining the same selectivity.
Stability test for several hours of diluted sample by factor of 50 was done (Figure 6) and
low conversion (<5 %) was achieved.
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Figure 13. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as
a function of time on stream over Sr/La2O3 catalyst (0.05 g, 1073 K, 20 kPa CH4, 3.33
kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1).
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Figure 14. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as
a function of time on stream over Sr/La2O3 catalyst 50x diluted with SiO2 (0.05 g, 1073 K,
20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml
min−1).
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Figure 15. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Sr/La2O3 catalyst 50x diluted with SiO2 without H2O (0.05 g,
1073 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He,
total flowrate= 60−150 ml min−1).

Zero conversion rate analysis points out that the reaction rate is first order with respect to
CH4 pressure and almost half order with respect to O2 pressure in the absence of water, as
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shown in Figure 15. As a result, the reaction rate law follows Equation 27 with k’ =
14.88 µmol g−1 s−1 kPa−3/2. The rate in this case was based on the weight of Sr/La2O3
only.
Water was then introduced to the reactor and negative effects were observed. Increasing
the water pressure resulted in a decrease in the reaction rate as well as the methane
conversion and C2+ selectivity (Figure 17).
Unlike Li/MgO, which encountered deactivation with the addition of water, diluted
Sr/La2O3 was reversible to the initial conversion and selectivity that were obtained before
studying the water effect, as shown in the stability test conducted afterward in Figure 16.
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Figure 16. CH4 conversion and C2+ selectivities in the oxidative coupling of methane
after introducing water as a function of time on stream over Sr/La2O3 catalyst 50x diluted
with SiO2 (0.05 g, 1073 K, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced
by He, total flowrate= 60 ml min−1).
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Figure 17. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Sr/La2O3 catalyst 50x
diluted with SiO2 (0.05 g, 1073 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa H2O,
total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml min−1).
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It was suspected that the diluent (SiO2) has a contribution on the reaction although, when
tested alone at the same conditions, it showed negligible activity. Therefore, alternative
ways by reducing the catalyst weight and decreasing the temperature were considered so
that low conversion suitable for the kinetic studies can be attained. 0.004 g of Sr/La2O3
was the least amount to form a uniform bed in the reactor used. Moreover, since Sr/La2O3
has very high activity, variation of the reactor temperature was conducted to find a point
at which the catalyst achieves low conversion of methane. Low conversion is needed so
that the water produced from the reaction is minimized and the dependency of water
added to the system dominates. Various reactor temperatures in the range of 873−973 K
were tested (Figure 18) and 923 K was chosen since it was the highest temperature that
gave less than 5 % CH4 conversion at the reaction conditions.
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Figure 18. Plot of CH4 conversion and C2+ selectivity as a function of temperature using
Sr/La2O3 catalyst (0.004 g, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced
by He, total flowrate= 60 ml min−1).
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Figure 19. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as
a function of time on stream over Sr/La2O3 catalyst (0.004 g, 923 K, 20 kPa CH4, 3.33
kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1).

Stability test (Figure 19) showed high stability of the catalyst. Zero conversion
extrapolation pointed out that the reaction rate is first order with respect to CH4 pressure
and half order with respect to O2 pressure in the absence of water, as shown in Figure 20.
This is consistent with Equation 27 that indicates the surface reaction of CH4 with O*.
Reaction rate constant (k’) was found to be 10.55 µmol g−1 s−1 kPa−3/2 that is much higher
than the Li/MgO.
When water was introduced to the Sr/La2O3, CH4 conversion rates were observed to
decrease as the partial pressure of water increases (Figure 21 A). In addition, negative
effects on the CH4 conversion and C2 selectivities, as shown in Figure 21 B, were also
observed. Analysis the water effect shows that the reaction rate is inversely proportional
with the third root of H2O pressure.
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Figure 20. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Sr/La2O3 catalyst without H2O (0.004 g, 923 K, 5−20 kPa
CH4, 0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60−150
ml min−1).
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Figure 21. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Sr/La2O3 catalyst (0.004
g, 923 K, 5−20 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa H2O, total pressure= 101 kPa
balanced by He, total flowrate= 60−150 ml min−1).
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Stability test after introduction of water, as shown in Figure 22, confirmed that catalyst
reversed to its initial performance, when compared with Figure 19, and no deactivation
as a result of water presence was experienced. In addition, BET surface area analysis of
catalyst before and after the addition of water shows negligible change in the surface
area, which suggests no sintering took place. As well as that, the Sr content of the catalyst
remained the same, as it can be seen in Table 4.
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Figure 22. CH4 conversion and C2+ selectivities in the oxidative coupling of methane
after introducing water as a function of time on stream over Sr/La2O3 catalyst (0.004 g,
923 K, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa balanced by He, total
flowrate= 60 ml min−1).
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The negative order with respect to water pressure can be attributed to the competition of
the active sites between H2O and O2. Although OH radical formation on La2O3 was
confirmed previously [139, 140], we believe that desorption of OH from the surface is
competing with the adsorption of oxygen. Hence, preventing the activation of CH4.

Table 4. Sr content and BET surface areas of Sr/La2O3 catalyst before and after the heat
treatment, and after reaction and water effect tests.

Sr/La2O3 catalyst

Sr (wt. %)

SBET (m2 g−1)

Before heat treatment

7.9

6

After heat treatment

7.6

7

After reaction and water effect tests

7.9

7

3.4. Kinetic Analysis Using Na2WO4/SiO2
5 wt. % Na2WO4/SiO2 was tested with the same conditions of the two previous catalysts
at 1073 K. It shows high stability for several days with low conversion and high
selectivity (Figure 23).
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Figure 23. CH4 conversion and C2+ selectivities in the oxidative coupling of methane as
a function of time on stream over Na2WO4/SiO2 catalyst (0.1 g, 1073 K, 20 kPa CH4,
3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60 ml min−1).

However, a rise in selectivity can be seen indicating that the heat treatment of the catalyst
was not sufficient and some impurities during the synthesis can be the reason behind the
lower selectivity observed at the beginning of the stability test. The BET surface area of
the catalyst before and after the reaction, shown in Table 5, illustrates another reason of
the slight deactivation of the catalyst as Na2WO4 (m.p. 971 K) which is at a molten state
and, hence, covers the catalyst surface at the reaction temperature (1073 K).
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Table 5. Na and W content and BET surface areas of Na2WO4/SiO2 catalyst before and
after the heat treatment, and after reaction and water effect tests.

Na2WO4/SiO2 catalyst

Na (wt. %)

W (wt. %)

SBET (m2 g−1)

Before heat treatment

8.1

33.0

86

After heat treatment

3.9

18.9

5

After stability and reaction tests

3.9

17.6

4

Kinetic studies of the catalyst was consistent with what was reported previously [56].
Rates at zero conversion of the reaction shows that the methane conversion rate is
proportional with CH4 pressure and the square root of O2 pressure (Figure 24) which is
consistent with the surface O* mediated pathway (Equation 27). The rate constant for the
surface O* mediated pathway (k’) was found to be 0.07 µmol g−1 s−1 kPa−3/2 which is
lower than for Li/MgO and much lower than Sr/La2O3.

55
A
1.6
O2 1.11 kPa

1.2

(mol g1 s1)

CH4 conversion rate

1.4

1.0
0.8
0.6
0.4
0.2
0.0
0

5

10

15

20

25

CH4 pressure (kPa)

B
1.4
CH4 10 kPa

1

(mol g s )

1.0
1

CH4 conversion rate

1.2

0.8
0.6
0.4
0.2
0.0
0

1

2

3

4

O2 pressure (kPa)

Figure 24. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Na2WO4/SiO2 catalyst without H2O (0.1 g, 1073 K, 5−20
kPa CH4, 0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate=
60−150 ml min−1).
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Significant improvement in the reaction rate as well as the conversion and the C2
selectivity was observed when water was added to the reactor, as shown in Figure 26. In
addition, variation of the water pressure showed that the incremental reaction rate as the
result of H2O addition was proportional with PO124 PH122O (Figure 25) which is consistent
with the quasi equilibrium approximated representing the formation of OH radicals in
Equation 23. The rate is consistent with the rate law described by Equation 28 with k’’=
0.265 µmol g−1 s−1 kPa−7/4. Hence, the contribution of OH radical mediated pathway was
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(Incremental CH4 conversion rate) PCH41

found to be higher than the surface O* mediated pathway.
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Figure 25. Plot of incremental CH4 conversion rate (calculated from the difference
14 12
between zero conversion rates with water and without water) as a function of PO2 PH 2O
over Na2WO4/SiO2 catalyst (0.1 g, 1073 K, 10 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa,
total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml min−1).
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Figure 26. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Na2WO4/SiO2 catalyst
(0.1 g, 1073 K, 10 kPa CH4, 1.11 kPa O2, 0−2.3 kPa, total pressure= 101 kPa balanced
by He, total flowrate= 60−150 ml min−1).
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In order to study the water effect at lower temperature, variation of the reactor
temperature was conducted to find the lowest temperature at which reasonable
conversion of methane can be accomplished. Increasing the catalyst amount to 0.3 g was
needed to achieve the targeted conversion at 923 K (Figure 19).
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Figure 27. Plot of CH4 conversion and C2+ selectivity as a function of temperature using
Na2WO4/SiO2 catalyst (0.3 g, 20 kPa CH4, 3.33 kPa O2, total pressure= 101 kPa
balanced by He, total flowrate= 60 ml min−1).

Kinetics analysis of the sample at this temperature without the addition of water revealed
same reaction orders with respect to CH4 and O2, as shown in Figure 28. The surface O*
mediated pathway rate constant (k’) at 923 K was found to be 0.01 µmol g−1 s−1 kPa−3/2
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Figure 28. CH4 conversion rate dependence on A) methane partial pressure and B)
oxygen partial pressure with Na2WO4/SiO2 catalyst without H2O (0.3 g, 923 K, 5−20 kPa
CH4, 0.83−3.33 kPa O2, total pressure= 101 kPa balanced by He, total flowrate= 60−150
ml min−1).
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Addition of water showed positive effects on Na2WO4/SiO2 activity (Figure 30) and the
incremental rate CH4 was also proportional with PO124 PH122O , as shown in Figure 29, which
is again consistent with Equation 23 and implies the formation of OH radical even at this
low temperature. However, much lower rate was achieved compared with 1073 K, as
illustrated in the summarized data in Table 6. In addition, it can be noticed that the ratio
of the conversion rate from surface O* mediated pathway (r’) and one from the gas-phase
OH⦁ mediated pathway (r’’) decreased by almost a factor of 3. This can be attributed to

0.0225

(mol g1 s1 kPa1)

(Incremental CH4 conversion rate) PCH41

the expected decrease in rate of the endothermic H2O-O2 reaction.
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Figure 29. Plot of incremental CH4 conversion rate (calculated from the difference
14 12
between zero conversion rates with water and without water) as a function of PO2 PH 2O
over Na2WO4/SiO2 catalyst (0.3 g, 923 K, 10 kPa CH4, 0.83−3.33 kPa O2, 0−2.3 kPa,
total pressure= 101 kPa balanced by He, total flowrate= 60−150 ml min−1).
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Figure 30. Effect of water pressure on A) CH4 conversion rate as a function of residence
time and B) C2 selectivity as a function of CH4 conversion over Na2WO4/SiO2 catalyst
(0.3 g, 923 K, 10 kPa CH4, 1.11 kPa O2, 0−2.3 kPa, total pressure= 101 kPa balanced
by He, total flowrate= 60−150 ml min−1).
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Table 6. Rate constants and conversion rates of surface O*-mediated (k’, r’) and OH
radical- mediated (k’’, r’’) pathways with Na2WO4/SiO2 catalyst at different temperatures
at typical reaction conditions (10 kPa CH4, 1.7 kPa O2, 1.7 kPa H2O).
T

k'

k''

r'

r''

r''/r'

(K)

(µmol g−1 s−1

(µmol g−1 s−1

(µmol g−1 s−1 )

(µmol g−1 s−1 )

kPa−3/2)

kPa−7/4)

1073

0.066

0.265

0.86

3.94

4.61

923

0.0052

0.0077

0.07

0.11

1.69
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Chapter 4: OH Detection
4.1. Introduction
Previous experiments by Lunsford and his team using laser induced fluorescence (LIF)
spectroscopy on La2O3 and other basic metal oxides showed OH formation from the
H2O-O2 reaction [139, 140]. These experiments were conducted under vacuum
conditions. In order to confirm the formation of OH radical in a quantitative way on the
Na2WO4/SiO2 surface under atmospheric pressure, trials to employ ring-dye laser for the
first time in this kind of experiments were done. This type of laser experiments are used
to detect OH radicals form from fuel combustion in shock tube experiments [141-143].
The idea here is to pass the laser beam just above the catalyst surface where OH radicals
are expected to exist. The laser used in these experiment is a ring dye CW laser pumped
by a 10 W green 523 nm light which produce a red laser beam (614 nm) by pumping a
Rhodamine B in Ethylene Glycol solution. Then, external doubling of the red light is
done to generate an ultraviolet (UV) light tuned to the center (307 nm) where OH good
absorption characteristics of OH lay [144-146]. The detection limit of OH is a function of
the temperature and the laser path length (L). It is proportional with the temperature, as it
is shown in Figure 31. On the other hand, increasing laser path length (L) has a very
positive on the detection limit (Figure 32).
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Figure 31. OH radical detection limit as a function of
temperature (L=15 cm).

Figure 32. OH radical detection limit as a function of the
laser path length, L (900 K, 1 atm).
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4.2. OH Radical Thermodynamics
Calculating the concentration of the OH radicals produced from the following quasi
equilibrated reaction of water and oxygen can be done using the zero Gibbs free energy
approach at equilibrium.

 4OH
O2 +2H2O 


(32)

The change of Gibbs free energy of the reaction can be calculated using the equation:

G  G0  RT ln Ka

(33)

At equilibrium ∆𝐺 = 0 and hence,

Ka  e



G 0
RT

(34)

Standard Gibbs free energy (ΔG0) of the reaction is calculated from the reaction standard
enthalpy and entropy by:
G0  H 0  T S 0

(35)

where,
H 0  vi H 0f ,i

(36)

i

S 0  vi S 0f ,i
i

(37)
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At low pressures, Ka  K p which can be described as a function of the reaction species
partial pressures:

Kp 

4
POH

(38)

PO2 PH22O

where, Pi is in atm
Table 7 shows the results obtained using the above equations and the concentration of
OH radicals at different temperatures and Figure 33 illustrates the concentration of OH
radicals in ppm as a function temperature. In these calculations, the partial pressure of the
O2 and H2O used are 0.3 atm and 0.04 atm, respectively. Thermodynamic data were
obtained from GRI-Mech [147] thermochemistry database, which is based on NASALewis [148] and Technion [149] archives.
Table 7. Reaction thermodynamics calculations and OH concentrations at different
temperatures.
T

∆S0

∆H0

∆G0

(K)

(kJ K−1)

(kJ)

(kJ)

973

0.167

647.767

485.251

1073

0.168

648.687

1173

0.169

1273

0.170

POH⦁

[OH⦁]

(atm)

(mol L−1)

8.89E-27

4.54E-08

5.69E-10

468.078

1.63E-23

2.98E-07

3.38E-09

649.357

450.835

8.38E-21

1.42E-06

1.47E-08

650.026

433.675

1.60E-18

5.27E-06

5.04E-08

Ka
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It can be seen from Figure 1 that concentration of OH has an exponential relationship
with the temperature. To achieve 1 ppm of OH radicals, the temperature has to be around
1100 K at the given reaction conditions. Moreover, the pressure effect on the reaction has
been investigated and a positive effect on the OH concentration was observed when
increasing the partial pressures of oxygen and water.
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Figure 33. Concentration of OH radicals as a function of temperature (0.3 atm O2 and
0.04 atm H2O).

4.3. Reaction Kinetics
In the kinetic equilibrium of water and oxygen, OH radicals forms with very little
concentration according to this main elementary step:

 O2 +H2O
OH+HO2 


(39)
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The rate constant of this reaction has been previously investigated by different
combustion groups. The most recent study was that of Hong et al. [150]. The rate
constant of this reaction is given by the following Arrhenius expression [150]:
k  7.0 1012 exp  550 / T   4.5 1014 exp  5500 / T 

(40)

Using thermodynamic data (entropy, enthalpy, etc.) and kinetics data we can simulate
OH formation during reaction of oxygen and water at different pressure and temperature
conditions. Chemkin Pro software [151] was used for this (constant volume,
homogeneous environment). Results are summarized in Figure 34.

A

B

C

D

Figure 34. OH production by reaction of water and oxygen from Chemkin Pro
simulation[151].
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Figure 34 D represents the best experimental conditions we can reach (T = 1000 °C, P =
1 atm) where the concentration of water (3%) corresponds to the vapor pressure of water
at room conditions. OH sensitivity plot at these conditions is represented in Figure 35.

Figure 35. OH sensitivity (1000 °C, 3 kPa O2, 3 kPa H2O, 1 atm balanced by He).

From these calculations, we can conclude that, in the presence of water and oxygen, OH
forms at the order of some ppms (1-5 ppm) with a half time formation in the order of a
second. It’s also important to note that these simulations neglect the effect of OH
quenching and OH loss caused by different collision partners and reaction cell surfaces
and catalyst surface. In the presence of the catalysis, we expect that OH formation will be
further promoted and kinetic equilibrium will be reached faster.
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In the following, some experiments that we have conducted in the hope to discern some
clues about the effect of Na2WO4/SiO2 on OH formation from water and oxygen are
summarized.

4.4. Experimental Setup
4.4.1. First Setup
Figure 36 shows a schematic image of the setup. Helium is used as a diluent bath gas.
Helium is preferred over other inert gases (like argon or nitrogen) because it has a
minimum collision effects that can cause rapid quenching of OH radicals. Two mass flow
controllers are used to control the flow rate and composition (oxygen + helium). The flow
passes through a water saturator and then flows into the reaction cell.

Figure 36. Schematic image of the OH detection experiment first setup.
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A quartz tube (30 mm I.D.) is used at which Na2WO4/SiO2 catalyst bed was distributed
homogenously and supported on quartz wool. The tube is located inside a furnace that
can go up to 900 °C. The laser beam was aligned just above the catalyst bed. The
thermocouple of the furnace was positioned on the top of the catalyst bed, as shown in
Figure 37. Since the cell is open to the atmosphere, radiation from the furnace was
expected which can disturb the detection signal. Moreover, the furnace wires melted
because of the high power supplied in order to maintain the high temperature at the top of
the furnace. Therefore, improvement on the system as shown in second setup were done
to optimize the setup.

Figure 37. Pictures of the OH detection first setup.
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4.4.2. Second Setup
Lesson learned from the experiments done using the first setup helped in coming up with
a new setup, shown in Figure 38, which has the capability of increasing the laser path
length (L) using a long horizontal reaction cell (23 mm I.D.) with a length of 25 cm.

Figure 38. Schematic image of the OH detection experiment second setup.

A sandwich furnace that can heat up 1200 °C is used. A layer of Na2WO4/SiO2 powder is
sitting on the bottom of the reaction cell in a boat crucible. The laser beam is aligned such
that it passes right above this layer where OH promoted production is expected to
happen.
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Figure 39. Picture of the OH detection second setup.

4.5. Experimental Method:
OH radicals have a strong, interference-free absorption spectrum near 307 nm (peak
absorption coefficient of 300 cm-1 atm-1 near 1000 K at 1 atm). This property is exploited
here to measure any eventual OH produced when the reaction flow (water + oxygen +
helium) interact with the Na2WO4/SiO2 layer. This is possible through comparing the
laser beam intensity in the presence (I1) and in the absence of the reaction flow (I10). The
beam lambert low transforms the intensity signal into concentration signal using the
following formula:

 I 
 ln  1   LPkOH xOH
 I10 

(41)

where L in the path-length (which is equal to the reaction cell length in the case of single
pass experiment, 10 cm) and P is the pressure of the reaction cell (1 atm in our case) and
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kOH is the absorption coefficient of OH at the pressure and temperature condition of the
experiment. xOH is the concentration of OH radicals which is the only unknown in this
formula. These are the steps for one experiment:
1. Fix the flow rates of helium and oxygen.
2. Heat the reaction cell to the desired temperature.
3. Compare the laser signal at the measuring detector (I) with (I1) and without (I10)
flowing.
4. Deduce the OH concentration.

4.6. Challenges
The experimental method adopted here seems to be straightforward. However, many
challenges compromises the detection limit of OH that include:
Noisy laser source: The laser beam from the source is too noisy. Concentrations of the
order of some ppms cannot be directly seen in the voltage change in the photo-detector.
For that a common mode rejection is needed to eliminate intensity fluctuation of the laser
beam caused by the laser source. The common mode rejection is possible by splitting the
incident laser beam and adding a reference photo-detector (I0). The noise in the
absorption signal after common mode rejection drops almost one order of magnitude
(from 50 ppm to almost 0.5 ppm).
Long time scale and low frequency noise: This experimental method is based on the
fact of comparing the laser signal with and without flow. Stopping and starting the flow
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needs some time and this limits the time scale of the experiment at some seconds. At this
scale, new low frequency noises appear in the detection signals caused mainly by
mechanical vibrations and frequency deviations of the laser source. These low frequency
noises cannot be eliminated by common mode rejection and further aggravate the
detection limit of this experimental method (from 0.5 ppm to 2 ppm).
Density fluctuations: The cold flow entering the reaction cell is rapidly heated causing a
huge and rapid change of pressure inside the reaction cell. This change can cause
pressure and composition heterogeneity inside the reaction cell and in the pathway of the
laser beam. Diffraction of the laser beam can be important due to this phenomena and
extra noise can be seen at the photo-detector (from 2 ppm to 6 ppm).
Due to long time scale of the experiment, the high surface to volume ratio of the reaction
cell and also the presence of oxygen and water, quenching of OH can be important and
may lead to rapid loss of OH and the equilibrium OH concentration can be way too low
compared to that expected from a simple thermodynamic equilibrium analysis (Figure
34). Quenching in this case represents the loss of OH radicals as a result of recoupling of
OH radicals as well as the collisions with other species in the reactor cell, the catalyst
surface and the cell surface. Using low concentration of water and oxygen can decrease
the quenching effect but it can also decrease the OH equilibrium yield. A balance has to
be found.
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4.7. Results
The best detection limit found was about 0.5 ppm. No OH production at this level is seen.
Since the thermodynamic equilibrium yield is higher than this limit (3 ppm at 1000 °C),
we expect that OH radicals quenching is very strong at the conditions of our experiments.
Other cause could be the temperature gradient of the reaction flow inside the heated cell
especially if we take into consideration that a drop of temperature from 1000 °C to 800
°C decreases the OH yield from 3 ppm to 0.3 ppm (below detection limit).
We do not think that decreasing the pressure would be a solution for this, as decreasing
pressure would also mean decreasing oxygen and water concentration and hence
decreasing the thermodynamic yields of OH.
Perhaps thinking about a high sensitive detection technique (multi pass, frequency
modulation, etc.) may give part of the answer. Another way that is expected to be
efficient is to think about another experimental design that would allow detection at short
time scale, perhaps some microseconds. At this time scale, OH thermodynamic yield
cannot be reached and will not interfere with OH production due to the presence of the
catalyst. Also, at this time scale, many low frequency noises can be eliminated which will
improve the detection limit.
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Chapter 5: Conclusions
Oxidative coupling of methane (OCM) is an interesting process to utilize the abundant
methane and convert it to higher hydrocarbons (mainly C2). Measurements of the CH4
conversion and the C2 as well as the conversion rates were done for three famous OCM
catalysts: Li/MgO, Sr/La2O3 and Na2WO4/SiO2. In terms of catalyst C2 selectivity, it was
as following: Li/MgO > Na2WO4/SiO2 >> Sr/La2O3 while the CH4 conversion rates trend
was as following: Sr/La2O3 >> Li/MgO > Na2WO4/SiO2. Moreover, all the catalysts, with
exception of Li/MgO, showed reaction rates that are first order with respect with methane
partial pressure and half order with respect to oxygen partial pressure, which is consistent
with surface O*-mediated pathway to form methyl radicals. Li/MgO showed CH4
conversion rates that are first order with respect to methane partial pressure but zero order
with respect to oxygen partial pressure, which suggests that the adsorption of methane is
the rate determining step due to the abundant oxygen vaccines formed by Li defects on
the catalyst surface. Catalysts were found to behave differently towards the addition of
water. It is not always positive effect. It varies from catalyst deactivation in Li/MgO,
although at 923 K it showed a positive initial effect, to competition between O2 and OH
over Sr/La2O3 active sites. Na2WO4/SiO2, on the other hand, showed positive behavior
towards the increase in water pressure. The rise in the conversion rate was found to be
consistent with the OH radical formation and its reaction with methane in the gas-phase.
Lower temperature (923 K) tests proved that the contribution of OH⦁ mediated pathway
in the reaction is still present but in lower rates. Furthermore, an experimental method to
use ring-dye laser was proposed to investigate the OH promoted production due to the
presence of Na2WO4/SiO2 in a water and oxygen environment. This experimental method
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was found to be inefficient mainly due to the high time scale (comparable to the
thermodynamic time scale) needed and the low detection limit accessible (comparable to
the expected OH yield). Further optimization of the reaction setup as well as the laser
signal is required in order to minimize the noise and improve the OH detection limit.

79

REFERENCES
1.

Montgomery, C.T. and M.B. Smith, Hydraulic Fracturing: History Of An
Enduring Technology.

2.

U.S. Natural Gas Marketed Production. [cited 2016; Available from:
http://www.eia.gov/opendata/embed.cfm?type=chart&series_id=NG.N9050US2.
A&date_mode=all.

3.

Gas in Saudi Arabia. [cited 2016; Available from:
https://www.worldenergy.org/data/resources/country/saudi-arabia/gas/.

4.

Kidnay, A.J., W.R. Parrish, and D.G. McCartney, Fundamentals of natural gas
processing. Vol. 218. 2011: CRC Press.

5.

Mokhatab, S., W.A. Poe, and J.Y. Mak, Handbook of natural Gas transmission
and processing: principles and practices. 2015: Gulf Professional Publishing.

6.

Fink, J.K., Chapter 15 - Odorization, in Oil Field Chemicals. 2003, Gulf
Professional Publishing: Burlington. p. 192-195.

7.

Blanksby, S.J. and G.B. Ellison, Bond Dissociation Energies of Organic
Molecules. Accounts of Chemical Research, 2003. 36(4): p. 255-263.

8.

Agency, I.E., Key world energy statistics. 2015: International Energy Agency.

9.

Natural Gas Uses. [cited 2016; Available from:
http://geology.com/articles/natural-gas-uses/.

10.

Lunsford, J.H., Catalytic conversion of methane to more useful chemicals and
fuels: a challenge for the 21st century. Catalysis Today, 2000. 63(2–4): p. 165174.

11.

Ross, J., et al., The catalytic conversion of natural gas to useful products.
Catalysis Today, 1996. 30(1): p. 193-199.

12.

Wilhelm, D., et al., Syngas production for gas-to-liquids applications:
technologies, issues and outlook. Fuel processing technology, 2001. 71(1): p. 139148.

13.

Tindall, B. and M. Crews, Alternative technologies to steam-methane reforming.
Hydrocarbon processing, 1995. 74(11).

14.

Dissanayake, D., et al., Partial oxidation of methane to carbon monoxide and
hydrogen over a Ni/Al 2 O 3 catalyst. Journal of Catalysis, 1991. 132(1): p. 117127.

80
15.

Ashcroft, A., et al., Selective oxidation of methane to synthesis gas using
transition metal catalysts. 1990.

16.

Horn, R. and R. Schlögl, Methane Activation by Heterogeneous Catalysis.
Catalysis Letters, 2014. 145(1): p. 23-39.

17.

Ayabe, S., et al., Catalytic autothermal reforming of methane and propane over
supported metal catalysts. Applied Catalysis A: General, 2003. 241(1): p. 261269.

18.

Christensen, T. and I. Primdahl, Improve syngas production using autothermal
reforming. Hydrocarbon Processing;(United States), 1994. 73(3).

19.

Xu, J. and G.F. Froment, Methane steam reforming, methanation and water‐gas
shift: I. Intrinsic kinetics. AIChE Journal, 1989. 35(1): p. 88-96.

20.

Heinzel, A., B. Vogel, and P. Hübner, Reforming of natural gas—hydrogen
generation for small scale stationary fuel cell systems. Journal of Power Sources,
2002. 105(2): p. 202-207.

21.

AIA: Software Analyzes Cost of Hydrogen Production, in Assembly. 2014.

22.

Wang, S., G. Lu, and G.J. Millar, Carbon dioxide reforming of methane to
produce synthesis gas over metal-supported catalysts: state of the art. Energy &
Fuels, 1996. 10(4): p. 896-904.

23.

Tsang, S.C., J.B. Claridge, and M.L.H. Green, Recent advances in the conversion
of methane to synthesis gas. Catalysis Today, 1995. 23(1): p. 3-15.

24.

Edwards, J. and A. Maitra, The chemistry of methane reforming with carbon
dioxide and its current and potential applications. Fuel Processing Technology,
1995. 42(2): p. 269-289.

25.

Rostrupnielsen, J. and J.B. Hansen, CO 2-reforming of methane over transition
metals. Journal of Catalysis, 1993. 144(1): p. 38-49.

26.

Fan, M.S., A.Z. Abdullah, and S. Bhatia, Catalytic technology for carbon dioxide
reforming of methane to synthesis gas. ChemCatChem, 2009. 1(2): p. 192-208.

27.

Kondratenko, E.V. and U. Rodemerck, Recent Progress in Oxidative Conversion
of Methane to Value-Added Products, in Perovskites and Related Mixed Oxides.
2016, Wiley-VCH Verlag GmbH & Co. KGaA. p. 517-538.

28.

Fox III, J., T. Chen, and B. Degen, An evaluation of direct methane conversion
processes. Chemical Engineering Progress;(USA), 1990. 86(4).

29.

Lin, M. and A. Sen, Direct catalytic conversion of methane to acetic acid in an
aqueous medium. Nature, 1994. 368(6472): p. 613-615.

81
30.

Alvarez-Galvan, M.C., et al., Direct methane conversion routes to chemicals and
fuels. Catalysis Today, 2011. 171(1): p. 15-23.

31.

McFarland, E., Unconventional Chemistry for Unconventional Natural Gas.
Science, 2012. 338(6105): p. 340-342.

32.

Brown, M. and N. Parkyns, Progress in the partial oxidation of methane to
methanol and formaldehyde. Catalysis Today, 1991. 8(3): p. 305-335.

33.

Liu, H., et al., Partial oxidation of methane by nitrous oxide over molybdenum on
silica. Journal of the American Chemical Society, 1984. 106(15): p. 4117-4121.

34.

Hall, T.J., et al., Catalytic synthesis of methanol and formaldehyde by partial
oxidation of methane. Fuel Processing Technology, 1995. 42(2): p. 151-178.

35.

Pitchai, R. and K. Klier, Partial oxidation of methane. Catalysis Reviews—
Science and Engineering, 1986. 28(1): p. 13-88.

36.

Foster, N.R., Direct catalytic oxidation of methane to methanol—a review.
Applied catalysis, 1985. 19(1): p. 1-11.

37.

Wang, L., R. Ohnishi, and M. Ichikawa, Selective dehydroaromatization of
methane toward benzene on Re/HZSM-5 catalysts and effects of CO/CO 2
addition. Journal of Catalysis, 2000. 190(2): p. 276-283.

38.

Liu, B., Y. Yang, and A. Sayari, Non-oxidative dehydroaromatization of methane
over Ga-promoted Mo/HZSM-5-based catalysts. Applied Catalysis A: General,
2001. 214(1): p. 95-102.

39.

Wang, D., J.H. Lunsford, and M.P. Rosynek, Characterization of a Mo/ZSM-5
catalyst for the conversion of methane to benzene. Journal of Catalysis, 1997.
169(1): p. 347-358.

40.

Ohnishi, R., et al., Catalytic dehydrocondensation of methane with CO and CO 2
toward benzene and naphthalene on Mo/HZSM-5 and Fe/Co-modified Mo/HZSM5. Journal of Catalysis, 1999. 182(1): p. 92-103.

41.

Wang, D., J.H. Lunsford, and M.P. Rosynek, Catalytic conversion of methane to
benzene over Mo/ZSM-5. Topics in Catalysis, 1996. 3(3-4): p. 289-297.

42.

Wang, L., et al., Dehydrogenation and aromatization of methane under nonoxidizing conditions. Catalysis Letters, 1993. 21(1-2): p. 35-41.

43.

Hammond, C., S. Conrad, and I. Hermans, Oxidative Methane Upgrading.
ChemSusChem, 2012. 5(9): p. 1668-1686.

44.

Hinsen, W. and M. Baerns, Oxidative coupling of methane to C2-hydrocarbons in
the presence of different catalysts. Chemiker-Zeitung, 1983. 107(7-8): p. 223-226.

82
45.

Jones, C.A., J.J. Leonard, and J.A. Sofranko, Fuels for the future: remote gas
conversion. Energy & fuels, 1987. 1(1): p. 12-16.

46.

Driscoll, D.J., et al., Formation of gas-phase methyl radicals over magnesium
oxide. Journal of the American Chemical Society, 1985. 107(1): p. 58-63.

47.

Lunsford, J.H., THE CATALYTIC OXIDATIVE COUPLING OF METHANE.
Angewandte Chemie-International Edition in English, 1995. 34(9): p. 970-980.

48.

Sinev, M.Y., et al., Kinetics of oxidative coupling of methane: Bridging the gap
between comprehension and description. Journal of Natural Gas Chemistry, 2009.
18(3): p. 273-287.

49.

Zhang, Z., X.E. Verykios, and M. Baerns, Effect of Electronic Properties of
Catalysts for the Oxidative Coupling of Methane on Their Selectivity and Activity.
Catalysis Reviews, 1994. 36(3): p. 507-556.

50.

Sofranko, J.A., J.J. Leonard, and C.A. Jones, The oxidative conversion of methane
to higher hydrocarbons. Journal of Catalysis, 1987. 103(2): p. 302-310.

51.

Zavyalova, U., et al., Statistical Analysis of Past Catalytic Data on Oxidative
Methane Coupling for New Insights into the Composition of High-Performance
Catalysts. Chemcatchem, 2011. 3(12): p. 1935-1947.

52.

Farrell, B.L. and S. Linic, Oxidative coupling of methane over mixed oxide
catalysts designed for solid oxide membrane reactors. Catalysis Science &
Technology, 2016.

53.

Kondratenko, E.V. and M. Baerns, Oxidative coupling of methane. Handbook of
heterogeneous catalysis, 2008.

54.

Kuo, J., C. Kresge, and R. Palermo, Evaluation of direct methane conversion to
higher hydrocarbons and oxygenates. Catalysis today, 1989. 4(3-4): p. 463-470.

55.

Mleczko, L. and M. Baerns, Catalytic oxidative coupling of methane—reaction
engineering aspects and process schemes. Fuel Processing Technology, 1995.
42(2–3): p. 217-248.

56.

Liang, Y., et al., Methane Coupling Reaction in an Oxy‐Steam Stream through an
OH Radical Pathway by using Supported Alkali Metal Catalysts. ChemCatChem,
2014. 6(5): p. 1245-1251.

57.

Takanabe, K. and E. Iglesia, Mechanistic aspects and reaction pathways for
oxidative coupling of methane on Mn/Na2WO4/SiO2 catalysts. The Journal of
Physical Chemistry C, 2009. 113(23): p. 10131-10145.

83
58.

Takanabe, K., Catalytic Conversion of Methane: Carbon Dioxide Reforming and
Oxidative Coupling. Journal of the Japan Petroleum Institute, 2012. 55(1): p. 112.

59.

Fierro, J.L.G., Catalysis in C1 chemistry: Future and prospect. Catalysis Letters.
22(1): p. 67-91.

60.

Lee, J.S. and S.T. Oyama, Oxidative Coupling of Methane to Higher
Hydrocarbons. Catalysis Reviews, 1988. 30(2): p. 249-280.

61.

Otsuka, K., K. Jinno, and A. Morikawa, Active and selective catalysts for the
synthesis of C 2 H 4 and C 2 H 6 via oxidative coupling of methane. Journal of
Catalysis, 1986. 100(2): p. 353-359.

62.

Reyes, S.C., E. Iglesia, and C.P. Kelkar, Kinetic-transport models of bimodal
reaction sequences—I. Homogeneous and heterogeneous pathways in oxidative
coupling of methane. Chemical Engineering Science, 1993. 48(14): p. 2643-2661.

63.

Hargreaves, J.S., et al., The relationship between catalyst morphology and
performance in the oxidative coupling of methane. Journal of Catalysis, 1992.
135(2): p. 576-595.

64.
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