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Major: Chemical Engineering
A series of nano-sized magnesium oxide particles with both high and low surface areas
were successfully prepared by a simple water/toluene reverse microemulsion method using triton
X-45, 1-Dodecanol as surfactant. By controlling the amount of surfactant, it is possible to control
the size of MgO nanoparticles from 20 nm to 50 nm. The size was confirmed by X-ray diffraction
(XRD).
In order to investigate the reactivity of OCM reaction over the magnesium oxide support,
a series of catalysts were also synthesized. High surface area MgO samples prepared by
microemulsion were used as support for Li-TbOx, where 1.75 ≤ x ≤ 2. In order to get the largest
coverage of the MgO support and the smallest Li-TbOx particles, a nitrate precursor was used
during incipient wetness impregnation, followed by calcination at 800 °C for 4 hours. Another
MgO-supported Li-TbOx catalyst was prepared using the same method with the low surface area
MgO nanoparticles. Low surface area MgO nanoparticles were also used as OCM catalysts after
calcination at 800 °C for 4 hours. N2 adsorption (BET) results showed that the surface area of the
catalysts supported on MgO nanoparticles prepared using 15 wt% Triton X-45 was as low as 1.0
m3/g, while the surface area of the catalyst prepared using MgO particle, synthesized with 15 wt%
Triton X-45 and 1-Dodecanol mixture was 9.3 m3/g.
10

Oxidative coupling of methane (OCM) catalyzed by the prepared catalysts was studied
using a continuous-flow quartz reactor at atmospheric pressure, 500–800 °C at a CH4:O2 ratio of
4:1. The methane conversion reached 21.9% at 700 °C with a C2+ selectivity as high as 65.5%.
Thus, a maximum C2+ yield of 13.5% was realized. However, there was a rapid deactivation during
the OCM over Li-doped catalysts due to the loss of Lithium.
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CHAPTER 1
INTRODUCTION
Motivation
The U.S. first became the world’s largest natural gas producer in 2009. The relative
abundance of methane makes it an ideal raw material to produce more valuable or easily
transport chemicals. Several technologies are being investigated to realize this goal. Some of the
most widely studied subjects can be roughly classified into direct conversion of methane and
indirect conversion of methane. Direct conversion of methane includes (1) the direct conversion
from methane to formaldehyde and methanol by oxidation, (2) the oxidative coupling of methane
to generate ethane and ethylene, (3) direct conversion to hydrogen and aromatics without oxygen
[1]. The indirect conversion usually consists of synthesis gas production, followed by methanol
or Fischer-Tropsch synthesis.
As the world’s top commodity chemical, ethylene is the target product of oxidative
coupling of methane. Ethylene derivatives are widely used in automobile manufacturing, health
care devices, lubricates, industry packaging, etc. [2]. The consumption of ethylene is massive in
the chemical industry. Currently, ethylene is mainly produced by steam cracking of naphtha,
which consumes large amounts of energy and releases greenhouse gas heavily. As the simplest
and most direct method to produce ethylene, the reaction of oxidative coupling of methane offers
a promising way to take advantage of the abundance of natural gas.
On the other hand, oxidative coupling of methane is still a big challenge for scientists
nowadays. After decades of investigation, researchers failed to find a way to synthesize
commercial catalysts for oxidative coupling of methane, as the required selectivity for
commercial scale production is still not met. In the previous oxidative coupling of methane
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reactions, most of the methane was converted to carbon dioxide because of poor selectivity.
Researchers are still trying to find novel OCM catalysts with a high activity and selectivity [7].
One of the major goals of modern research in oxidative coupling of methane catalysis is
to achieve high activity (conversion of methane) and selectivity to C2+ [3,4]. Scientists believe
that this goal can be achieved in multiple ways. For example, changing the morphology and
shape of the catalyst, trying new catalyst materials, controlling the catalyst structure at atomic
level, choosing different support for catalysts, etc. [5,6] To find the optimal catalysts, one must
choose the right support for catalysts. This step is the focus of this study, which is to design,
prepare, characterize and test an MgO support for oxidative coupling methane catalysts.
Oxidative Coupling of Methane
Background Information
The first publication on oxidative coupling of methane came out in the early 1980s [8].
For its direct conversion from natural gas to ethane, oxidative coupling of methane has received
a great amount of attention.
However, because of the following reasons, (1) C–H bonds (435 kJ/mol) are extremely
stable, (2) There is no polar distributions or magnetic moment in CH4 molecule, (3) There is no
functional group on CH4, (4) Nearly all the conversion products of methane are more reactive
than methane [9-11,13], the oxidative coupling of methane is still one of the most challenging
reactions in heterogeneous catalysis so far.
The mechanism for oxidative coupling of methane is complex. It is commonly
recognized as a heterogeneous - homogeneous radical reaction induced by active surface oxygen
[10-14].
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In the case of OCM reaction over Sm2O3 catalysts, active sites are formed from the water
desorption of two Sm3+OH−. After adsorbing oxygen, the active site is able to capture hydrogen.
As soon as the active site is exposed to methane, •CH3 radical is generated by CH4 giving away a
hydrogen atom. Ethane is produced by the continuous collision of two •CH3 radicals. The
mechanism of this catalytic ethane production on surface is shown below as equations. V− stands
for oxygen vacancy on surface [10,17].
2 Sm3+V-(s)+ O2 →2 Sm3+O-(s)
Sm3+O-(s) + CH3 → Sm3+OH-(s) + •CH3
2 Sm3+OH-(s) → Sm3+O-(s) + Sm3+V-(s) + H2O
2•CH3 → C2H6
The whole oxidative coupling of methane reaction path can be denoted as below.
First, ethane is formed by the collision of two •CH3 radicals.
4CH4 + O2 → 2C2H6 + 2H2O ΔH25℃=-177 kJ/mol

ΔH800℃＝-174.3 kJ/mol

At high temperature, ethylene is generated by the dehydrogenation of ethane
2C2H6 + O2→ 2C2H4 + 2H2O ΔH25℃= -105 kJ/mol

ΔH800℃＝-103.9 kJ/mol

Besides this reaction, there are byproducts, such as CO2, CO, H2, generated from side
reaction.
CH4 + 2O2→CO2 + 2H2O
2CH4 + 3O2→2CO + 4H2O
CH4 + H2O→CO + 3H2
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OCM reaction is a highly exothermic reaction. Along with other side reactions, there is a
large amount of heat released. Therefore, the temperature in the catalyst bed can be more than
150◦C higher than the outside temperature [15,16], making it is a challenge to control the heat.

Figure 1-1. Schematic diagram of integrated recycle system for conversion of methane to
aromatics. C) Mass flow controller. F) Flow meter. P) Gas sampling port. R)
Pressure regulator [17].
As a derivative of the OCM reactor, researchers have designed a recycle system to
convert methane to aromatics. In this system, a Ga/H-ZSM-5 zeolite catalyst was used to convert
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the C2H4 from the OCM reactor, and benzene and toluene were the target product [17]. A
scheme of this recycle is presented in Fig. 1-1.
Catalyst
Since 1980s, there are hundreds of OCM catalysts that have been studied. Generally
speaking, they can be classified into four categories: 1) reducible metal oxides, 2) nonreducible
metal oxides, 3) halogen-containing oxide materials, and 4) solid electrolytes [13].
Rare-earth metals, such as La2O3 and Sm2O3, are widely used as catalysts for oxidative
coupling of methane. Among many rare-earth metal catalysts, SrO/ La2O3 was studied at 800 ~
850 ◦C by L. Yu, etc. This catalyst can achieve a 30.1% conversion at 85.6% selectivity [18,19].
For Re2O3 and ReOF (Re could be any rare-earth element) catalysts, the highest yield could
reach 19% [20]. Also, extensive research has been done on alkaline-earth metals. SiO2-supported
catalysts Mn(NO3)2 and Y2WO4 or X2MoO4 (X=Li, Na, K, Rb, Cs; Y=K and Ca), were prepared
[10,21,22].
The effects of reaction temperature (700 and 750 ◦C), reactant flow rate ratio and other
factors have been investigated on alkali metal doped CaO catalysts [23]. One of the most active
and selective OCM catalysts was found to be Mn/Na2W4/SiO2, which was also proved to be
long-time stable. At 800 ◦C, the selectivity to C2+ products was 25%, but the conversion was
only 5%. In the OCM reaction over Mn/Na2WO4/SiO2 catalysts, the mechanism of deep
oxidation with CO2 participation was proposed:
CO2 → CO +O* ,
O* + CH4 → •CH3 + OH* ,
2•CH3 → C2H6 ,
O* + C2H6 → C2H4 + H2O + (S)* ,
16

C2H6 → C2H4 + H2
The symbol * denotes the active site on the surface of Mn/Na2WO4/SiO2 [24].
Oxidative coupling of methane was carried out over the catalyst PrOx/Mg, while doped
Na could increase the C2+ selectivity at the expense of a decrease in conversion [25]. Na/CaO
was also chosen as a MCO catalyst. The selectivity to ethane and ethylene could be as high as
80% at 10.5% conversion with the addition of Cerium [26].WO3/ZrO2 impregnated with Ce or
Mn together with NaCl also has high activity [27].
Li-doped MgO was proved to be an active catalyst for OCM. An important finding about
Li-doped MgO was that the loss of activity was fast during OCM reaction. However, the
selectivity was not effected [28]. This phenomenon could be explained as a rapid loss of active
sites on the surface of Li-doped MgO catalysts.
Regardless of its own OCM activity, MgO was selected as an ideal support for rare-earth
metal catalysts in the OCM reaction, due to its basic properties and effectiveness. To activate the
C-H bond, OCM reaction requires high temperatures (650 to 950 ˚C), and the melting point for
MgO is 2830 ˚C. Moreover, MgO was inexpensive and readily available [29-32].
Magnesium Oxide
Nanostructured magnesium oxide (MgO) has attracted tremendous research interests
because of its excellent properties, such as high melting point (2830 ˚C), low heat capacity, high
catalysis activity, high secondary electron emission, as well as strong microwave adsorption
ability [37-39]. With these properties, MgO is an ideal material for various fields. For instance,
MgO is mainly employed in areas like superconductor production, catalysis, refractory material,
toxic waste remediation, pharmaceutical industry and paint production [35-37].
In literature, various routes were reported to obtain MgO successfully. As one of the
most popular methods, MgO is usually obtained from the calcination of Mg(OH)2.
17

Mg(OH)2 ↔MgO + H2O
Decomposition of MgCO3 is also frequently used to prepare MgO [41,42].
MgCO2 ↔MgO + CO2
Many other strategies are also be used to synthesize MgO nanoparticles, such as
microwave-assisted, aqueous wet chemical, surfactant method, laser vaporization, sol–gel,
chemical gas phase deposition, polyolmediated thermolysis process, etc [40,42-44]. Diverse
MgO nanstructures, including nanowire, nanoporous, nanorods, nanoflower, nanorods,
nanoplate, were obtained through different methods with controlled morphologies [45].
Ma et al. fabricated MgO nanobelts by the evaporation of Mg metals. The process began
with the evaporation of pure Mg metals under N2 atmosphere at 650 °C, followed by switching
to N2/O2 mix gas at 800 °C [45]. According to the research of Yu et al., commercial bulk MgO
crystals were used to prepare porous MgO nanoplates via hydrothermal recrystallization [47, 48].
The effect of precursors and solvents on this process was also investigated [46]. Zhu et al.
prepared fishbone-like MgO nanos-sized rom [49]. Zhao et al. synthesized rectangular MgO
nanoparticles by a chemical vapor deposition method, which was simple and quick [50]
Because of its simplicity, low cost and effectiveness, the sol-gel process was chosen to
synthesize MgO nanoparticles from magnesium ethoxide. Hydrolysis catalysts, such as HCl,
C2H4O2, C2H2O4 or NH4OH, were selected to control the particle size [51]. After thermal
decomposition treatment at 450 – 560 °C, MgO could be obtained from magnesium alcoholate
via alcoxy/hydroxy intermediates. The particle size could be controlled by using precursors with
different alcohol chain length [52].
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Catalyst Characterization Techniques
X-ray Diffraction Analysis
The XRD data was gathered on a Phillips APD 3720 X-ray diffraction with Cu 𝐾
radiation. The XRD spectrum was recorded in a 2 range of 20° to 80° at ambient conditions.
Average crystallite size was estimated with the Scherrer equation.
𝑑=

𝐾λ

𝛽cos(𝜃)

In the Scherrer equation,𝑑 is the crystallite size, 𝐾 is the shape factor,  is the Cu 𝐾
radiation wavelength,  is the peak width at half the maximum intensity in radians, and  is the
Bragg angle, which is half of the diffraction angle (2).  equals to 0.154 nm, and 𝐾 is a constant
generally taken as unity.
BET Surface Area Analysis
Brunauer-Emmett-Teller (BET) surface area measurements were performed on a
Quantachrome NOVA 1200.
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CHAPTER 2
PREPARATION OF MAGNESIUM OXIDE NANOPARTICLES
Surfactant
The conventional surfactant molecule generally has a polar (hydrophilic) head group
region and an aliphatic (hydrophobic) tail region, which usually has a long chain. Once dispersal
in water/oil mixtures, surfactant molecules concentrate at the oil water interface to reduce the
interfacial tension. In this process, the orientation of the surfactant molecules are reversed
compared to the situation in aqueous solution [53].

Figure 2-1. Schematic representation of the most common self-association structures in water,
oil or a combination. A) Surfactant molecules. B) Spherical micelle. C) Rod-shaped
micelle. D) Hexagonal phase. E) Lamellar phase. F) Reverse hexagonal phase. G)
Reverse micelle [53].
Surfactants can form a series of phase structures. Fig. 2-1 shows schematic representation
of the most commonly encountered self-association structures in water, oil or a combination.

20

Generally speaking, surfactants can be grouped into two categories, which are ionic and
non-ionic. Ionic surfactants includes sodium bis(2-ethylhexyl) sulfosuccinate (AOT), Cetyl
trimethylammonium bromide (C16H33(CH3)3-N+Br-, CTAB), perfluoropolyether-carboxylic acid
(PFPE), sodium lauryl sulfate (SLS), etc. Some commonly used nonionic surfactants are Triton
X-100 [Polyoxyethylene(9)4-(1,1,3,3-tetramethyl-butyl)phenyl ether], Poly(oxyethylene)5
nonylphenol ether (NP-5), poly(oxy-ethylene)9 nonylphenol ether (NP-9), poly(oxyethylene)12
nonylphenol ether (NP-12), etc. CeO2 nanoparticles, Ce1-x—ZrxO2 bimetal nanoparticles, Ce-Tb
mixed oxides nanoparticles have been obtained in microemulsion with Triton X-45 as surfactant
[54-57].
Microemulsion
According to the theory of Danielsson and Lindman, microemulsion was defined as a
system of water, oil and amphiphile which is a single optically isotropic and thermodynamically
stable liquid solution. Surfactants were usually used to stabilize the single-phase microemulsion
systems [58].
In as early as 1940s, Hoar and Schulman claimed to find a clear single-phase solution by
titrating hexanol to a milky emulsion [59]. Since then, the properties of microemulsion have been
extensively investigated. There are multiple microemulsion microstructures, and some of the
most frequently occurred microstructures are: (1) oil-in-water microemulsion, (2) water-in-oil
microemulsion, (3) bicontinuous microemulsion. Fig. 2-2 shows schematic representations of
them.
It is widely accepted that the microemulsion system contains numerous microstructures,
which allows microemulsion to perform as chemical reactors. The special interfacial properties
of microemulsion system make the intimate contact between hydrophilic phase and hydrophobic
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phase possible. Usually, the water phase is dispersed in the continuous oil phase. Surfactants are
relocated to the interface between the aqueous phase and organic phase. The water phase exists
as microdroplet, which acts like a microreactor. If there are reactants dissolved in the aqueous
phase, synthesis of nanoparticles is available. While collisions among these microdroplets
happens continuously during reaction, coalescence and fusion take place because of the dynamic
nature of microdroplets. Finally, products are prepared in the scale of nanometer [60].

Figure 2-2. Schematic representation of three microemulsion microstructures. A) Oil-in-water
microemulsion. B) Bicontinuous microemulsion. C) Water-in-oil microemulsion
[53].
No matter the microemulsion contains oil-in-water (o/w) microdroplets or water-in-oil
(w/o) microdroplets, there is always an interfacial surfactant between the aqueous and
hydrocarbon phases. Microemulsion with high oil/water ratio usually contains water-in-oil (w/o)
microdroplets, and it is named reverse microemulsion. On the contrary, if the oil fraction is low,
oil-in-water microemulsion is likely to occur. When the amount of water is close to that of oil,
there is a great chance to obtain a bicontinuous microemulsion. In order to prepare metal oxides
nanoparticles, reverse microemulsion is frequently selected, because reactants are usually
dissolved in the aqueous phase. Therefore, aqueous phase should be dispersed in the continuous
hydrocarbon phase, which requires the microemulsion to be reverse, not the other way around.
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Instead of using just one kind of surfactant, medium chain length alcohols, which are
named cosurfactants, are usually employed to reduce the interfacial tension [61]. Despite of
increasing the entropy, adding medium chain length alcohols not only increases the mobility of
the hydrocarbon tail, but also makes it easier for the oil to penetrate into the interface [62]
Experiment Procedure
MgO nanoparticles were obtained by calcination of MgOH, which was first prepared by a
water-in-oil microemulsion method.
There were two different microemulsion systems used. One of them was made up of
toluene, water, Triton X-45 [4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol,
Polyethylene glycol 4-tert-octylphenyl ether]. The other one was made up of toluene, water,
Triton X-45 [4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol, Polyethylene glycol 4tert-octylphenyl ether ] and 1-Dodecanol. Mg(NO3)2 was selected as the precursor. First of all,
the toluene and surfactant (Triton X-45 or 1-Dodecanol) were well mixed. The micro-emulsion
system was formed by titrating Mg(NO3)2 solution to the organic phase at a steady and
appropriate rate. Then NaOH solution was introduced to the microemulsion system by titration.
The reaction system was sealed for 2 hours under stirring. Ethanol was used to terminate the
reaction. The product MgOH was washed with ethanol and water. A sonicator bath was used in
the washing procedure to disperse Mg(OH)2 products. When dispersed in the solvent completely,
products were sent to centrifuge. After the washing procedure was over, MgOH products were
left in oven at 105 °C overnight. Finally, MgO nanoparticles were synthesized from the
calcination of MgOH for 4 hours at 400 °C.
In order to study the effects of surfactants Triton X-45 and 1-Dodecanol on
microemulsion formation, different amounts of these two surfactants were used to form the
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microemulsion system (Table 1). Triton X-45 was chosen to be the main surfactant, and 1Dodecanol acted as the cosurfactant.
Table 2-1. Amount of surfactants used to form the water-in-oil microemulsion system
Surfactant

a

Total amountb wt%

X-45b wt.%

1-Dodecanolb wt.%

Ratioa

10.0
15.0
18.0
20.0
15.0
15.0
15.0

10.0
15.0
18.0
20.0
14.25
13.5
12.0

0
0
0
0
0.75
1.5
3.0

95:5
90:10
80:20

the ratio is the weight of X-45 over the weight of 1-Dodecanol.

b

the total amount is calculated from the total weight of surfactants divided by the total weight of
microemulsion system.
The MgO nanoparticles prepared were characterized by BET.
Results
In the current reverse-microemulsion system, toluene acted as a continuous hydrocarbon
phase, in which Triton X-45 and 1-Dodecanol were dissolved. Nano-size water droplets
containing the reactants were stabilized by Triton X-45 and 1-Dodecanol.
A Phillips APD 3720 X-ray diffractometer with Cu K radiation was used for X-ray
diffraction analysis on the dry MgO powders.  is equal to 0.154 nm. An average crystallite size
was estimated with the Scherrer equation.
𝑑𝑝 =

𝐾λ

𝛽cos(𝜃)

In the Scherrer equation,𝑑𝑝 is the crystallite size , K is the shape factor,  is the Cu K
radiation wavelength,  is the peak width at half the maximum intensity in radians, and  is the
Bragg angle, which is half of the diffraction angle (2) [63].
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Table 2-2. Average size of MgO nanoparticles prepared
Surfactant
Amountb
wt%
X-45a wt.%
1-Dodecanola wt.%
10.0
15.0
18.0
20.0
15.0
15.0
15.0

10.0
15.0
18.0
20.0
14.25
13.5
12.0

0
0
0
0
0.75
1.5
3.0

Ratiob

Size [nm]c

95:5
90:10
80:20

50.6
42.0
32.8
34.7
32.8
27.2
23.6

a

The total amount is calculated from the total weight of surfactants divided by the total weight of
microemulsion system.
b

The ratio is the amount of X-45 over the amount of 1-Dodecanol.

c

Determined using XRD.
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Figure 2-3. Average size of MgO nanoparticles prepared by single surfactant Triton X-45 at
different fractions.
A series of MgO nanoparticles were obtained from the calcination of MgOH prepared by
microemulsion, and the size of MgO nanoparticles was estimated by the results of XRD (Table
2-2). By using different amounts of surfactants used in the microemulsion, it was possible to
control the size of MgO nanoparticles. When the surfactant Triton X-45 only accounted 10 wt%
of the total microemulsion, the size of MgO nanoparticles obtained was around 50.0 nm. While
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increasing the fraction of Triton X-45 to further stabilize the microemulsion system, the size of
MgO nanoparticles decreased from 50nm to 30 nm as expected. Higher fraction of surfactant led
to form smaller nano-scale aqueous microdroplets, thus smaller MgO nanoparticles were synthesized.
45

Size [nm]

40
35
30

25
20
0
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25

Fraction of 1-Dodecanol [%]

Figure 2-4. Average size of MgO nanoparticles prepared by surfactant Triton X-45 and
cosurfactant 1-Dodecanol.
The total fraction of surfactants was fixed at 15 wt% in order to learn the role of
cosurfactant 1-Dodeconal. In this case, Triton X-45 was still used as the primary surfactant, and
1-Dodecanol was expected to act as the cosurfactant. According to the results from table 2-2,
even though only a small amount of cosurfactants 1-Dodecanol were added to the microemulsion
system, it seemed to make a big difference to the synthesis of MgO nanoparticles. If only 5% of
the total surfactants were cosurfactants 1-Dodecanol, the average size of MgO nanoparticles
dropped from 40 nm close to 25 nm, which was much smaller than the MgO nanoparticles
prepared by 15% pure Triton X-45 surfactants. The size of MgO nanoparticles could be
controlled within around 20 nm by increasing the fraction of 1-Dodecanol. In addition of
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cosurfactant 1-Dodecanol, the oil/water interfacial tension was further reduced to form a more
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Figure 2-5. XRD data obtained from MgO nanoparticles prepared by 15% Triton X-45.
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Figure 2-6. XRD data obtained from MgO nanoparticles prepared by 15% Triton X-45 and 1Dodecanol, and Triton X-45/ 1-Dodecanol ratio is 80:20.
The XRD patterns of selected MgO nanoparticles are shown in Fig. 2-5 and 2-6. The
main phases present in both figures are detected to be cubic MgO. By comparing Fig. 2-5 and
Fig. 2-6, there are a little more impurity peaks in Fig. 2--5. More than one type of crystalline
existed in products prepared by simple Triton X-45. This difference might be caused by the
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different stabilities in two microemulsion systems. In the microemulsion system with both Triton
X-45 and 1-Dodecanol, the interface between oil and water phases was reduced to a more stable
level. Thus, the aqueous microdroplets in this microemulsion system were likely to be more
uniform in size and volume. Because of this, products prepared by this method were more
uniform.
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CHAPTER 3
OXIDATIVE COUPLING OF METHANE REACTION
Preparation of OCM Catalysts
Nano-size MgO supported Li-TbOx, where 1.75 ≤ x ≤ 2, OCM catalysts were prepared
via incipient-wetness impregnation method. Terbium nitrate hydrate (99.9%, Alfa Aesar) and
Lithium nitrate hydrate (99.9%, Alfa Aesar) were used as precursors. A precise amount of
Terbium nitrate hydrate and Lithium nitrate hydrate was dissolved into a certain amount of DI
water. Most importantly, the volume of the DI water used to dissolve precursors should be
extremely equal to the total volume of the pores of the nano-size MgO supports. Then, this
solution was added to the nano-sized MgO supports under continuous mixing until incipientwetness. The catalysts were dried in oven at 80 oC for 2 hours and kept in oven overnight at 105
o

C, followed by calcination at 800 oC for four hours. The weight percentage of the Terbium

oxide was 20%, and the lithium was 2.5%. Finally, the composition of catalysts was 2.5/20/77.5
Li-TbOx/MgO. Two kinds of MgO nanoparticles prepared by microemulsion were both used in
this procedure. The single MgO OCM catalysts were obtained after calcination at 800 oC for four
hours [10].
Oxidative Coupling of Methane
Catalytic activity behaviour was investigated in a quartz tube reactor at atmosphere
pressure. First, catalyst powders were compressed into a pellet with a Carver pellet press. The
pellet was crushed and sieved to collect catalysts from 180 to 250 microns. 0.05 g of the sieved
catalyst was then loaded in the tube reactor between two pieces of quartz wool. A mixture of
methane, oxygen, and nitrogen was fed through the system at a rate of 100 standard cm3 (with N2
constant at 23.2 standard cm3) using three mass flow controllers. The nitrogen served as an
internal standard. The CH4:O2 feed ratio was fixed at 4:1 all the time, as this is the stoichiometric
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amount needed for conversion of methane to ethane and water, and it was also shown to give the
highest CH4 conversion at a reasonable C2 selectivity [10].
The catalytic activity and selectivity were evaluated as a function of temperature.
Starting at 500 °C, the temperature was increased by intervals of 50 °C, and measurements were
taken up to 800 °C.
Results
Brunauer-Emmett-Teller (BET)
The surface area of Li-doped catalysts were measured by Brunauer-Emmett-Teller (BET)
with a 6-point isotherm on a Quantachrome NOVA 1200.
This instrument operates at a liquid nitrogen environment. All correlation values were
greater than 0.999.
Table 3-1. Reaction data of conversion and C2+ yield of the oxidative coupling of methane
obtained from MgO-supported, Li-doped TbOx catalysts and pure MgO catalysts
Teperature
∗
[%]c 𝑆𝐶2 [%]d 𝑌𝐶2 [%]e
𝑋𝐶𝐻4 [%]b 𝑋𝐶𝐻
Catalysta
4
[°C]
Li-TbOx/s-MgOs
650
0.9
0.9
0.0
0.0
700
21.9
20.6
65.5
13.5
750
16.5
15.4
63.2
9.7
800
15.4
14.1
60.8
8.6
650
Li-TbOx /t-MgOt
1.0
0.6
0.0
0.0
700
4.2
3.4
36.7
1.3
750
21.3
19.2
63.6
12.2
800
18.1
16.1
60.3
9.7
s-MgOs
650
1.0
0.3
0.0
0.0
700
2.1
1.7
0.0
0.0
750
3.3
2.8
40.5
1.1
800
16.6
14.3
61.3
8.7
a

Terbia weight fraction is 20%. Li weight fraction is 2.5%.
Overall methane conversion. Calculated as (CH4in - CH4out)/CH4in.
c
Gas phase CH4 conversion to COx and C2 products only.
d
Percent of CH4 converted to C2 products.
∗
e
Calculated as 𝑋𝐶𝐻
∙𝑆 .
4 𝐶2
s
MgO nanoparticles prepared with single Triton X-45 as surfactant ( 15 wt.%).
t
MgO nanoparticles prepared with Triton X-45 and 1-Dodecanol (15% total amount, the ratio
of Triton X-45 : 1-Dodecanol is 90:10.
b
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Product Analysis
Table 3-2. Reaction data of the oxidative coupling of methane obtained from MgO-supported,
Li-doped TbOx catalysts and pure MgO catalysts after 30 minutes on stream
Product Distribution [%]
CO

C2 Yield
[%]

𝑋𝐶𝐻4 [%]

100.0
100.0
33.8
35.0
35.3
35.7
35.3
27.1

0.0
0.0
0.4
0.9
1.7
1.7
3.5
36.6

0.0
0.0
15.7
11.2
10.2
9.1
9.1
3.8

1.0
0.9
24.9
18.9
17.5
15.5
16.1
7.9

96.9
96.6
60.8
60.8
35.9
35.4
36.5
36.9
85.7
85.4
34.2
34.1

3.1
3.4
2.5
2.6
0.8
1.5
3.3
3.7
14.3
14.6
4.7
5.3

0.0
0.0
1.3
1.3
14.3
10.0
10.2
9.0
0.0
0.0
9.6
7.8

1.0
0.9
4.3
3.8
25.0
17.6
19.1
17.0
2.2
2.0
18.1
15.2

Reaction
Temp [oC]

C2H4

C2H6

CO2

Li-TbOx/s-MgOs

650 b
650 c
700 b
700 c
750 b
750 c
800 b
800 c

0.0
0.0
28.6
26.6
29.1
28.7
32.7
14.8

0.0
0.0
37.2
37.5
33.8
33.9
28.5
32.6

Li-TbOx/t-MgOs

650 b
650 c
700 b
700 c
750 b
750 c
800 b
800 c
700 b
700 c
800 b
800 c

0.0
0.0
3.7
3.8
27.9
27.7
31.6
29.9
0.0
0.0
34.9
33.7

0.0
0.0
33.1
32.9
35.5
35.4
28.7
29.6
0.0
0.0
26.1
26.9

Catalyst a

s-MgOs

a

Terbia weight fraction is 20%. Li weight fraction is 2.5%.

b

Initial reaction data.

c

Reaction data after 30 minutes on stream.

d

Percent of CH4 converted to C2 products.

e

∗
Calculated as X CH
∙S .
4 C2

s

MgO nanoparticles prepared with single Triton X-45 as surfactant ( 15 wt.%).

t

MgO nanoparticles prepared with Triton X-45 and 1-Dodecanol (15% total amount, the

ratio of Triton X-45 : 1-Dodecanol is 90:10.
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The products of OCM were detected and analyzed by an on-line gas chromatograph.
Table 3-1 gives some major statistics, such as methane conversion, C2+ selectivity, C2+ yield, of
the OCM over Li-doped catalysts.
Table 3-2 gives information about the product distribution at different temperatures, and
the ratio of ethane and ethylene was also calculated.
Table 3-3. Reaction data of product selectivity of the oxidative coupling of methane obtained
from MgO-supported, Li-doped TbOx catalysts and pure MgO catalysts
Teperature
CO2/
C2H4/ Product Selectivity(%)
Catalyst a
[°C]
CO
C2H6 C2H4
C2H6 CO2
CO
Li-TbOx/s-MgOs

t

Li-TbOx /t-MgO

s

s-MgO

650

-

-

0.0

0.0

100.0

0.0

700

57.2

0.7

27.8

37.3

34.3

0.6

750

20.9

0.8

29.0

33.9

35.5

1.7

800

10.0

1.1

32.6

27.9

35.9

3.6

650

-

-

0.0

0.0

96.8

1.6

700

24.3

0.1

3.7

33.0

60.8

2.5

750

32.5

0.7

27.8

35.4

35.7

1.1

800

10.5

1.1

30.8

29.1

36.7

3.5

650

-

-

0.0

0.0

85.3

7.3

700

5.9

-

0.0

0.0

85.5

14.5

750

5.1

0.2

6.1

33.7

50.3

9.8

800

6.8

1.3

34.4

26.5

34.2

5.0

a

Terbia weight fraction is 20%. Li weight fraction is 2.5%.
MgO nanoparticles prepared with single Triton X-45 as surfactant ( 15 wt.%).
t
MgO nanoparticles prepared with Triton X-45 and 1-Dodecanol (15% total amount, the ratio of
Triton X-45 :1-Dodecanol is 90:10.
Effects of Temperature
s

For convenience, MgO nanoparticles prepared with single Triton X-45 ( 15 wt%) as
surfactant is denoted as s-MgO, and MgO nanoparticles prepared with Triton X-45 ( 13.5 wt%)
and 1-Dodecanol (1.5 wt%) is denoted as t-MgO. The CH4 conversion, C2+ selectivity, and C2+
product yield (defined as the product of the CH4 conversion multiplied by the C2+ and C2+
selectivity) as a function of reaction temperature for Li-TbOx/s-MgO, Li-TbOx/t-MgO and s32

MgO are presented in Figure 3-1, Figure 3-2 and Figure 3-3 separately. The three catalysts have
quite different performances along with reaction temperature.
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Figure 3-1. Reaction data of oxidative coupling of methane over Li-TbOx/s-MgO as a function
of temperature at a CH4:O2 ratio of 4:1. A) Methane conversion (𝑋𝐶𝐻4 ). B) Methane
∗
conversion to C2+ products (𝑋𝐶𝐻
). C) Selectivity to C2+ products (𝑆𝐶2+ ). D) C2+
4
product yield (𝑌𝐶2+ ).
In literature, there are very few publications about the performance of Terbia as an OCM
catalysts. In the previous study of our lab, it was found that Li-doped Terbia catalysts are
promising OCM catalysts with relatively high activity and selectivity.
From Fig. 3-1, the Li-TbOx/s-MgO catalyst has low activity below 700 °C. Only very
little methane is converted to CO2, and there are no other products like ethane or ethylene. The
temperature must be above 650 °C for this catalyst to exhibit a significant activity. However,
once the catalyst is activated above 650 °C, the activity and selectivity increase very rapidly
between 650 °C and 700 °C. The slope of methane conversion and C2+ selectivity is sharp

33

between 650 °C and 700 °C in Fig. 3-1. The maximum C2+ yield (13.5%) from the Li-TbOx/sMgO catalyst is obtained at 700 °C where the CH4 conversion is 21.9% and the C2+ selectivity
65.5%. If the temperature is increased above 700 °C, there is a slight decrease in selectivity,
while the CH4 conversion drops rather rapidly to 16.5%. The decrease of methane conversion is
likely due to the removal of Li from the catalyst surface, caused by the extended time-on-stream
and the increasing temperature.
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Figure 3-2. Reaction data of oxidative coupling of methane over Li-TbOx/t-MgO as a function of
temperature, the Li-TbOx catalysts were supported on MgO nanoparticels prepared
with 15% 1-Dodecanol and Triton X-45 at a CH4:O2 ratio of 4:1. A) Methane
∗
conversion (𝑋𝐶𝐻4 ). B) Methane conversion to C2+ products (𝑋𝐶𝐻
). C) Selectivity to
4
C2+ products (𝑆𝐶2+ ). D) C2+ product yield (𝑌𝐶2+ ).
At low temperature, ethane is more thermally preferable to form by oxidative coupling of
methane.
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4CH4 + O2 → 2C2H6 + 2H2O, ΔH25℃=-177 kJ/mol, ΔH800℃＝-174.3 kJ/mol
At high temperature, ethylene is generated by the dehydrogenation of ethane [15].
2C2H6 + O2→ 2C2H4 + 2H2O, ΔH25℃= -105 kJ/mol, ΔH800℃＝-103.9 kJ/mol
As expected, the C2H4:C2H6 ratio increases with temperature from table 3-3, and more
C2H4 is formed than C2H6 above 800 °C. What’s more, the C2H4:C2H6 ratio increases from 1.3 to
0.9 from 700 °C to 800 °C. Despite the maximum C2+ yield is obtained at 700 °C, the production
of C2H4, which is a more valuable products than ethane in industry, increases with temperature.
The C2H4:C2H6 ratio increases from 0.7 to 1.1 from 700 °C to 800 °C.
The activity of the Li-TbOx/t-MgO catalyst is quite different from the s-MgO-supported
catalysts. Similar to the Li-TbOx/s-MgO catalyst, it requires a high temperature to activate. There
is almost no OCM products below 700 °C. A temperature above 700 °C is strictly required for
this catalyst to exhibit a significant methane conversion. Compared to the Li-TbOx/s-MgO
catalyst, the increase of activity and selectivity is relatively slower above 700 °C. Between 700
°C and 750 °C the CH4 conversion increases from 4.2% to 21.3%, and the C2+ selectivity
increases from 36.7% to 63.6%. The maximum C2+ yield (12.2%) is obtained at 750 °C. Above
750 °C there is a slight decline in the C2+ yield and methane conversion due to an increase in
both CO and CO2 product formation. The decrease in C2+ selectivity with temperature is likely
due to the rather low CH4:O2 ratio, as at higher CH4:O2 ratios rare-earth catalysts are more likely
to exhibit an increase in C2+ selectivity with temperature since the O2 concentration is low and
can limit the CO2 or Co formation [65-67].
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For Li-TbOx/t-MgO catalysts, the C2H6:C2H4 ratio heavily relies on the reaction
temperature. This C2H6:C2H4 ratio increases almost 10 times from 700 °C to 800 °C, which
corresponds to the fact that the formation of ethylene is high temperature favorable.
When the temperature is increased above 750 °C, there is a gradual decrease in
selectivity, while the CH4 conversion drops rather rapidly by nearly 4%. The decrease in
selectivity is likely due to removal of Li from the catalyst surface, from the extended time-onstream as well as the increasing temperature.
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Figure 3-3. Reaction data of oxidative coupling of methane over s-MgO as a function of
temperature at a CH4:O2 ratio of 4:1. A) Methane conversion (𝑋𝐶𝐻4 ). B) Methane
∗
conversion to C2+ products (𝑋𝐶𝐻
). C) Selectivity of C2+ products (𝑆𝐶2+ ). D)C2+
4
product yield (𝑌𝐶2+ ).
For undoped MgO catalysts, both the methane conversion and selectivity increase with
the reaction temperature. Unlike the Li-TbOx/MgO catalysts, it requires a even higher
temperature to activate. Surprisingly, the MgO catalysts become relatively active and selective at
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800 °C. The conversion rate reached as high as 16.6%. There is also a sharp increase of
selectivity above 750 °C. There is no deactivation between 700 °C and 800 °C.
Early investigators found that doping lithium on magnesium oxide support could produce
an active catalyst under OCM conditions with a relatively high C2 product selectivity [68,69].

Pure basic oxides have been found to be effective catalysts, and the basicity is commonly
regarded as an indicator in the OCM catalyst activity [70]. Researchers have claimed to
increase the C2+ selectivity and yield of the catalysts in the OCM process by doping alkali metal
to CaO. They believed that doped alkali metals caused a significant increase in the surface
basicity and formed strong basic sites. What’s more, they also proved that the addition of alkali
metals caused a decrease in the surface area [71]. Among the alkali metal doped CaO catalysts,
Na-CaO (Na/Ca = 0.1, before calcination) catalyst (calcination at 750 ◦C), showed best
performance (C2+ selectivity of 68.8% with 24.7% methane conversion). Because NaOH solution
is used to synthesize the MgO with precursor, so sodium exists in the MgO nanoparticles. Thus,
the simple MgO catalysts may be regarded as sodium doped MgO catalysts. This could explain
why MgO catalysts have such a high activity and selectivity at 800 °C.
Effects of MgO Supports
The size of two different MgO nanoparticles has been confirmed by both XRD and BET.
The average size of s-MgO nanoparticle is larger than that of t-MgO. The effects of MgO
support particle size on the Li-TbOx catalysts were investigated at a reaction temperature of 700
°C (Table 3.4). The activity, selectivity and product distribution are given in Table 3-1. Both LiTbOx/s-MgO and Li-TbOx/t-MgO catalysts are prepared by the same incipient-wetness
impregnation method. The main differences between Li-TbOx/s-MgO and Li-TbOx/t-MgO
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catalysts are their MgO supports. Fig. 3-5 clearly presents that Li-TbOx/s-MgO catalysts have a
much higher activity than Li-TbOx/t-MgO catalysts at 700 °C.
Fig 3-4 also indicates that Li-TbOx/s-MgO catalysts have a much better selectivity and
yield than Li-TbOx/t-MgO catalysts at 700 °C. Both the maximum methane conversion and C2+
yield of oxidative coupling of methane are achieved over Li-TbOx/s-MgO at 700 °C. It seems
that larger MgO nanoparticles are more favorable by the oxidative coupling of methane.
Table 3-4. Reaction data of oxidative coupling of methane at 700 °C
Temperature: 700 °C
Product Selectivity (%)
∗
𝑋𝐶𝐻4  𝑋𝐶𝐻4
𝑆𝐶2  𝑌𝐶2 
Catalyst a
C2H4
C2H6 CO2
b
c
[%]
[%]d
[%]e
[%]
Li-TbOx/s-MgOs
21.9
20.6
65.5
13.5
27.8
37.3 34.3
Li-TbOx/t-MgOt
4.2
3.4
36.7
1.3
3.7
33.0 60.8
s-MgOs
2.1
1.7
85.5

CO
0.6
2.5
14.5

a

Terbia weight fraction is 20%. Li weight fraction is 2.5%.
MgO nanoparticles prepared with single Triton X-45 as surfactant ( 15 wt.%).
t
MgO nanoparticles prepared with Triton X-45 and 1-Dodecanol (15% total amount, the ratio of
Triton X-45 : 1-Dodecanol is 90:10.
According to the XRD measurement, the average size of s-MgO is around 40 nm, and the
s

average size of t-MgO is close to 20 nm. This estimation corresponds to the BET results. The
surface area of Li-TbOx/s-MgO is 1 m2/g, and the surface area of Li-TbOx/t-MgO is 9 m2/g. Not
surprisingly, smaller MgO nanoparticles have larger surface area. In the oxidative coupling of
methane, higher surface area might lead to low C2+ selectivity and yield.
4CH4 + O2 → 2C2H6 + 2H2O
2CH4 + O2 → C2H4 + 2H2O
2CH4 + 3O2 → 2CO + 2H2O
CH4 + 2O2 → CO2 + 2H2O
The complete oxidation of methane, whose products are CO2 and H2O, is what
researchers tried to limit for the oxidative coupling of methane. The higher ratio of O2:CH4
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reacts, the lower C2+ selectivity will be. When oxidation of methane takes place over the of LiTbOx/s-MgO catalyst, the chance for methane to get complete oxidation is relatively low.
Because this catalyst has rather low surface area, the contact time between catalysts and feed gas
is instant. Most likely, the methane will be converted to ethane or ethylene instead of CO2.
However, the situation is different for Li-TbOx/t-MgO. Because of its relatively high surface
area, the contact time between Li-TbOx/t-MgO catalysts and feed gas is much longer. Thus,
complete oxidation of methane is likely to occur. From Table 3-4, the selectivity of C2+ of LiTbOx/s-MgO is 60.8% at 700 °C, while the selectivity of C2+ of Li-TbOx/t-MgO is only 36.7%.
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Figure 3-4. Reaction data of C2+ yield as a function of temperature at a CH4:O2 ratio of 4:1. A)
Li-TbOx/s-MgO. B) Li-TbOx/t-MgO. C) s-MgO.
It is also easy to tell the minimum temperature required to activate these two Li-doped
catalysts. From Fig. 3-5, Li-TbOx/s-MgO exhibits a significant conversion above 650 °C.
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However, Li-TbOx/t-MgO doesn’t show catalysis activity until the reaction temperature
increases to 750 °C.
In table 3-2, initial reaction data and reaction data after 30 minutes on stream are
collected. It is obvious that a decrease in activity happens to occur over all catalysts at any
temperature after a certain period of time. At 700 oC, the methane conversion of Li-TbOx/s-MgO
drops from 24.9% to 18.9% in just 30 minutes. This situation also applies to Li-TbOx/s-MgO at
other temperature. Unlike Li-TbOx/s-MgO, Li-TbOx/t-MgO catalysts seem to be more stable at
these high reaction temperatures.
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Figure 3-5. Reaction data of methane conversion as a function of temperature at a CH4:O2 ratio
of 4:1. A) Li-TbOx/s-MgO. B) Li-TbOx/t-MgO. C) s-MgO.
On the hand, nanoscale supports create catalysts with more edges and corners, which can
lead to higher performance of the catalyst. However, there is a balance between surface area and
activity in this case [72]. The influences of the corners and edges on OCM reaction needs further
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investigation. A high surface area is determined since the selectivity will decrease. Some surface
area is required to abstract the hydrogen from methane.
Effects of Li-Doping
In table 3-2, initial reaction data and reaction data after 30 minutes on stream are
collected. It is interesting to compare these two sources of data.
By comparing the methane conversion rate and product selectivity between Li-TbOx
catalysts and the MgO nanoparticles, it is easy to see that doped Li catalysts are active for
oxidative coupling of methane from 650 oC to 800 oC. Almost every methane conversion rate and
C2+ yield collected after 30 minutes are smaller than that of the initial reaction data from able 32, which is a sign of deactivation. In Fig. 3-6, the conversion line and C2+ yield line of initial
reaction data are always above that of reaction data after 30 minutes. The loss of Lithium might
be the cause of this rapid deactivation.
The mechanism of oxidative coupling of methane over Lithium is given below [73-75].
2Li+[*]+ O2+2Li+O2- →2Li+O-,
Li+O- + CH4 ↔ Li+OH- + CH3,
Li+OH- → 2Li+O2- + Li+ [*] + H2O
2•CH3 → C2H6
According to this mechanism, the catalysis activity of oxidative coupling of methane is
highly relative to the number of active centers on the catalysts surface. It is safe to conclude that
more Lithium atoms per surface area there are, the higher activity of the catalysts will be.
By correlating electron paramagnetic resonance (EPR) signals with the methyl radical
formation rate, Lunsford et al. proposed that the active centers for OCM over Li-doped catalysts
are those [Li+O−] defects, which is a generally accepted mechanism [73-75].
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Li-doped MgO was claimed to lose catalysis activity quickly by Ross et al. [76]. It has
also been proved that the catalyst can be regenerated by treatment with CO2 with the presence of
Lithium. The deactivation could be slowed down by adding low-concentration CO2 to the
reaction system. They furthermore concluded that CO2 temporarily poisons the active site and
simultaneously stabilized it against deactivation [76,77]. The selectivity did not change so much
in their long-term experiments, therefore the conclusion was that the nature of the active site has
not changed much but the number decreased.
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Figure 3-6. Reaction data of methane conversion and yield of C2+ as a function of temperature
(Li-TbOx/s-MgO). A) Methane conversion (𝑋𝐶𝐻4 ) calculated from initial reaction
data. B) Methane conversion (𝑋𝐶𝐻4 ) calculated from reaction data after 30 minutes
on stream. C) C2+ product yield calculated from initial reaction data. D) C2+ product
yield calculated from initial reaction data reaction data after 30 minutes on stream.
However, Kimble and Kolts showed that Li is lost from the catalysts after calcination at
850 °C [78]. Moreover, Mirodatos and co-workers showed that Li-doped MgO suffers from
severe deactivation due to sintering and loss of Li.
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However, Kimble and Kolts showed that Li is lost from the catalysts after calcination at
850 °C [78]. Moreover, Mirodatos and co-workers showed that Li-doped MgO suffers from
severe deactivation due to sintering and loss of Li.
Another important finding was that the use of experimental equipment made of quartz
glass is detrimental to the stability of Li-doped MgO [79,80]. It was shown that the catalyst
deactivates due to a loss of Li as the volatile LiOH or as Li2SiO3, due to the fact that many
laboratory reactors are made of quartz glass. However, this is not limited to quartz devices, the
Li caused problems in reactors made of Al2O3, Al2SiO5 and ZrO2 (stabilized with Ca) [81,82].
Generally, it seems a problem that currently no material exist which is stable against the highly
mobile Li.
A detailed structural analysis of 0.5 wt% Li-doped MgO showed heavy losses of Li,
reduced surface area and grain growth. A correlation between these factors and the deactivation
could not be found. The reaction temperature and the flow rate were found to be the main
deactivation parameters [83].
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CHAPTER 4
SUMMARY
Preparation of Magnesium Oxide Nanoparticles
A series of nano-sized magnesium oxide particles were successfully prepared by a simple
water/toluene reverse microemulsion method using triton X-45, 1-Dodecanol as surfactant. By
controlling the amount of surfactant, it is possible to control the size of MgO nanoparticles from
20 nm to 50 nm. It has also been proved that single surfactant is not enough to stabilize
mocroemulsion system in some cases. Thus, a medium length alcohol is required as a
cosurfactant for smaller particle sizes.
Characterization of Magnesium Oxide Nanoparticle
The size of the magnesium oxide nonaparticles prepared by microemulsion method was
estimated by XRD measurement. The XRD measurement also showed that the major component
of the magnesium oxide nanoparticles is cubic MgO.
Preparation of Oxidative Coupling of Methane Catalysts
Both high surface area and low surface area MgO samples prepared by microemulsion
were used as support for Li-TbOx, where 1.75 ≤ x ≤ 2. In order to get the largest coverage of the
MgO support and the smallest Li-TbOx particles, a nitrate precursor was used during incipient
wetness impregnation, followed by calcination at 800 °C for 4 hours. N2 adsorption (BET) results
showed that the surface area of MgO nanoparticles prepared with 15 wt% Triton X-45 was as
low as 1.0 m3/g and that of MgO powders prepared with 15 wt% Triton X-45 and 1-Dodecanol
mixture was 9.3 m3/g.
Oxidative Coupling of Methane Reaction Over Prepared Catalysts
Oxidative coupling of methane (OCM) driven by catalysts prepared was studied using a
continuous-flow quartz reactor at atmospheric pressure, 500–800 °C at a CH4:O2 ratio of 4:1.
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The methane conversion reached 21.9% at 700 °C with a C2+ selectivity as high as 65.5%. Thus,
a maximum C2+ yield of 13.5% was realized. However, there was a rapid deactivation during the
OCM over Li-doped catalysts due to the loss of Lithium.
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