CHAPTER III

LITERATURE REVIEW

3.1 Methane Utilization

Methane, the major co q\ ‘ } / al gas, is generally generated along
with liquid petroleum pro essing. No ' a small percentage of the world

% is ¢ll|zwctlon of other more valuable

for heating and power
imosphere (Lunsford, 2000).
and the increase of pollutant

methane production of around 7%
chemicals (Liu et
generation, and apprg
These account for
emissions, especially
Furthermore, productio ane fi rogre and rapidly in each year, and
this trend is possibly v : ford, 2000). Consequently,
according to environm the technology of methane

conversion has been a prominen

P s e
At the present time, ‘;Ev}ﬁ _;‘_ dmmercially converted to more useful
-,;-..J' 7 s 1 e =
chemicals via mdlﬁct route. S’yntﬁ&nif monoxide and hydrogen is

partial oxidation react 0 h' t is essential for supplying.

After that, synthesis gas is further processed to other useful chemicals such as C;-
compounds m thanc and ethane).
Energy costa iﬂﬁm f this route. On the
contrary, via 1rect route, methane' is convertedggralght to C, and' C>-compounds
B b L et T ——.
even fthrough this method is under research and development stage, the direct

technology of methane conversion has been investigated intensively, especially the

oxidative coupling of methane (OCM) to C,-hydrocarbons (ethane and ethane).
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3.2 Oxidative Coupling of Methane (OCM)

The oxidative coupling of methane to ethane and ethylene was achieved firstly
by Keller and Bhasin in 1982 and then a large number of papers concerning this topic
have been increased rapidly. Most researchers have paid attention to the development
of the catalysts and reaction mechanisms. The catalytic oxidative coupling of methane
may be conducted in two modes of operation: cyclic mode (redox mode) in which

methane and oxidant is introduced to the catalyst alternately and co-feed mode in

which methane and oxidant is in

among the OCM catalysts

Itaneously. From experimental results,
(stable cationic valence catalyst)
wed the best C,-yield in the co-

containing a rare earth mé
——

feed mode of operati
earth oxide and hali
Wan, 1997) and BaFy

| oxides promoted by alkali
0), SrF/ Sm;03 (Long and
ose of the transition metal

oxides promoted by al : ‘Sy‘\\e‘t al., 2000). These catalysts
can reach more th: 7

From kinetic ) many experiments (Tsai ez
al., 1999) that the OCM p, heterogeneous-homogeneous
free radical reactions. A hydr led from methane gas on active
oxygen species, forming CHgfﬁﬂxcat 0 radicals couple together in gas phase
to ethane as the pi;ﬁnary pmJﬂ'a.’EﬂlanE an, after reaet further to the secondary

product, ethylene; &3 e on the catalyst surface

and a free radical . Small quantity can be

formed by thermal : ydrogenatlon in as phase. Oxidation reactions can take place

from all hymi ﬁ \ﬂﬁ%m ﬁ: the carbon dioxide
gas is main E.r i;d ethy ca ﬁ ace and of methane
in gas phaseq'tPak, Qiu and Lunsford, 1998). It‘*'as suggested that active oxygen

oGO O 51 9AHDY b i e

(Au etal., 1998: Au, Liu and Ng, 1998: Sinev, Korchak and Krylov, 1986).

In addition, from kinetics investigation, the order of oxygen in OCM reaction

is lower than that in deep oxidation (Lane and Wolf, 1988); hence, operation with the
lower oxygen concentration can improve the selectivity of C,-compounds, or applying

a membrane reactor to the OCM reaction is a good alternative.
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Nevertheless, there are several limitations in commercializing the
conventional OCM process. The problem on hot-spot temperature within catalyst bed
is one of great concern. It is because the OCM reaction occurs at high temperature
(above 973 K) and generates a large amount of heat, as well as a great quantity of heat
from methane oxidation reaction. Therefore, the temperature within the catalyst bed
may be 150-300 K higher than the exterior (Lunsford, 2000). Moreover, the methane
conversion is restricted less than 40% since the concentration of oxygen in feed

stream must be kept below an explosion value and the catalyst lifetime is also

insufficiently lengthy due to volaw,\ s. As above limitations, there have been
th ;

%,

considerable efforts to de

reactor configurations. I\M\b"nny reag}or ha
T —

the OCM process. distributi

membrane, the heat of

problem such as the design of
emonstrated a great potential for

gen to the catalyst bed via a
; ed can be much more flat
throughout the react 0 ,~thereby the ho temperature is less sever.
éaa—gjnﬁb B“;ngse the oxygen and methane
each other and, ! \tﬂently, there is no explosion

The high conversion

tion of membrane to OCM

reaction does not only, e hot-spot problem and the
explosion limitation, but ing the catalytic performance of
reaction through the kinetics as ction. From theoretical studies, Reyes et
al. (1993) and Ch tha yield could reach 45% in

-
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3.3 Membrane lgactor for Oxidative Coupling of Methane
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classified intd" three types accordigg to the feature of the transp%g?tion of oxygen

=¥
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oxygen lon conduction. These corresponding membranes are (1) porous membrane,

(2) dense metal and metal oxides membrane, and (3) dense oxygen ionic conducting
solid oxide electrolyte membrane, respectively (Liu et al., 2001).

In the porous membrane reactor, membranes frequently used for studies are
ceramic and vycor glass, especially alpha-alumima ceramic membrane due to its

stability at high temperature. From experimental results, it was found that the Cs-yield
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from porous membrane is somewhat small since the pore size of the membrane is so
board that the permeation rate of oxygen as well as nitrogen when using air as oxidant
is quite high, and the hydrocarbons also can transfer through membrane to oxidant
side. In a small number of studies in which pure oxygen and pure methane is used as
reactants, it was shown that the high C;-yield was achieved (Coronas et al., 1994);
however, owing to the high cost of air separation, exploiting pure oxygen is
economically unreasonable. Like the porous membrane, the dense membrane

fabricated from a metal or a metal oxide gives small C-yield due to very low

diffusion rate of oxygen lattices throug embrane. There are not many studies
N

using this membrane type. A embrane is lead oxide supported on

magnesia (PbO/MgO)M (O;pata mm and the silver membrane

(Anshits et al., 1990) \‘s
have, therefore, been paid

According t
i membrane that conducts
oxygen ion. Through s , 0 Hxﬁﬁqn in this reactor, the high
*afid fthe high reat is attainable such that the C,-

yield can be improve 10T ni 3 is able to operate as a fuel

to the last membra
oxygen transportati

cell as well as an oxygen p [;, p;itipu ‘Operation by which the electric

3.4 Solid Oxnd@_‘j‘uel Cell for Oxi Oxida ive Coulpling of Methane

The first ap of a a solid oxide electrolyte
membrane for prodtglon of chemlcals was conducted by Vayenas and Farr (1981).
They conv: ﬁ: |§ cell. The concept of
s1multaneonﬁ ﬁgl ﬁeﬂyﬂ] ﬁzltjdmc power, after that,
was develope considerably, especially the C,-hydtocarbons produgtion by the OCM
=R RIRRFRNRRALIN

fSolid oxide fuel cell was, perhaps, firstly applied as a membrane reactor for
the co-generations of Cy-hydrocarbons and electric power by Pujare and Sammells
approximately in 1988 and this system, after that, has been received interest widely at
the present day. The reasons are that the SOFC reactor makes it possible to deal with

the OCM reaction that needs high operating temperature in order to generate C,-

compounds and it can provide the potential oxygen form selective for the OCM
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reaction as well. Through the fuel cell principle, this power generator efficiently
produces the electricity since the electrical energy is created straight from the
chemical energy without thermal energy stage. From the experimental result in the
SOFC reactor, the heat of reaction of OCM reaction was converted effectively into
electric power with the high C»-yield and this system was regarded as the chemicals
energy co-generation system (Tagawa et al., 1999). In addition, the pollutant
emissions released from the SOFC reactor is very small. Nonetheless, the high

temperature of the SOFC operation restricts the property qualification of each

Configurations of the SO
flat plate type (bipola@' md electrolyte is 8%mol yttria-

stabilized zirconia n ion conductivity at a wide
< Strontium-doped lanthanum

generally used as the cathode

From a number of experin crifs-" tha ve : lysts, it was revealed that
the low methane co ion an ri iIrrent was a major problem, even if the

high Cz-selectwnty could b ac;ﬁlgveqi:- 2-yield: ould not reach more than 4%

catalyst on a tubular 1.8 mm-
of 53.6%, the Cafeldf less t’ﬁéii 3% and t 1e eléetrical-current of 153 mA. After
that, Guo ef al. ,b;‘—‘-—-------—-—---—-:--f;—« was catalyzed by Sr/LayOs-
Bi,03 on the tubul | t the high C,-selectivity of

90-94%, the Cz-y;j about 0.2-1% and the electrical current of 20-40 mA was

obtained. F fﬁ ﬁrﬂ{qﬂﬂiﬂhﬁmd that the increase
in the me eﬁ;ﬂ decrease in the C,-
selectivity, and the experimental afesults were gonsistent with this model. These

R olp o El i Il b pdid cays nd

the inSufficient oxygen transport rate through the solid oxide electrolyte. Hence, the

development of a superior anode catalyst and a solid oxide electrolyte with high ionic
conductivity are very essential. The other improvements that are crucial for success
are, for example, development of catalyst preparation method and fabrication of thin
solid electrolyte.
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To select an anode catalyst, many requirements of OCM catalyst as an anode
catalyst in a SOFC reactor must be considered. As the activity and selectivity of the
catalyst for C;-compounds depends markedly on the appropriate control of oxygen
species adsorbed on the catalyst surface and the O, O, O,> and Oy species are
responsible for the formation of the C>-compounds. These species can be controlled
by the type and composition of the metal in the catalyst. It was recommended that the

catalyst surface should exhibit high basic characteristic (Choudhary et al., 1997). The
metal oxides of alkali, alkali earth and rare earth metal are capable of serving this

quality. Besides the catalytic asx i anode catalyst should be a high electronic
conductor (Singhal, Park e{\’ ‘ Wise"Whereas occurring the OCM reaction
on anode side, electronwer @m e ions on electrolyte to the anode

catalyst to form the : -‘Mre produced by taking place
the reaction betwe . 1 “methane, must move out to
external circuit thrg e € \ ‘Was proposed that the anode
catalyst should be a oo uctor i _and Bouwmeester, 2000).

vere condition both thermal and

It was found th. /gnod f'the anode catalyst considerably
influenced the catalytic a gawa et al. (1998) compared the
activity of the LaAlO anodelm TR ".J d _by the nebulizer method and that
prepared by the pﬁe metht‘;r Tiley féf ind hat the on rate of C,-compounds

method. It was exﬁ' 1ed ould provide the surface

structure that was a ve for the Cz-compounds formation and could give a strong

interaction ﬁ ﬁ d in the stability of
active strucETW uzlh mﬁ m ﬁﬂl’r‘ﬁl talytic activity. An
effective way to improve the ngethane conversion, which isgimpeded by the
A DRSBTS m e by o i
oxide®lectrolyte. Tagawa et al. (1999) studied the influence of the YSZ electrolyte
thickness on the catalytic activity. The results showed that the thickness of YSZ
affected strongly on the methane conversion; the reduction of the thickness from 2.0
mm to 1.5 mm caused the methane conversion to increase around 14 times at 1223 K.

Another way to increase the transportation rate of oxygen ion through membrane is

the application of electromotive force to the SOFC reactor in order to accelerate the
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oxygen ion movement, being termed the electrochemical oxygen pump. From the
experimental results, the enhancement of activity by applying the electromotive force
to the cell was dependent on the anode catalyst. In the La; 3Aly,03/YSZ/LSM SOFC
reactor, the increase of oxygen ion transportation by supplying the positive potential
(oxygen pumping) promoted the formation rate of carbon oxides whereas affected
insignificantly on that of the Cj-compounds (Tagawa et al., 1999, 2002).
Alternatively, when applying the negative potential, the formation rates of carbon

oxides were suppressed while that of the C,-compounds was stable (Tagawa e al.,
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