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Abstract

Project Code : 5480185

Project Title : Application of Multifunctional Reactors for C2 Hydrocarbons Production from

Natural Gas

Investigator : Dr. Wisitsree Wiyaratn

King Mongut's University of Technology Thonburi

E-mail Address : wisitsree@gmail.com , wisitsree.wiy@kmutt.ac.th

Project Period: 2 1l 15 June 2011 - 14 June 2013

This project was aimed to develop new basic chemical and electrical cogeneration knowledge related
to solid oxide fuel cell reactor (SOFC) with novel Au/ LaSrMnO3; nanocomposite, and Na,WO,-Mn
Experiments were carried out based on oxidative coupling of methane (OCM) in fixed bed reactor and
SOFC, which was designed for suitable C2 hydrocarbons production by promoting catalytic reaction of
OCM. The study is divided into 2 parts: 1) oxidative coupling of methane (OCM) in fixed bed reactor
and SOFC reactor over Au/ LaSrMnO; nanocomposite and Na,WO,-Mn. From the works, 1
international paper have been accepted for publication , and 1 paper was presented in international

conferences.

Keywords : Au/ LaSrMnQO; , Na,WO,-Mn, SOFC reactor ,Oxidative coupling of

Methane, Chemical and electrical cogeneration
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CHAPTER 1

INTRODUCTION

1.1 Rationale

A solid oxide fuel cell (SOFC) is an electrochemical device that produces electricity directly

from a fuel. The advantages of SOFCs include high system efficiency, fuel flexibility and low

emissions. Most SOFC studies are aimed at only electricity generation, during which the fuels are

completely combusted to CO, and H,O. However, there has been some research focusing on

applications of SOFCs for the cogeneration of chemicals and electrical power. Various reaction

systems have been tested, including styrene production from ethylbenzene [1], partial oxidation of

methane (POM) to synthesis gas [2-4] and oxidative coupling of methane (OCM) to C2 hydrocarbons

(ethane and ethylene) [5]. The effective catalytic conversion of methane into more useful and valuable

products (such as H,, syngas and C2 hydrocarbons) with sufficiently high yields, selectivity and

stability remains a great challenge. Generally, SOFCs operate at 800-1000°C, so materials with high

activity and stability at high temperatures are necessary [6-8]. The search for new anode catalysts

aims to improve the conversion, selectivity, yield and stability.

In the search for catalysts affording catalytic reactions in SOFCs, perovskite oxide precursors

are good candidates. This is because perovskite oxide systems have stability over a broad

temperature range as well as a high oxygen storage capacity and oxygen ion conductivity [9-12].

Perovskite oxides are versatile for many catalytic reactions, including the oxidation of hydrocarbons.

Doped noble metals (Pt, Pd, Rh) over a perovskite support lead to ameliorated catalyst performance

in terms of activity and stability at high operation temperatures. Rh-LaCoO5/Al,O; and

Rh/LaMnO3/Al,O; [3] have been employed in syngas generation. In particular, doped nanoparticles,



such as Au over a metal oxide support, can promote catalytic activity because the catalytic

performance is significantly affected by the size of the particles and the distribution [13-16]. Metal

oxides as ultra-fine particle supports promote changes in the chemistry of noble metals [17-21].

Au/LaSrMnO; and LaSrCrO; perovskite composite catalysts have been investigated as potential

anode catalysts in SOFCs for propane reforming processes [8]. Au/LaSrMnO5; showed a higher activity

for propane reforming than Au/LaSrCrOs.

Among several catalysts, 5wt%Na,WO,-2wt%Mn/SiO, offers a good performance in OCM with

20% of methane conversion and 80% of C2+ selectivity [22, 23-25]. Lunsford and co-workers reported

that Na-O-Mn species are responsible for an activation of methane, in which Mn is an active

component, Na provides selectivity, and W is required to stabilize the catalyst [26, 27]. Afterwards,

Lapefia-Rey et al. investigated OCM in SOFC using YSZ as a solid electrolyte, 5wt%Na2WO4-

2wt%Mn/SiO, was used as an anode catalyst. Very high C2 hydrocarbon selectivity was found while

the methane conversion was low. However, the SiO, support has low electrical conductivity, thus it

was required to be mixed with a conductive component such as silver to increase the electrical

conductivity [28]. From the disadvantages of SiO, support, a new support is desirable for increasing

the electrical conductivity and catalytic properties of the anode in SOFC. YSZ is considered a good

candidate because it is used to match the thermal expansion coefficient of the anode to be close to

that of the YSZ electrolyte and provides an ionic pathway for conveying oxygen ions from the

electrolyte to the three-phase boundary.The main objective of this research was to investigate the new

anode catalysts in SOFC. Au/ LaSrMnO; , and 5wt%Na,WO,-2wt%Mn/YSZ catalysts were examined.

The surface morphology, composition and surface area were characterised using several techniques.

The catalytic activity of catalysts for OCM was evaluated using a continuous-flow fixed bed reactor

and SOFC reactor.



1.2 Research Objectives

The aim of this research work is to study the potential use of Au/ La,,Sr,MnO3 (x = 0.4)
perovskite materials , and 5wt%Na,WO,-2wt%Mn/YSZ for the oxidative coupling of methane reaction
in SOFC reactor to co-generate C2 hydrocarbons and electrical power.

1.3 Scope of Research Work

La,Sr,MnO; (x ® 0.4) and 5wt%Na,WO,-2wt%Mn/YSZ was selected as perovskite-based
material because it has widely been reported to enhance good activity for the oxidative coupling of
methane (OCM) reaction. Those materials were then characterized their properties such as total
surface area and pore size, phase formation, morphology, and elemental analysis. Then, the prepared
materials were evaluated the catalytic activiies on OCM. The investigated parameter consisted of
temperature, CH,4:0, ratio, GHSV, CH,/O, ratio and temperature. The results were presented in term
of percent conversion of methane, product selectivity, and product yield (especially in C, hydrocarbon
product).

1.4 Research Planning
To achieve the research objectives and research scope, the research methodology will be

provided as,

® To review literatures on related topics, i.e. OCM, SOFC

® To prepare Lay,Sr,MnO; (x ® 0.4) and 5wt%Na,WO,4-2wt%Mn/YSZ

® To investigate the performance of catalysts in oxidative coupling of methane reaction by

fixed-bed reactor.

® To study OCM reaction in SOFC.

® Analyze the obtained data to find the conclusion of the research.



CHAPTER 2

THEORIES

Among various types of fuel cell, SOFCs are one of the most promising fuel cell due to
efficient operation with diversity range of fuels. As a result, SOFCs have been the object of intensive
R&D (research and development). The important issues for developing of SOFCs are construction
materials and co-generation of chemical Production. Therefore, this chapter describes main topics that
relate to this research such as solid oxide fuel cells (SOFCs) technology, fuel cells reactors, principle
of cogeneration of chemical production, perovskite materials, principle of catalyst, and synthesis of

solid catalysts ,and principle of oxidative coupling methane (OCM).

2.1 Fuel cells

The production of chemicals and energy that provide high efficiency and non pollutant to
environmental is a final destination for energy technologies and chemical reactors development that
will soon help to sustainable development in the world. At the foreground of energy technologies, fuel
cells (FCs) are expecting to find various applications in the direct convertibility of chemical reactions
into electrical energy with high efficiency and small pollutant since they generate much less pollutants
than combustion process.

Group of fuel cells can be divided to their electrolyte employed or working temperature (high,
moderate and low temperature, etc.) For example, alkaline fuel cell (AFC), proton exchange
membrane fuel cell (PEMFC), phosphoric acid fuel cell (PAFC) operates at low temperatures and
aqueous electrolyte can be used. The molten carbonate fuel cell (MCFC) and solid oxide fuel cell

(SOFC) operate at high temperature with molten electrolyte and solid electrolyte, respectively. Table



2.1 shows different types of fuel cells, distributed to the electrolyte employed, and working

temperature [29-37].

Table 2.1 Group of fuel cells divided to electrolyte and temperature functionalized
AFC PEMFC PAFC MCFC SOFC
Temperatur
o 160-200 600-800 800-1000
e (C) 60-90 80-110
Ni/Y,03-
Electrode Metal or Pt-on Pt-on-carbon | Ni+Cr 20
r
material carbon carbon ?
LiCOs- ZrO, with
Electrolyte NaOH/KO | Polymer HsPO,
K,COs4 Y20,
H membrane
H,/CO H,/CO/CH,
Primary fuel H, H, H, reformate
reformate reformate
reformate
Oxidant Oy/air Oy/air Oy/air CO,/0,/air Oy/air
Issues CO, Moisture of CoO,
Ceramic
troubles | fuel CO sensitivity | recycling
cells
necessary
Practical
efficiency 60 60 55 55-65 60-65
(%)

* The production of additional electrical energy by means of thermal energy co-generation is not

concerned [31].




2.2 Principle of Fuel Cells

A principle of FCs system composes an electrolyte solution and porous electrode e.g. anode
and cathode electrode on either side. The typical fuel cell, gaseous fuels (i.e. hydrogen) are supplied
continuously to the anode electrode (negative electrode) and an oxidant (i.e., oxygen from air) is fed
continuously to the cathode electrode (positive electrode); the electrochemical reactions suddenly
occur at the electrodes surface and produce electricity with the by-products including heat and water.

The reactions are shown below.

Anode:2H, »4H" +4e” (1)
Cathode: O, +4H" +4e” —»2H,0 2)
OverallCellReaction:2H, + O, -»2H,0 (3)

The overall efficiency of FCs is about twice higher than internal combustion engines and other
methods of electricity production from the equal amount of fuel. The following lists summarize the

most important features of FCs in comparison to other energy conversion devices [29,31,32]:

- FCs are power generators which are able to directly change chemical energy of fuel
(hydrogen, methane, naphtha, etc.) into electrical energy which the efficiency is higher than
conventional coal or gas fired thermal power stations (35-40%).

- If the waste heat of fuel cell is used in system, the fuel efficiencies are possible to go up 90%.

- Low pollution level emissions are produced from FCs (typically one to two orders of magnitude
lower).

- Low noise level is generated.

- FCs require low maintenance and exchangeable parts (mass-produced components).



- The efficiency of FCs can be increased by applying the cogeneration of heat with high-

temperature systems.

- For cogeneration of high temperature, waste heat is useful for many applications such as

industrial processes or for additional electricity production.

2.21 Cell Components and Materials for SOFC

The major components of an individual SOFC include the electrolyte, the cathode, and the
anode. Fuel cell stacks contain an electrical interconnect which links individual cells together in series
or parallel. The objective of this system is to generate more power. These fuel cell components
involve with the development of SOFC performance. The SOFC performance, that should be
enhanced, consists of higher energy conversion efficiency, lower chemical and acoustical pollution,
fuel flexibility, cogeneration capability, and a rapid load response.

Figure 2.1 illustrates the structure and properties of the SOFC components. The SOFC
employs a solid oxide ceramics as the electrolyte, which is the main component of SOFC. The
electrolyte is an oxygen ion (oxygen vacancy) conductor. The cathode electrode, similarly as the
anode electrode, should be an ion-electronic conductor. However, the anode and cathode materials in
a SOFC are different. The fuel electrode must be able to withstand the highly reducing high-
temperature environment of the anode, while the air electrode must be able to withstand the highly
oxidizing high-temperature environment of the cathode [38]. Another part of SOFC such interconnect
of fuel cell stacks to conduct the electron through an external circuit. The structure of cathode and
anode materials should be porous, in order to allow the penetration of gases. In the layers close to
the electrolyte, however, the porosity should be as low as possible to intensify the lattice diffusion of
oxygen. The electrolyte is a gastight sinter with high strength, preventing a non-productive combustion

of the fuel [39].The important issues of the cell components are chemically and thermally compatible.
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Figure 2.1 Schematic cross-section of SOFC components [32].

a) Electrolyte Materials

The typical challenges of SOFC electrolyte development consist of matching the thermal
expansion coefficients, mechanical strength, and chemical compatibilities. Several solid oxide
ceramics, typically perovskites (structure ABO;), have been tested as SOFC electrolyte. Yttria-
stabilized-zirconia (YSZ); 3, 8 or 10 percent yttria, is the most commonly used for SOFC electrolyte

material. YSZ electrolyte provides high conductivity at temperatures above 700°C, while exhibiting

negligible electronic conductivity at these temperatures.



Alternative electrolytes have been considered and are being developed. The interested

electrolyte materials are scandium-doped zirconia (SDZ), gadolinium-doped ceria (GDC), and

perovskite-based lanthanum gallate (LaGaO3).

b) Cathode Materials

EG&G Technical Services (2004) [40] reported that during early development, platinum and

other noble metals, and even magnetite, were used as cathode materials for SOFC. They are no

longer pursued actively because of chemical and physical instability, incompatibility with most

electrolytes, and cost (in the case of platinum). Currently, materials used in SOFC cathode are

lanthanum-based perovskite materials. These materials are considered as good oxidation resistance

and high catalytic activity in the cathode environment. The most cathodes are based on doped

lanthanum manganites (LaMnQO;). In high operating temperature SOFC (~1,000°C), strontium-doped

LaMnO3 (LSM) is used.

c) Anode Materials

The composition of the anode material, particle sizes of the powders, and the manufacturing

method are key to achieving high electrical conductivity, adequate ionic conductivity, and high activity

for electrochemical reactions and reforming and shift reactions [40]. In addition, the SOFC anode that

will be operated with hydrocarbon fuels should look first at materials.

Anode materials for SOFC have been considered in wide range of materials. Early stage of

SOFC development, precious metals such as platinum and gold were used, as well as pure transition

metals such as nickel and iron. Subsequently, other materials such as nickel aluminide were tested

because of the physical and chemical instability of these materials.

The most common material for the anode electrode is a nickel-YSZ cermet (a cermet is a

mixture of ceramic and metal). The ionic conductivity is associated with oxygen ion transport via

oxygen vacancies in YSZ. The presence of metallic nickel in the anode material provides the



electronic conductivity and catalytic activity by catalyze the fuel oxidation. As for the YSZ provides ion
conductivity, other properties such as thermal expansion compatibility, and mechanical stability, and
maintain the high porosity and surface area of the anode structure is also provided by YSZ. The main
degradation of Ni-YSZ cermet is the morphology (i.e. size and shape) changing from the sintering.
Moreover, the catalytic activity of Ni-YSZ could be destroyed from the carbon deposition when
hydrocarbon fuels are used for SOFC operation.

Mclintosh and Gorte (2004) [41] mentioned about ceramic anodes that the provskite materials
have possibility for the application of SOFC anode. The perovskite must be capable of catalyzing the
hydrocarbon oxidation reactions while maintaining high electronic conductivity and structural stability in
the highly reducing environment. Various perovskites have been investigated the stability for SOFC
application. For example, materials based on doped LSM, LaCrO; were reported to be quite stable.
Depending on the dopant, degradation can occur due to reaction with YSZ, due to reduction of the
oxide, or due to electrochemical demixing; however, it was reported that, for this material, degradation
can be slow even when the oxide is thermodynamically unstable.

The catalytic activities of some perovskites for methane oxidation and steam reforming have
also been studied, and it appears that the activity of some materials can be reasonably attractive.
Materials based on LSM, Au/LSM, steam reforming and methane oxidative-coupling activities have
been shown to depend strongly on the dopant ion. Materials doped with Au gave particularly high
steam-reforming activities with lower propensity for carbon formation as compared to a normal Ni

catalyst.

d) Interconnect Materials



The interconnect of SOFC is the electric link to the cathode and protects the electrolyte from

the reducing reaction. Therefore, the interconnect must be an electronic conductor and have similar

characteristics to the electrolyte. Broadly, interconnect materials for SOFC can be divided into two

categories: conductive ceramic (perovskite) materials for operation at high temperature (900 to

1,000 °C) and metallic alloys for lower temperature operation.

2.3 Fuel Cells Reactor

As mentioned above, fuel cell is usually used as a power generator but it can be also applied

as a chemical reactor. Previously, fuel cell reactors have been developed for the conversion of fuel to

desired chemicals as the main product with energy generation [31] that is called chemicals and

energy co-generation. In this process, the main function of fuel cell likes chemical reactor. However,

electricity generated as by-product from the fuel cell reactor distinguishes it from the conventional

reactor. In addition, chemicals and energy co-generation provides a benefit over a conventional fuel

cell which just produces electrical and pure water as a by-product.

The typical concept of fuel cell reactor for chemicals and electrical power co-generation is

illustrated in Figure 2.2. This system consists of fuel cell reactor, external load and chemical product

recovery unit [31]. The fuel and oxidant are supplied separately to electrochemical cell (anode and

cathode electrode) at fuel cell reactor, after that useful chemical and electricity are occurred. Electricity

is supplied to an external load and useful chemical produced is collected. Cogeneration systems can

operate at low, moderate or high temperatures; hence the electro-cogeneration process has become

one of the new applications for fuel cell system.

The main advantages of the chemical and energy co-generation methods over the

conventional catalytic reactors (batch reactor, plug flow reactor, continuous stirred tank reactor, etc.)

are as follows [29,31,32]:



- The cell potential mainly controls the production in the electrochemical reactor.

-The selectivity of chemical production can be controlled by difference of the electrode potential or
changing the electrode catalyst.

-The electrochemical devices can operate at very low temperatures when compare to conventional
catalytic processes.

-Co-generation of electricity and useful chemical products is efficient which improve the potential of
industries.

-Successful chemical cogeneration has been controlled by suitable selection of anode material and
the fuel.

Therefore, fuel cell reactors for co-generation of chemicals-electrical power have become an attractive
new application for fuel cell system. Many co-generation processes with different types of FCs have
been discussed. Selective electrochemical oxidations of methane to synthesis gas or C2 compound
with electricity in SOFC reactors are a very attractive alternative to conventional catalytic reactor.
Hydrogen peroxide (H,O,) can be produced in an AFC reactor. PEMFC reactors show the ability to
convert fuel to useful chemicals such as 1- propanol, H,O, and cyclohexlamine (CHA). It is noted that
this review will focus mainly on chemical and electrical power co-generation by fuel cell reactor and

describes their reactions and performances.

chemicals

]:: \; Fuel Cell : :] .
i xidant
fuel & o oxidant

<




Figure 2.2 Principle fuel cell reactor to generate chemical and electricity [31].
2.4. Co-generation of Fuel Cell: Chemical Production
2.4.1 Co-generation of SOFC Reactor

Farr and Vayenas [42] first demonstrated this type of operation for the case of NH; conversion to
NO. They studied the nitric oxide production from oxidation reaction of ammonia and obtained
electricity as by product. The result showed that, NO was obtained as a primary product with an
optimal yield of over 60% when the temperature ranges from 427 to 927BC. Another interesting
chemical co-generation process is the synthesis of hydrogen cyanide (HCN), which is widely used for
adiponitrile (for Nylon 6/6) synthesis [43]. The selectivity of HCN exceeds 75% and approximately 0.01
W cm_2 of power density was obtained in the temperature range 800 to 1000 BC and 1 atm [44].

Occurring of organic compounds e.g. styrene can be studied by electrochemical oxidation of
ethylbenzene dehydrogenation in SOFC. The vapor-phase electrochemical oxidative dehydrogenation
of ethylbenzene on platinum-paste electrodes was studied at 575-600°C in a stabilized-zirconia
electrochemical reactor. Styrene and carbon dioxide were the major products. Nevertheless, increasing
in a dehydrogenation rate occur in high anodic current, total conversion was limited at only 15% or

less [45].

C,H, —CH,CH,(g)+ 0> — C,H, —CH =CH,(g) + H,0(g) + 26" (4)

2CH,(9) +2NH;(9) +30,(9) = 2HCN(g) +6H,0(9) (5)



Another interesting chemical cogeneration process is the synthesis of Acrylic acid in SOFC. A
highly efficient anode catalyst, MoV 3Teq 17Nb 1,0, was used for acrylic acid production from propane
[46]. The partial oxidation of methanol to formaldehyde, which is an important compound for fertilizer,
dyes, disinfectants, germicides and preservatives, is another important industrial reaction that has
been reproduced successfully in SOFC [47]. From that work, methanol conversion was over 30%,
with formaldehyde selectivity 85-92% and power density outputs obtained of about 1mW cm'2 .

The oxidation reaction of H,S to SO, has also been successfully demonstrated [48]. At 650—
80060 and atmospheric pressure, hydrogen sulfide was oxidized on the porous Pt electrode. Hydrogen
sulfide was diluted in He and used as fuel, while ambient air was used as oxidant. Reaction (6)
presents the anode reaction, whereas the cathode reaction is similar to Reaction (5). Reaction (7) is

the overall reaction of this system.

2H,S(g) +30* — S0,(g) +2H,0(g) + 6€ (6)

2H,3(9) +30,(9) = 280,(9) + 2H,0(9) (7)

From their experiment, the selectivity to SO, remained under 15% is observed at low current densities
(<10 mA cm_z) and sulfur, (1/2) S, (9), is the main product. Nevertheless, at high current densities
(>40 mA cm_z), the SO, selectivity increased above 90%.

Selective oxidation of methane in SOFC was studied for co-generation of C2 hydrocarbons or
synthesis gas. As for the conversion of methane, typically, the oxidative coupling of methane has
been studied mostly in conventional reactors [49-53]. Nevertheless, there have been few studies apply
SOFC for the direct conversion of methane to useful chemicals. For instance, Solid oxide fuel cell

system with membrane reactor is investigated, which anode electrode is LaAlO and cathode is LSM.



When electrochemical reaction occurred, oxygen ion transferred from cathode cell to anode cell by

equation (8) and (9).

Cathode: O, +4e —20, (8)

Anode:CH, +20, —»2C,H, +H,O+4e 9)

In the reaction, it could produce valuable chemicals such as ethylene and carbon monoxide with high
selectivity and provided electric power with high efficiency.

Pujare and Sammells [54] investigated the oxidative coupling of methane with SOFC. High C,

hydrocarbon selectivity (> 90%) was observed, although the methane conversion was relatively low.
Otsuka et al. [55] also investigated similar studies over several catalysts (i.e. KF, BaCO;, NaCl/MnO,,
Sm,0;) deposited on Au-electrode. The result showed that BaCO; on Au was the most active and
selective catalyst. Jiang et al. [49] investigated the oxidative coupling of methane to ethylene and C,
hydrocarbons and the yield values above 88% with 97% of the methane conversion at SOODC was
observed. In their work, anodes were porous Ag film and Sm,0O porous cermet , which modified with

CaO and Ag. Egs. (10) and (11) present the anode and overall reactions of the above system.

2CH,(g)+20°°(g) »> C,H,(9) +2H,0(g) + 4e (10)

2CH,(9)+0,(g9) » C,H,(9) + 2H ,0(9) (11)

Guo et al. [57] investigated SOFC with Sr/La,03-Bi,03-Ag-YSZ membrane for oxidative coupling
of methane and revealed that composition of membrane showed a important effect on the co-
generation. The stability of membrane was continuously investigated for 62 h and no activity obviously

declined (C,-selectivity and CH, conversion showed relatively stable). Kiatkittipong et al. [30,58]



investigated solid oxide fuel cell reactor using Lag.g5Sry.1sMnNO3/8 Mol%Y,05-ZrO,/La, gAlg.,05 for C,
hydrocarbon production. The most of C, production is ethylene, which is more favored than ethane.
However, the influence of increasing methane flow rate effected to the decreasing methane
conversion while C, selectivity slightly increases.

Syngas and electrical power in direct-methane solid oxide fuel cell (SOFC) was reported [59-65].
Syngas can be used as feedstock for hydrocarbon and methanol manufacture. The syngas co-
generation enhanced when increasing bulk lattice-oxygen extraction from electrochemical reaction [63-
69]. This observation occurred when providing external potential to the electrochemical cell, ionic
species migrated to the electrode surface and makes the changing the operation of catalysts
electrode, which corresponded to a change in activation energy and the rate of catalytic reaction. This
observation can be applied to supply methane in a period for the synthesis gas and electricity
production, in which electrical current is obtained when fed methane just one fifth of overall working
time [68].

Ishihara et al. [70] studied the co-producing of syngas and electricity by SOFC. Partial oxidation
of methane CH, +1/20, =CO+2H, as internal reforming reaction was investigated. From their
study, the maximum power density of 526 mW cm_2 with synthesis gas yield of 20% can be achieved.
Similar investigation was performed by Pillai et al. [71]. They reported that, SOFC produced 0.9 Wcm_2
and methane was converted to syngas with 90 % of methane conversion at a rate of 30 sccm cm_z,
750 °C.

The possibility of synthesis gas and electricity production from electrochemical partial oxidation
of CH, in SOFC has been studied by numerical simulation. In catalytic reaction of CH,, energy
occurring in the partial oxidation reaction at perovskite cathodic electrode can be supplied in flow

reversal operation in SOFC. Thermodynamic efficiency occurred in the reaction showed exceeding



!

unity (1l > 2), which revealed the interesting in the SOFCs to produce valuable chemicals and
electrical energy [72].

According to economic analysis of SOFC for chemical cogeneration, until now, very limited
works have been reported. Brousas et al. [73] designed SOFC plant for complete oxidation of
methane to CO, and H,O while another SOFC plant was aimed for synthesis gas and electricity. They
evaluated these systems and were found that the synthesis gas was low. Therefore, SOFC plant
coproducing synthesis gas has so far to expand to large-scale application. Vayenas et al. [74]
proposed the index for evaluating the relative profitability of SOFC chemical co-generation compared
to the chemical reactor at same product capacity and composition. Only SOFC reactor using
inexpensive material with exothermic reaction might be beneficial. The results showed that H,SO, and
HNO; cogeneration were possibly advantageous while ethylene oxide and formaldehyde production

were not.

2.5 Perovskite Materials
2.5.1 General Characteristics of Perovskites as Catalysts

There are many compounds in the perovskite such as oxides, carbides, nitrides, halides, and
hydrides that crystallize in this structure. The most interesting perovskite is perovskite-type oxide that
has the general formula ABO; (A is a larger cation than B). The board diversity of perovskite
properties is from the synthesis of multicomponent perovskites by partial substitution of cations in
positions A and B. The perovskite structure can tolerate significant partial substitution and non-
stoichiometry; for example, metal ions having different valences can replace both A and B ions.
Because of their varied structure and composition, perovskite materials have attracted intense interest
in many applied and fundamental areas of solid state chemistry, physics, advanced materials, and

catalysis [75]. A partial list of their potential applications is presented in Table 2.2.



Table 2.2 Applications of perovskites in materials [75].

Multilayer Capacitor

BaTiO,

Piezoelectric Transducer

Pb (Zr, Ti) O,

P. T. C. Thermistor

BaTiO3, doped

Electrooptical Modulator

(Pb, La) (Zr, Ti) O,

Switch LiNbO4
Dielectric Resonator BaZrO,
Thick Film Resistor BaRuO;

Electrostrictive Actuator

Pb (Mg, Nb) O,

Superconductor Ba (Pb, Bi) O; Layered cuprates
Magnetic Bubble Memory GdFeO;

Laser Host YAIO;

Ferromagnet (Ca, La) MnOg,

Refractory Electrode LaCoO,

Second Harmonic Generator KNbO4

2.5.2 Structure of Perovskites

a) Crystal Structure [41,76]

The ideal perovskite-type structure is cubic with the unit formula of perovskite-type oxide

ABOs. A and B in the perovskite structure are cations with a total charge of +6. The lower valence A

cations are larger and reside on the six-fold coordinated corners of a simple cubic lattice, with the B

cations occupying the twelve-fold coordinated center site. The oxygen atoms are found in a face



centered structure around the central B cation. The unit cell of ABO; perovskite structure is shown in
Figure 2.3. In that structure, A ions can be alkali, alkaline earth, rare earth, and other large ions, while

B ions can be 3d, 4d and 5d transitional metal ion.
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Figure 2.3 Unit cell of ABO; perovskite structure [41].

In the ideal perovskite structure, where the atoms are touching one another, the B-O distance
is equal to a/2 (a is the cubic unit cell parameter) while the A-O distance is (a/ﬁ) and the following
relationship between the ionic radii holds: (I + 1) = \/E(rB + I,). However, it was found that the
cubic structure was still retained in ABO; compounds, even though this equation is not exactly
obeyed. As a measure of the deviation from the ideal situation, Goldschmidt introduced a tolerance

factor (t), defined by the equation:

NRUNEES 2

V2(r, + 1)

where r is the ionic radius of A,B, or oxide ion.



This equation is applicable at room temperature to the empirical ionic radii. Although for an
ideal perovskite tis unity, this structure is also found for lower t-values (0.75 < t < 1.0). The ideal cubic
perovskite structure appears in a few cases for t-values very close to 1 and at high temperatures. In
most cases, different distortions of the perovskite structure appear. The naturally occurring compound
CaTiO5; was originally thought to be cubic, but its true symmetry was later shown to be orthorhombic.

The perovskite structure is stable to relatively large amounts of dopant ions on either A or B
sites. Oxygen vacancies are introduced into the lattice, either through transition-metal redox processes
or by doping on the A or B sites with lower valence cations. Doping of the lattice can alter the
structural stability, catalytic activity, and ionic and electronic conductivities of the perovskite. For
example, at oxygen contents just below stoichiometry, A-site doped perovskites of the form La,.
Sr FeO; show p-type conductivity. This is due to the Sr-induced charge deficiency being balanced by
oxygen vacancies, and relative to the neutral lattice, positively charged Fe ions. At low oxygen activity,
the mechanism is n-type as the Fe ions are reduced.

Deviations from the ideal structure with orthorhombic, rhombohedral, tetragonal, monoclinic,
and triclinic symmetry are known, although the latter three ones are scarce and poorly characterized.
The distorted structure may exist at room temperature, but it transforms to the cubic structure at high
temperature. This transition may occur in several steps through intermediate distorted phases. These
deviations from the cubic perovskite structure may proceed from a simple distortion of the cubic unit
cell, or an enlargement of the cubic unit cell, or a combination of both.

2.6 Catalyst Properties

The physical and chemical properties of the catalyst represent the performance of that
catalyst. An excellent performance such as high surface area and high activity are required for good
catalyst. The properties of good catalyst can be determined as following items.

a) Size



Size of catalyst is one of the important parameter to consider the performance of the catalyst.
The small size of catalyst provides high surface area and gives better catalytic performance.

b) Surface Area

High surface area is usually desirable for high activity per unit volume or unit weight.
Consequently, most catalysts are made to be porous, with high internal surface area about 1000 mz-g_
1. The porous structure and pore size distribution of the catalyst may cause diffusion resistance that
affect the access of reactant to the catalyst sites and removal of the product. Therefore, they also
affect the rate and selectivity of the reaction. For very fast reaction, a large pore size (low surface
area) catalyst may be desired

c) Stability

This includes stability of heat, to poisons, to fluctuations in process conditions, and to such
common component of the reacting mixtures.

d) Activity

The activity of the catalyst refers to the rate at which it causes the reaction to proceed to
chemical equilibrium. The rate of reaction depends on temperature, pressure and concentration of
reactant and product.

e) Selectivity

The selectivity of catalyst is a measure of the extent to which the catalyst accelerates the
reaction to form one or more of the desired products. The selectivity usually varies with pressure,
temperature, extent of conversion, reactant composition, and the nature of the catalyst.

f) Sintering

The sintering of the supported metal crystallites is a complicated phenomenon. It may result in

an overall loss of the area of the support material, or may cause a loss of dispersion of the metal



crystallite in a supported metal catalyst. The rate of sintering increases rapidly with increasing
temperature. It varies with the nature of the metal and chemical, morphology of the support, as well as
temperature, pressure and time.
2.6.1 Types of Catalyst

Catalyst can be classified base on its phase and the reaction medium into two types i.e.,
homogeneous and heterogeneous catalysts. A homogeneous catalyst has the same phase or can be
dissolved in the reaction medium. A heterogeneous catalyst involves more than one phase; usually
the catalyst is a solid and the reactant and products are in liquid or gaseous phases. Sometimes the
reacting mixtures are in both the liquid or gaseous phases.
2.7 Synthesis of Solid Catalysts by Coprecipitation Method [77].

Activity and stability of catalyst are strongly related to material properties such as particle size
distribution, morphology and crystallinity. These properties are controlled by the method of synthesis.

For the preparation of heterogeneous catalysts two principal methods exist, viz. the
impregnation of performed supports with a solution of precursors of the active metal(s), and so-called
coprecipitation where one or more metals are precipitated together with the support or its precursor.
The first method is not only use at lab scale, but is also widely applied industrially. For a number of
catalysts, and especially at large scale, coprecipitation can be very attractive and indeed a large
number of commercial catalysts, for example, for methanol production, hydrogenation, steam
reforming, and butane oxidation are produced in this way. This method is often considered to be more
difficult and indeed requires an accurate control of conditions and hence the use of more complicated
equipment.

A benefit of coprecipitation over impregnation is the high attainable metal loading of up to
60%, sometimes up to 80% or even higher, compared to typically <30% metal loading for

impregnation. Another benefit is the relatively high metal dispersion. In contrast, a drawback of the



coprecipitation process is the generation of large quantities of salt solutions and the fact that after
precipitation the product has to be separated, which is mostly done by filtration. In addition, the
catalyst (precursor) will be in powder form, often with a particle size of 5-30 ym, while for many
applications a shaped product like a tablet, extrudate, or fluid-bed particle is required. Coprecipitated
powders can be shaped, but if after shaping a calcination has to be applied, for example, to achieve

mechanical strength, this has to be performed at almost always milder conditions than those for

performed supports that may easily be heated to 700°C or even higher.

The objectives of calcination are to adjust the texture with respect to the surface and pore
volume, good mechanical resistance, and to decompose and volatilize the various catalyst formed in
preparation such as hydroxides. Types of calcination are dependent the operating condition and the
removable wanted such as calcinations in air or other atmospheres.

2.7.1 Basic Principles of Precipitation and Nucleation

Though the preparation of coprecipitated catalysts comprises a number of steps, for example,
precipitation, filtration, washing, shaping, drying, calcination, and sometimes activation, precipitation is
most important, as during that step the basic properties of the catalyst are established. Indeed,
catalyst performance can be significantly influenced by just changing the precipitation conditions.

Precipitation comprises three major steps, that is, liquid mixing, nucleation and crystal growth
to form primary particles, and aggregation of the primary particles. The nucleation and crystal growth
usually proceed simultaneously; it is possible to treat them separately. It is generally agreed that for
the formation of monodisperse crystal separation of the nucleation and growth events is key.
Especially for multicomponent systems, nucleation is a complex process. It mostly starts with the
formation of clusters, which are capable of spontaneous growth by the subsequent addition of

monomers until a critical size is reached. The nucleation step strongly depends on both concentration



and temperature. If the nucleation rate is plotted as a function of supersaturation a curve like that in
Figure 2.4 is produced.

For multicomponent systems, it is important to operate at high supersaturation levels so the
solubility product of all products is simultaneously exceeded, otherwise a possibly undesired
sequential precipitation may occur. Supersaturation can be produced in a variety of ways both by
physical and chemical methods: cooling of the reaction mixture, evaporation of solvents, direct
reaction of ions, redox reaction, hydrolysis and so on, but reaction of ions in aqueous media, by which
the solubility product is exceeded, is most commonly practiced. Water is chosen as solvent not only
for economic reasons but mainly because solubility for most metal salts is much higher in water than

in organic solvents.
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Figure 2.4 The relation between the homogeneous nucleation rate (nuclei per ml/second) and the

degree of supersaturation. s = actual concentration/solubility [77].



Apart from nucleation and crystal growth, aggregation is an important process. Aggregation

leads to fewer and larger, but yet porous particles. Aggregation is the formation of clusters of

nanoscale primary particles into micrometer-scale secondary particles. Physical or chemical forces,

such as crystal bridges, can hold these aggregates together. Porosity is then determined by how the

primary particles are stacked, and pores can be considered as voids between the primary particles.

Other processes, apart from aggregation, which could take place during precipitation are

recrystallization (Ostwald ripening) and a change in chemical composition or a change in phase

composition.

2.7.2 Precipitation Condition

The primary precipitation products are not necessary the thermodynamically most stable

products and usually, depending on the process conditions, counterions like carbonate, sulfate, nitrate,

or chloride initially incorporated, are later partially or largely displaced by hydroxide. This displacement

process is promoted by high pH and temperature, or by prolonged aging. Thus, when precipitating

nickel nitrate with sodium carbonate, for example, at ambient temperature and a pH close to neutral,

the kinetics dictate the formation of a nickel precipitate with high levels of nitrate and carbonate

incorporation, while the thermodynamics favor a product closer to the hydroxide. Therefore, during

aging this product is gradually transformed into a nickel-hydroxide-like product while releasing CO,

(and nitrate). At higher pH and temperatures this process may, in principle, proceed to a high degree

of completion. The final product, however, may still contain some carbonate, and less so nitrate,

because eventually in the equilibrium situation, the stability of the products, and the concentration or

reactants present, may determine the end product composition.

2.8 Gold Catalysts [78]

As is well known, gold is the most chemically inert metal, and as such the most noble metal.

However, when it is represent as particles of nanosize (<5 nm), it becomes reactive. This may be due



to the increasing fraction of low coordination surface sites as particle size decreases, on which, for
instance, CO molecules can adsorb, and H, can dissociate. This may be due also to changes in the
electronic properties exemplified, for instance, by the contraction of the Au-Au bond when the gold
particles are smaller than ~2 nm.

For years, gold was considered as a poorly active catalyst. In 1987, Haruta and his group
discovered that gold particles were exceptionally active in the reaction of CO oxidation at room
temperature and even much below, provided that the particles were smaller than 5 nm and supported
on a reducible oxide support [13-14]. Since then, gold has been extensively studied, and in many
other reactions.

The small size of gold particles is a crucial parameter to obtain active catalysts, not only for
CO oxidation but for many other reactions. The methods of preparation that lead to such types of
catalysts are therefore very important.

Impregnation to incipient wetness, which is the simplest method, and that can be applied to
almost any kind of supports, was the first method used for the preparation of supported gold catalysts
with tetrachloroauric acid or gold trichloride as precursor. However, thermal treatments performed to
form metallic gold led to large particles (>10 nm) even for low gold loading, and to poorly active
catalysts. The formation of large particles is now known to be due to the chlorides, which promote
gold particle sintering during thermal treatments.

Haruta et al. [13-14]. was the first group to develop other methods of preparation that led to
the formation of small gold particles, and as a consequence to active catalysts. The first one was
coprecipitation, and the second one was deposition-precipitation.

The gold precursor most used for catalyst preparation is tetrachloroauric acid (HAuCl,*3H,0)
whose gold is in the oxidation state Ill. This is a solid, orange in color, hygroscopic, and commercially

available. When it is dissolved in water, chloroauric anions hydrolyze and form hydroxo-chloro gold(lll)



complexes, [Au(OH)xCL4_x]_. The extent of hydrolysis depends on the pH, the ionic strength, the
equilibration time, and the temperature of the solution. These results, mostly based on XAFS and
Raman experiments, do not report the presence of neutral gold species, as predicted by
thermodynamic calculation.

Care must be taken to avoid uncontrolled reduction of gold during the drying step or sample
storage after preparation, especially when gold is supported on titania. To avoid this problem it is
advised to dry the samples at room temperature under vacuum and to store them in a refrigerator or a
freezer or in a desiccator under vacuum and in the dark. The thermal treatments performed to reduce
supported gold precursors into Au0 often consist in “calcination” treatments in air because the stability
of Au,0O; induces the formation of metallic gold. Finally, the question of hazards of explosive
“fulminating” gold, which is a family of ill-defined gold compounds containing nitrogen, must be
addressed. Reports mention that supported gold catalysts must never be prepared with solutions
containing both gold salts and ammonia because the gold-nitrogen compounds contained in dried
catalysts are extremely shock sensitive, and may explode. Other authors using ammonia, cyanide, or
urea during catalyst preparation did not report such a problem. In any case, this type of catalysts must
certainly be handled with care since the chemistry of “fulminating” gold is not well known.

2.8.1 Preparation Involving Aqueous Solutions

a) Impregnation to Incipient Wetness

In order to attempt to solve the problem of gold sintering because of the presence of chloride,
impregnation with gold salts free of chlorides was performed. Gold acetate (AUI”(OZcCHg)g,) or
potassium aurocyanide (KAuI(CN)Z) led to smaller particles (~5 nm) than HAuCl,. However, gold
acetate is hardly soluble in water, and when KAu(CN), is used, potassium, which is deposited onto
the support, may have an influence on the catalytic properties.

b) Deposition-Precipitation with NaOH



This method of deposition-precipitation is probably the most used for the preparation of gold
catalysts since it readily leads to the formation of small gold particles (2-3 nm). This method was first
proposed by Haruta et al. [13-14]. The pH of the solution containing HAuCl, and the oxide support is

adjusted by addition of NaOH, often 7-8 for titania or alumina. The suspension is stirred for ~ 1 hour
at 70-80°C. The catalyst is then washed with water to eliminate as much chloride and sodium ions as

possible, dried between room temperature and 100°C, then usually calcined in air.

This method of deposition-precipitation is suitable for oxide supports whose point of zero
charge (PZC) is higher than 5, such as MgO, TiO,, Al,O3, ZrO,, CeO.. It is not suitable for SiO, (PZC
~2), SiO,-AlL,O5 (PZC ~1), WO; (PZC ~1) or for supports such as activated carbon or zeolites due to
their high acidity.

2.8.2 Special Methods

Sonochemical Techniques

Gold particles can also be simultaneously deposited and reduced on a support by sonication.
Sonication induces chemical changes due to cavitation phenomena involving the formation, growth,
and implosive collapse of bubbles in liquid, which lead to the decomposition of water molecules in H
and OH radicals. The H radicals can trigger, for instance, the reduction of AuIII species in solution.

This method has been developed by Gedanken’s group. It was applied for the deposition of
gold on silica submicrospheres, and on powders of silica and titania after immersion in a solution of
HAuCI, in water or ethylene glycol basified with ammonia. The suspension was sonicated under Ar or
Ar and H, (5%). After sonication, washing, drying, and also calcinations in the case of silica
submicrospheres, gold particles of ~4-5 nm on average were obtained, and all gold was deposited
onto the supports (7 or 5 wt%).Sonication was also used to avoid aggregation of gold colloids and to

favor the interaction with the support.



2.9. Oxidative coupling of methane

Since the pioneering work of Keller and Bhasin in 1982 [79], much more attention has been
paid to the production of C2 hydrocarbons from oxidative coupling of methane. Effective catalysts are
important for OCM, many studies have been focused on the design and development of catalysts for
OCM [80,58, 81]. In the OCM process (at about 800 OC), the following selective and nonselective

reactions occur simultaneously [82].

2CH, + 1/20, _,  CjHg + H,0 + 174.2 kd/mol (13)
C,Hs +1/20, —»  C,H, + H,0 +103.9 kd/mol (14)
CoHg —»  C,Hs+ H, - 103.9 kJ/mol (14)
CH,+20, % C,Hy + H,0 +103.9 kd/mol (16)
CH, + 150, —» CO +2H20 + 519.1 kJ/mol (17)

According to the accepted mechanism, the oxidative methane activation in the catalytic OCM

process involves an abstraction of H-atom from methane, leading to the formation of methyl radicals

on the catalyst surface; the two desorbed methyl radicals are coupled in the gas phase to form ethane

molecule [82, 83]. Since the pioneering work of Keller and Bhasin [79] (which was based on the use

of reducible metal oxide catalysts), the oxidative coupling of methane (OCM) to C2 hydrocarbon has

been widely investigated. A large number of catalysts, mostly bi-or multicomponent mixed or

supported metal oxides containing components with basic properties such as oxides of alkali metals,

alkaline earth metals, rare earth metals have been studied. The basicity surface of catalysts as a

precondition of catalytic effectiveness was often noticed with heterolytic C—H bond splitting in

methane. However, the activity and selectivity of the catalysts showed dependence on both the

surface acidity and basicity but the relationship between the acidity/basicity properties and catalytic



performance was shown to be rather complex. There are also known examples when the decrease in
basicity becomes beneficial and prevents the formation of poisoning carbonate from CO, produced in
OCM. Stronger acid sites were found to be harmful for the C2 selectivity.

The major problems of OCM reaction are the low C2 products yield and hot spot temperature.
The C2 products yield in a conventional fixed bed reactor was limited to about 25%]. This is due to
the presence of undesired complete oxidation reactions in the gas phase and partially on the catalyst
surface. As found from the OCM Kkinetics [84], the deep oxidation of methane to CO and CO, are the
main problem. A lower oxygen partial pressure is favorable in achieving in higher C2 selectivity.
Therefore, distributing the oxygen along the reactor length is an important strategy to improve the
performance. A membrane reactor was proposed to control the distribution of oxygen to the catalyst
bed due to methane does not directly contact with oxygen , methane combustion reaction can be
avoided from the explosion problem. Moreover, the heat of reaction released to the catalyst bed can
be much more flat throughout the reactor cross-section; thereby the hot spot temperature is less
severe.
2.9.1 Perovskite-based Catalyst for Oxidative Coupling of Methane

Pefia and Fierro [76] explained about the perovskite materials for oxidative coupling of
methane as following detail. Elshof et al. [85] studied the oxidative coupling of methane on a
Lag Srg4CoggFeg .03 membrane using O, partial pressures between 0.01 and 1 bar. Methane was
converted to C,Hg and C,H, with selectivities of up to 70% but at conversion levels of only about 1-
3%. An important requirement for the reaction is that the O, flux should be limited by exchange
kinetics, because otherwise reduction of the membrane would occur, with the subsequent decrease in
C, selectivity. The same reaction was studied in a membrane reactor with BaCe(3Gd, 03§, which is
a mixed oxide ion-electron hole conductor. By passing CH, over one side of the membrane and O,

over the other side, reasonable conversions of methane were obtained, with much greater selectivity



than when both CH, and O, were fed to the same side of the membrane. This means that the O
species released from the membrane at the CH, side is more active for C, formation than gaseous
O,. In addition, the use of highly permeable ceramic membranes with a catalytically active surface for
the coupling reaction affords one the possibility of achieving much higher C, yields than with a
packed-bed reactor. The high C, yield can only be attained when the oxygen flux, the CH, flow rate,
and the intrinsic reaction rate match each other.

Other perovskite membranes display proton conductivity when exposed to a H-containing
atmosphere at high temperatures. Au/LaSrMnO; and LaSrCrO; perovskite composite catalysts have
been investigated as potential anode catalysts in SOFCs for propane reforming processes [8].
Au/LaSrMnO; showed a higher activity for propane reforming than Au/LaSrCrO;. Iwahara et al. [86-87]
discussed the application to steam electrolysis to produce H, gas on proton conductive MCeO; (M =
Sr, Ba) perovskites. Hamakawa et al. [88] reported data on CH, coupling using SrCeq¢5Ybg503.5
(SCYO) as a solid electrolyte in an electrochemical cell. Because there is no gaseous O,, which is
responsible for the combustion reaction, this may lead to a much better C,-selectivity than can be
obtained with the conventional catalytic process. Chiang et al. [89] also investigated the
dehydrogenative dimerization of methane using SCYO proton-conducting membranes and proposed
that the rate-determining step is the formation of a CHj-radical by proton abstraction. Comparison of
the activity data using different reactors for this reaction indicates that the SCYO membrane reactor
affords a substantially larger yield than the corresponding conventional catalytic reactor. The
experimental results clearly show that the equilibrium conversion of the dehydrogenation reaction can
be dramatically changed by using a proton-conducting membrane in an electrochemical reactor cell.

Later investigator investigated OCM to C, hydrocarbon over Mn/Na,WQO,/SiO,, Mn/K,;WO,/SiO,
catalyst, and this showed the best C, selectivity but provided the C, yield of only 4%-7% (Zheng et al.,

[90]), (Chen et al., [91], (Wang et al., [92], (Bhatia et al.,[86]). Moreover the performance of Mn-



Na,WQO,/SiO, catalyst to promote Ce that increased its activity and stability ((Li et al., [94], (Shahri and
Pour, [95]). Although theses catalysts were reported to be a good catalyst for the OCM in fixed bed
reactor because Na,WOQO, , and Mn,0O; species are the active sites of the catalyst. They are very
important in achieving high selectivity of C2 hydrocarbon products. However one of problem to apply
Mn/K;WO,/SiO, and Mn/Na,WO,/SiO, into anode catalyst for SOFC is SiO, support and Mn/Na,WQO,,
which has a low the electrical conductivity that effect to power density. Moreover thermal expansion
coefficient of SiO, mismatch with YSZ electrolyte. Although changed SiO, to other support such as
YSZ support, power density is still low. The main reason is really that Na,WO,Mn,0; has low the
electrical conductivity because of phases structure of Na,WO,. Therefore investigation new catalysts

should indeed be concerned.



CHAPTER 3

METHODOLOGY

The experimental procedures for LaggSro4MnO; (x = 0.4), Na,WO,-Mn preparation and gold

deposition are explained in this chapter. The properties of these prepared samples were characterized
by various techniques. Then, the catalytic performance of the catalyst toward oxidative coupling of
methane was examined. The SOFC reactor are designed and fabricated for oxidative coupling of
methane. The Details of this chapter are described in three main parts; catalyst preparation,
characterization of synthesized catalyst, and catalytic performance evaluation.

3.1 Catalyst Preparation

The preparation methods of catalyst are composed of three sections i.e., LaggSro4sMnO;
perovskite preparation, gold deposition on perovskite and 5 wt%Na,WO,—2 wt%Mn/SiO,.

3.1.1 Preparation of La  Sr, ,MnO, Perovskite Material

LaggSrosMnO; (x = 0.4) perovskite was prepared by coprecipitation technique. La(NOj;)s,

Sr(NO3),, and Mn(NOs),4H,O were used as starting materials (Figure 3.1) . Initially, stoichiometric



amounts of metal nitrates were dissolved in deionized water. Hence, an aqueous solution of citric acid
and ethylene glycol was added to the metal solution (citric acid:metal nitrates[acetate]: ethylene glycol
molar ratios=5:1:4.3). The mixture was stirred at 70 °C for 12 h. Water was then slowly evaporated on
a hot plate and the resulting brown gel was dried and then heated up in air at 400 °C for 2 h in an
oven. La1_,Sr,MnO; (x =~ 0.4) perovskite samples (hereafter LSM) were obtained by ball-milling the
decomposed resin for a few hours before calcination at 1000 °C for 2 h in air (heating rate 20°C/min).
The calcination process was applied in order to eliminate water and other remaining substances so it
could be important effect of physical properties of catalyst.

3.1.2 Gold Deposition

After preparing LaggSro4MnO; perovskite, gold particles were deposited on the prepared
samples (Figure 3.2). The selected technique for gold deposition on perovskite materials is deposition-
precipitation technique integrated with ultrasound-driven. The advantages of this technique are the
ability to form metallic nanoparticles with uniform shape, narrow size distribution and high purity. First
step, gold precursor solution was prepared by dissolving the desired weight amount (1wt.%Au) of
HAuCl, (Tetrachloroauric (Ill) acid) in deionized water, followed by the addition of an ammonia solution
until a final pH of 7 was reached. Then, Au precursor was added to stirred LSM, which was then
sonicated in an ultrasonic bath for 6 h; next, it was centrifuged, washed with deionised water, dried
and heated at 300°C for 4 h in air.

3.1.3 Preparation of 5 wt%Na,WO -2 wt%Mn/SiO,

5 wt%Na,W0O,—2 wt%Mn/SiO, catalyst (denoted by Na-W-Mn/SiO,) was prepared by a two-
step incipient wetness impregnation method. In the first stage, manganese was impregnated onto

SiO, support (60—100 mesh size silica gel, Davisil grade 645 from Aldrich) with an 5 wt%

concentration of Mn(NO,);.6H,O (Aldrich) solution. Then the sample was dried at 110°C overnight. In



the second stage, 2% wt of Na,WQO,.2H,0O (Aldrich) solution was added to the support sample. The
impregnated silica particles were dried again and calcined in air at 850°C for 5 h. For comparison, the
5 wt%Na,W0O,—2 wt%Mn/YSZ and 5 wt% Na,WO,-2 wt%Mn/LaAlO; catalysts (denoted by Na-W-
Mn/YSZ and Na-W-Mn/LaAlO;, respectively) were prepared by the same method. Herein, YSZ
particles (8 mol% Yttria-Stabilized Zirconia, TZ-8Y, Tosoh, Japan) were selected as a support, while
LaAIO; was synthesized by following the procedure described elsewhere [13].
3.2 Characterization of Synthesized Catalyst
The synthesized catalysts were determined their properties by various techniques; BET, XRD,

XRF, SEM, and TEM.

® Brunauer-Emmett-Teller (BET): The specific surface area and pore size of catalysts was
measured by using the BET surface area analyser ASAP 2000. This method used nitrogen (N,)
adsorption isotherm. Adsorption always occurs when a solid surface is exposed to vapor

® X-Ray Diffractometer (XRD): The crystalline phases of prepared samples were identified
by x-ray diffraction technique using Cu-KQOl radiation. The x-ray diffractograms were recorded in range
of 20° to 80° (20).

® Scanning Electron Microscopy (SEM, JEM-6400 Jeol Ltd., Japan): The surface
morphology and particle size of prepared samples were investigated by using scanning electron
microscope at magnification of 15,000x.

® Transmission Electron Microscopy (TEM): The gold particle size of Au/perovskite
catalysts were determined by picture from transmission electron microscopy (JEM-2100, Jeol Ltd.,
Japan). Specimens were prepared for TEM analyses by depositing a drop of a suspension obtained

by ultrasonic dispersion of the catalysts in ethanol onto a carbon-supported film.



° XPS analysis of catalysts was performed to determine composition in the near-surface of
catalysts. An Mg target was used as the anode of the X-ray source with a power of 200 W. The
constant pass energy of the analyzer is 30 eV. The binding energies were calibrated using the C(1s)

line at 285.0 eV as the reference.

3.3 Catalytic Activity Test

The catalytic reactions of methane were tested by two systems, by conventional type reactor
(fixed bed reactor) and solid oxide fuel cell type reactor. Conventional reactor; The catalytic reactions
of methane over LSM , Au/LSM , 5 wt%Na,WO,-2 wt%Mn/SiO, ,5 wt%Na,WO,-2 wt%Mn/YSZ and 5
wt% Na,WO,-2 wt%Mn/LaAlO;were performed at atmospheric pressure and at temperatures of 1073-
1273 K in a quartz microreactor (i.d. 6 mm) placed in a ceramic tube furnace. A fresh catalyst was
loaded into a reactor that was located in a programmable furnace with a thermocouple placed in the
centre of the catalyst bed, 2:1 and 6:1 CH,4:O, molar ratios of the feed were used without using any
diluents.

3.3.1 Experimental Set Up for Oxidative Coupling of Methane in Fixed bed reactor
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Figure 3.1: Schematic diagram of oxidative coupling of methane system

Schematic diagram for the experimental system of oxidative coupling of methane is shown in
Figure 3.3. This system was constructed with three main sections i.e., supplied gases, reaction zone,
and analysis section.

The supplied gases composed of 99.999% helium, 5% methane, and air. They were used
without further purification. The ratio of mixing gases were dependent the purpose of each experiment.
For each gas cylinder, the pressure regulator was installed at the outlet in order to set the constant
pressure to the mass flow controller. The mass flow controllers were installed for adjusting the flow
rate of inlet gases.

The reaction in fixed bed reactor was carried out in a tubular quartz reactor filled with 0.3 g of
selected sample and small amount of quartz wool. The reactor was vertically mounted inside a

furnace. Gas mixture between methane and air were continually flown into the reaction zone at total

flow rate 200 cm3-min_1. The reactions were studied in temperature range of 800-900°C (heating rate

of 10°C-min'1) and held around 3 hours until equilibrium was reached. For other parameters, they



were described in experimental procedures. After reaction, the composition of effluent gas was
analyzed by online gas chromatography and TCD detector (shimadzu company).

The schematic diagram of the solid oxide fuel cell reactor was shown in Figure 3.2 It was
separated with two ceramic tubes (O.D. = 25 mm), between which the cell system was placed and
sealed with ceramic seal (Aremco 885, Aremco Products, Inc., Valley Cottage, NY). The effective area
of the anode was 1.9 cm3. Platinum wires of 0.5 mm diameter (Alfa Aesar) were connected to
platinum meshes (100 mesh, Alfa Aesar) placed on both electrodes to serve as current collectors .
6.7x10" mol.s" of methane was fed to the anode without mixing gas, and 3.3x10" mol.s” of air was
fed to the cathode in the temperature range of 1073-1273 K. Product analysis during operation were
detected using an on-line gas GC-8A gas chromatograph (Shimadzu) equipped with a TCD, using a
Poropak Q and 5A Molecular Sieve column every 30 min. Current and voltage values were measured
using a current meter at the closed circuit condition and using a voltmeter at the open circuit

condition, respectively.

The terms of the reaction performance were defined as follows:

, V,[CH,], - V[CH,]
Conversion of methane (X, , %) =100 x ;
V,[CH, ],

(V[CZHé]O + V[C2H4]O) x 2 .

Selectivity of C2 (S ,%) =100x
VO [CH4 ]0 - V[CH4 ]

V[CO] _
V,[CH,], - V[CH,] ’

Selectivity of CO (S.y,%) =100 x

VI[CO, ] .
V,[CH,], - V[CH,] ’

Selectivity of CO, (Sco,,%) =100x

XCH4 Sc2

Yield of C2 (%) =
100



3.3.2 Preparation of electrode

A plate -type YSZ (8 mol% Y,Os3, thickness = 0.3 m, diameter = 25 mm, FCM) was used as
an electrolyte. Normally, perovskite type LaggsSry1sMnO; (LSM) was used as a cathode materials.
LSM powders were described somewhere else [8]. LSM perovskite samples were decomposed to
fine powders. The LSM powder was mixed with glycerol and pasted on the outside of YSZ plate. It
was heated at 1273 K for about 2 h in air. The anode catalyst was prepared on the other side of
YSZ plate by paste method, the same method as for the LSM cathode. 1%Au/LSM was used as

anode catalysts. In additional 5 wt%Na,WO,—2 wt%Mn/YSZ was also used as anode.

Multimeter|

OB iy ©
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10 )
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Figure 3.2 Schematic diagram of oxidative coupling of methane system in SOFC reactor

1. Anode side feed (CH,) 2. Exit gas from anode side

3. Cathode side feed (Air) 4. Exit gas from cathode side

5. YSZ plate 6. Cathode electrode (Lag g5Sry 1sMnO3)
7. Anode electrode (Au/LSM) 8. Pt mesh
9. Pyrex ring 10. Silicon plug

3.3.3 Experimental Procedures

The aim of this research is to study the potential of catalyst for OCM reaction. At this stage,

the prepared materials consisted of La;,S,MnO; (x = 0.4) c, Au supported on La;,S,MnO; (x = 0.4).

5 wt%Na,WO0,~2 wt%Mn/SiO, ,5 wt%Na,WO,—2 wt%Mn/YSZ and 5 wt% Na,WO,-2 wt%Mn/LaAlO.

These materials were evaluated the catalytic activity toward OCM in fixed bed reactor and SOFC

reactor

The operating parameters that effect to light hydrocarbon production via OCM reaction, for

example, CH,:O, ratio, operating temperature, atmospheric condition during heating up process.

These parameters were studied and optimized for good catalytic performance.



CHAPTER 4

RESULTS AND DISCUSSION

The results and discussion shows 2 part ; first, The evaluation of Au/LSM, and second : 5
wt%Na,WO,~2 wt%Mn/SiO, ,5 wt%Na,WO0,—2 wt%Mn/YSZ and 5 wt% Na,WO,-2 wt%Mn/LaAlO .
These catalysts performance toward the oxidative coupling of methane are composed of three main
tasks i.e. La;, S;MnO; (x = 0.4) perovskite 5 wt%Na,WO,~2 wt%Mn/SiO, ,5 wt%Na,WO,—2
wt%Mn/YSZ and 5 wt% Na,WO,-2 wt%Mn/LaAlO preparation, and catalytic activity testing. The
effects of various OCM conditions are also carried out. The results of each part are described as
following:

Part | :Au/LSM
4.1 Characteristic of Synthesized Au/LSM Catalysts
The BET surface area of our LSM was 6.84 mz/g, the pore volume was 0.009 cm3/g, and the

pore size was 7.2 nm as summarized in Table 1. These results are in good agreement with several



reports. After LSM loading with 1%, 3%, 5 wt% Au precursor, the surface areas and pore sizes of the
LSM and Au/LSM decreased because of the drying and calcination processes.

The XRD pattern of LSM was identified to be perovskite type crystalline structure (Fig. 1a).The
crystallite size of LaggSry.sMnO5 estimated by the well-known Scherrer equation was around 60-100
nm. The XRD pattern of Au/LSM nanocomposites (Figs. 1b, ¢, and d) revealed the additional peaks at
2 = 38.41° and 64.95°. As shown in Fig. 1c, the Au size of 3% wt Au/LSM estimated by Scherrer
equation was around 15-20 nm. After the reaction, as shown in Figure 1e, the size of spent Au
catalyst was estimated around 30-40 nm.

Fig. 2 shows TEM images of LSM and the 1%, 3%, 5wt%Au/LSM nanocomposites. The TEM
micrographs of LSM show the presence of compact nanocrystalline agglomerates. The estimated
particle diameters for LSM and Au were 100-400 nm and 10-30 nm, respectively. The Au morphology
was mostly found in hemispherical shape . A less homogenous dispersion of metallic Au nanoparticles
having dimensions from < 5 nm up to 20-25 nm on LSM surface was obtained when 3 and 5 wt.% of

Au were added to the LSM suspension.

Table 1 Surface areas, average pore size and pore volume

Catalyst surface area Total pore volume Mean pore diameter
2 -1 3 -1
(mg) (cm g ) (hm)
LSM 6.84 0.009 7.2
1%Au/LSM 5.34 0.007 5.9
3%Au/LSM 4.47 0.007 5.2

5%Au/LSM 3.40 0.004 4.1
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Fig. 2. XRD patterns of (a) LSM, (b) 1%wt Au/LSM, (c) 3%wt Au/LSM, (d) 5%wt Au/LSM
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Fig. 3. TEM images of (a) LSM and (b,c,d) 1%wt Au/LSM and 3%wt Au/LSM



4.2 Catalytic performance of catalysts in fixed bed reactor

As for the conversion of methane, typically, OCM has been studied mostly in conventional
reactors such as fixed bed reactor. One of attractiveness for selecting methane is its utility for various
applications, its wide availability. Table 2 summarises the catalytic performances of LSM and Au/ LSM
at 7860 h'1 of GHSV and at 1073 K for a molar ratio of CH,/O, = 6:1. For Au/LSM, the presence of Au
can improve the catalytic performance of LSM. The conversion of CH, was slightly increased, from
10.6 to 12.9%, (1 wt%, 3 wt% and 5 wt% Au). The selectivity of C, was slightly improved with the
increasing Au concentration, from 16.0% at 1 wt%, to 17.8% at 3 wt%. However, C, selectivity of the
5 wt% Au addition to LSM powders was obviously decreased when compared with the 1 wt%, 3 wt%
Au because Au nano-particles have agglomerated and the catalytic performance is significantly
affected by the size of the Au particle. These results are in agreement with the data obtained from
TEM micrographs at 5 wt% Au/LSM. In addition, the trend of C, yield was imperceptible from 1.0 %
to 1.9 % at GHSV of 7860 h' and 1073 K., which is similar to the CH, conversion. A comparison
between LSM and Au/LSM catalysts obviously indicates that when Au/LSM is utilised in the OCM
reaction, the % conversion, % selectivity of C, hydrocarbons and % C2 yield are greater than those of

LSM. Therefore, the Au nanoparticle can be concluded to promote the catalytic performance in which



these results support the previous finding. As a result from this work, Au/LSM is a potential anode

catalyst for further application in SOFC-type reactor for the cogeneration of chemicals and electricity.

Table 2 Catalytic performance of LSM and Au/LSM at different Au loading (CH,:0,=6:1, 1027 K and

GHSV= 7860 h')

Catalyst Conversion Selectivity (%) Yield
(%) (%)
CH,4 C, CO CO, Cc2
LSM 6.8 14.8 20.2 64.4 1.0
1%Au/LSM  10.6 16.0 243 53.0 1.7
3%Au/LSM  10.8 17.9 17.2 59.6 1.9
5%Au/LSM 129 11.3 23.8 53.5 1.5

4.3 Catalytic performance of catalysts in SOFC reactor

An LaSrMnO; cathode //YSZ// Au/LSM Anode cell was tested under a concentration cell
operation. Argon was fed into the anode (3% Au/LSM) and air was fed into the cathode (LaSrMnQO3,).
The electro motive force (e.m.f.) and closed circuit current are shown in Table 3. When methane was
not present in the anode side in this operation, the e.m.f. is generated by the difference in the partial
pressures of oxygen between the cathode and the anode sides. Table 4 shows the activity of anode

catalyst for OCM, when methane is fed to the anode side in Air/ LaSrMnO; cathode //YSZ// Au/LSM



anode catalyst, the e.m.f. and closed circuit current increased to 0.865 V and 9.8 mA, respectively at
1123 K. The e.m.f. was also close to the theoretical value of oxidation of methane. It should be noted
that the oxygen leakage from the surrounding to the cell should be small since the oxygen flux
calculated from the current is in good agreement with the rate of oxygen present in the products at the
anode side. From the experiments at 1123 K, the methane conversion was around 4.4% and 11.6%
for C2 hydrocarbons selectivity observed with a significant CO production. The methane conversion
increases with increasing operating temperature due to the oxygen flux arise with increasing
temperature. However, the C2 selectivity was very low as the Au/LSM seems to be active for partial
oxidation, not the OCM reaction. These results demonstrated that the cogeneration of C2 hydrocarbon
especially ethylene which is a basis for chemical industry was possible in an SOFC reactor. To
achieve this task, it requires further improvement for anode electrode in the SOFC reactor system. In
addition, it should be noted that the stability of the SOFC reactor is also a very important issue in real

operation.

Table 3 Fuel cell of e,m.f. and current

Temperature (K) e.m.f. Current
V) (mA)
1023 0.13 0.8
1073 0.19 1.0
1123 0.23 24

Cathode: Air = 30 ml/min , Anode: Argon= 30 ml/min

4.4 Conclusions
A possibility in simultaneous generation of electrical energy and C2 hydrocarbons over

AU/LSM in an SOFC reactor can be drawn from the combined investigations in this research. The



characterization results showed that Au nanoparticles could significantly improve the catalytic
performance of the composite. The effect of Au addition of 1 wt% and 3 wt% to LSM showed some
influences on C2 selectivity, CH, conversion, except for 5 wt% which showed no catalytic activity.
Thus, it is recommended that Au/LSM is not suitable to use in a methane oxidative coupling process

but it is possible to be used in a partial oxidation fixed bed reactor and an SOFC reactor.

Part Il Na-W-Mn/SiO,

4.5 Catalyst characterisation

The BET surface areas, volume and pore size of all catalysts prepared in this work are
summarized in Table 4. After the active phase was loaded with Na,WO, and Mn precursor, the
surface areas, volume and pore sizes of the SiO,, YSZ and LaAlO; decreased due to a packing effect
during the drying and calcination processes. For Na-W-Mn/SiO, catalyst, calcinations of the
amorphous silica in the presence of an alkali salt like sodium tungstate as a mineralizing agent
caused the complete conversion of the silica to the low surface area crystalline phase.

Table 4 Surface area, average pore size and pore volume

Catalysts surface area  Total pore Mean pore
volume diameter

(m'g") (cm’g’) (nm)

SiO, 255.0 0.8778 10.5

YSZ 14.2 0.0964 26.4

LaAlO; 4.3 0.0193 17.4

Na-W-Mn/SiO, 3.5 0.0043 6.5

Na-W-Mn/YSZ 7.9 0.0405 18.5

Na-W-Mn/LaAlO; 4.2 0.0107 7.4




The SEM images in Fig.4 clearly show a congregation of many particles. The Mn distribution
determined by EDX spectroscopy (shown in Fig.4 (c-h)) also qualitatively confirms that Mn elements
were well dispersed on the SiO,, YSZ and LaAlO; supports. Malekzadeh et al. [96] have reported that
manganese oxide (MnO,) promoted catalyst can decrease band gap of the catalyst. The conductivity
of the catalyst depends on the band gap of the metal oxide constituent of the catalyst. MnO, shows
the high electrical conductivity, which could improve a performance in OCM reaction.

X-ray powder diffraction (XRD) was used to identify bulk phase composition in the catalysts.
The XRD patterns of YSZ, LaAlO3;, Na-W-Mn/SiO,, Na-W-Mn/YSZ and Na-W-Mn/LaAlO; are displayed
in Figs. 5 (a-e). For Na-W-Mn/SiO, catalyst, the main phase is Na,WO,, Mn,O3; and Ol-cristobalite.
For the XRD spectra of Na-W-Mn/YSZ and Na-W-Mn/LaAlO;, the formation of the Na,WO, and Mn,O;
phase were not detected. However, Na,WO, and Mn,0O; phases on YSZ and LaAlO; support were
confirmed by using an X-ray photoelectron spectroscopy (XPS).

Table 5 shows the observed elemental concentrations near to the surface of the fresh
catalysts by XPS characterization. These catalysts show that the surface atomic concentrations of Na,
W and Mn are close to those of the bulk compositions, indicating that Na, W and Mn are enriched on
the catalysts surface. Moreover, two kinds of surface oxygen on the catalysts (the oxygen connected
with SiO,, ZrO, or metal atoms) were found. For YSZ and LaAlO; supports, Na(1s), W(4f) and Mn(2p)
are present clearly on the catalyst surface. This confirms that YSZ and LaAlO; supports have the

Na,WO, and Mn,O; active species on the catalyst surface.






Fig. 4. SEM images and Mn elemental mappings of (a) YSZ, (b) LaAlO;, (c) Na-W-Mn/SiO, (d) Na-W-
Mn/YSZ and (d) Na-W-Mn/LaAlO;
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Fig. 5. XRD patterns of (a) Na-W-Mn/SiO,, (b) YSZ, (c) Na-W-Mn/YSZ (d) LaAlO; and (d) Na-W-

Mn/LaAlOs. ( ) Na,WO,, () Mn,Os

Table 5 Surface composition of fresh catalysts



O(1s)

Catalysts Na(1s) W(4f) Mn(2p)  O(1s) (MO,) Si(2p) Y() Zr() La() Al()
Na-W-Mn/SiO, 7.7 0.9 2.8 593 16.0 13.2 - - - -
Na-W-Mn/YSZ 12.3 7.2 3.1 248 178 - 38 310 - -
Na-W-

Mn/LaAlO, 8.1 13.0 54 5.7 36.7 - - - 31.0 -

MO, represents the metal oxide except SiO,, ZrO, and LaAlO,

4.6 Catalytic performance of catalysts

Table 6 summarizes the catalytic performances of different catalysts after 90 mins of reaction
at steady state under 15000 mi g h™' of GHSV, 800 °C and a molar ratio of CH,/O, = 4:1. For Na-W-
Mn/SiO, catalyst, 12.0% CO selectivity, 12.9% CO, selectivity and 69.0% C2 selectivity at 28.5% CH,
conversion is obtained, which is in agreement with several reports. In a comparison among different
supports, YSZ shows greater selectivity to partial oxidation than the complete combustion, as the
selectivity to CO is much greater than that to CO,. When Na,WO, and Mn are added on YSZ, the
promoting effect of CH, conversion has increased from 10.6 to 26.9% and 18.9 to 60.6% for C2
selectivity is obviously observed. It is interesting to note that the promotional tri- metallic oxide (Na W,
and Mn) can significantly improve a catalytic performance of YSZ to selective OCM reaction.
However, small changes on CH, conversion and C2 selectivity are found over LaAlO; and Na-W-
Mn/LaAlO; catalysts (28.8%, 28.0%), whereas C2 selectivity slightly changes from 60.6% to 65.9%.

Effect of temperature for OCM reaction over Na-W-Mn/SiO, Na-W-Mn/YSZ and Na-W-
Mn/LaAlO; catalysts is shown in Fig 6. Trend of CH, conversion over three catalysts showed a slightly
increase with increasing operating temperature However, decreases in C2 selectivity and C2

hydrocarbon vyield are observed in the temperature range of 800-900°C because of kinetic limitations.



The upper limit of OCM yield under conventional fixed bed, continuous feed reactor is considered to
be dominated by the enthalpies of hydrogen severance from methane and oxygen dissociative
adsorption .The optimum temperature for three catalysts appears at 800°C, where C2 hydrocarbon
yields are 19.7%, 16.3% and 18.4% for Na-W-Mn/SiO, Na-W-Mn/YSZ and Na-W-Mn/LaAlO;,
respectively in which these results are not significantly different while higher C2 selectivity (75%) is
observed over Na-W-Mn/YSZ. A comparison between three catalysts clearly indicates that Na-W-

Mn/YSZ is an attractive catalyst for use in SOFC reactor.

Table 6 Catalytic performance of catalystsa

Catalyst Conversion (%) Selectivity (%) Yield (%)
CH, H, CO CO, CH,; CyHs GC, Cc2

YSZ 10.6 48.5 540 273 0 189 18.9 2.0

LaAlO; 28.8 18.7 83 27.7 247 359 60.6 17.4

Na-W-Mn/SiO, 28.5 4.1 120 129 212 478 69.0 19.7

Na-W-Mn/YSZ 26.9 2.6 99 252 229 377 606 16.3

Na-W-Mn/LaAlO; 28.0 3.6 0.7 285 263 396 659 18.4

® Reaction condition: T=800°C; CH4/O,=4; WHSV=15000 mlg_1h_1; 0.2 g catalyst.
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4.7 Conclusions

Na-W catalysts supported SiO,, YSZ and LaAlO; catalysts were synthesized, characterized
and explored as anode catalyst materials for the OCM reaction. The presence of Mn3+ and W6+ on
YSZ are confirmed and they significantly improve a catalytic activity and C2 selectivity despite of a
very low surface area YSZ. Additionally, using YSZ as the support can reduce the distance and
thickness of interface layer between anode and cathode, resulting in a good diffusion and catalytic
reaction. Therefore, Na-W-Mn/YSZ is potentially a promising anode catalyst for use in a SOFC reactor

for C2 hydrocarbon production via OCM reaction.

CHAPTER §



CONCLUSION

5.1 Conclusion
This research work was carried out in order to study the potential use of
Au/Lag ¢Sry sMnOsperovskite materials and Na-W-Mn/YSZ for the oxidative coupling of methane (OCM)

reaction. Below are the summaries of these studies:

Reactivity toward Oxidative Coupling of Methane

Au/LSM was synthesised, characterised, and explored as a catalytic material for studying the
reaction of methane in fixed bed reactor. It was found that LaygSrysMnO; perovskite was
corresponded to characteristic of prepared perovskite. Gold particles that were deposited on
perovksite enhanced the catalytic performance such as conversion, selectivity and stability during
OCM reaction. Although Au/LSM had a very low surface area, it could significantly improve the
catalytic performance. The most attractive Au/LSM nanocomposite had both a high H, yield and CO
selectivity when operated at a low CH,/O, ratio, whereas greater C2 selectivity was obtained at a
higher CH,:0, ratio. It is reasonable that Au/LSM can indeed be used in SOFCs for syngas production
or methane oxidative coupling. Thus, Au/LSM catalysts may become a great focus and challenge in

the trends of SOFCs.

Na-W catalysts supported SiO,, YSZ and LaAlO; catalysts were synthesized, characterized
and explored as anode catalyst materials for the OCM reaction. The presence of Mn3+ and W6+ on
YSZ are confirmed and they significantly improve a catalytic activity and C2 selectivity despite of a
very low surface area YSZ. Additionally, using YSZ as the support can reduce the distance and

thickness of interface layer between anode and cathode, resulting in a good diffusion and catalytic



reaction. Therefore, Na-W-Mn/YSZ is potentially a promising anode catalyst for use in a SOFC reactor

for C2 hydrocarbon production via OCM reaction.

5.2 Suggestion for Future Work

For OCM reaction in SOFC reactor, the conversion of methane and C2 selectivity were
obtained very low. Therefore it should be improved and other parameters such as the leak of fuel,
loose wire connection, short circuit and crack of cell should be studied. In additional, other operating
conditions such as temperature, CH,4:0, ratio should be evaluated for increasing C, product selectivity

and yield.
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Abstract: In this study, the process model for C2
production from biomass was developed and simulated
by ASPEN PLUS program. Plant capacity was designed
at 200,000 tons of biomass per year (dry basis). Wheat
straw was considered as raw material which was reduced
in size as a preliminary treatment before pretreated by
two-step steam explosion at 1000C and 1800C and then
fed to produce biogas by solid state digestion method.
Biogas was subsequently fed to produce C2 via the
oxidative coupling of methane over Na-W-Mn/SiO2
catalyst at 8500C and 1 atm. The model results showed
that wheat straw can be converted to ethane and
ethylene, which were the main building block for
petrochemical industry.

1. Introduction

Nowadays, the production of chemicals from
biomass obtains more attraction as one of the most
primary alternatives for sustainable development.
Production of biogas, which consists mainly of
methane, from industrial or municipal wastes becomes
an appropriate way to replace the usage of methane
from natural gas. Use of lignocellulosic biomass, such
as wheat straw, has more advantage than sugar or
starch derivatives in case of availability and prices.
But, the limitation of crystallinity and stability
structure of lignocellulose requires pretreatment step
such as steam explosion to open crystalline structure
and prepare for an anaerobic digestion [1].

Biogas, which is mainly of methane, can be an
alternative fuel source instead of fossil fuel. However,
use of methane as raw materials to synthesis higher
valuable hydrocarbons is a promising way to reduce
the usage of petroleum feedstock. Methane conversion
process is including Fischer-Tropsch synthesis, partial
oxidation to methanol and the oxidative coupling of
methane (OCM).

Ethane and ethylene are now conventionally
produced by the cracking process of higher
hydrocarbons feedstock such as naphtha, which is a
derivative of the fossil fuel. However, production of
C2 hydrocarbons, especially ethane and ethylene, from
the oxidative coupling of methane, receives more
attention from researchers during the last decade.
Many effective catalysts for the oxidative coupling of
methane have been reported. Na,WO,/Mn/SiO, (Na-
W-Mn/Si02) is known as one of the most effective
catalyst for OCM reaction due to its good catalytic
activity, selectivity and also a thermal stability.

Comprehensive kinetic model of OCM over Na-W-
Mn/SiO2, which contains nine heterogeneous
reactions on catalyst surface and one homogeneous gas
phase reaction, is reported by M. Daneshpayeh et al.
[2]. The reaction network is described below;

CH4+202 — C02 + HQO (1)
2CH4 + 0502 — C2H6 + HQO (2)
CH4 + 02 — CO + HZO + H2 (3)
CO +0.50, — CO, 4)
C2H5 + 0502 d C2H4 + HzO (5)
C2H4 + 202 —2CO + 2H20 (6)
C,Hg — C,Hs + H, @)
C2H4 + 2H20 — 2CO + 4H4 (8)
CO + H,0 — CO, + H, 9)
CO, + H, — CO + H,0 (10)

In this study, C2 hydrocarbons (ethane and
ethylene) production process via the oxidative
coupling of methane from wheat straw was designed
and simulated in Aspen Plus program with plant
capacity of 200 kton per year of wheat straw feed. The
kinetic model of OCM over Na-W-Mn/SiO2 proposed
by M. Daneshpayeh was employed in the rigorous
RPlug reactor model.

2. Simulation

Process simulation of OCM for C2 production from
biomass was executed by using Aspen Plus program.
Biogas production process from wheat straw proposed
by M. Shafiei et al. [1] and carbon dioxide removal by
chemical absorption of monoethanolamine (MEA)
solvent [3-5] were applied in this study. The
Electrolyte Non-Random Two Liquid Activity
Coefficient model (ELECNRTL) was used in the
simulation because of the electrolytic property of
CO2-MEA-H20 mixture system.

The entire process was divided into four sections
including biogas production, biogas treatment, OCM
reaction and product separation.

2.1 Biogas production from wheat straw

M. Shafiei et al. [1] proposed a novel process that
converted the wheat straw to biogas at the capacity of
200 kton per year (dry basis). The aforementioned
process of biogas production, shown in figure 1, was
employed in this study.
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Figure 1: Simplified block flow diagram for biogas
production from wheat straw as biomass by the steam
explosion and anaerobic digestion

2.2 Removal of carbon dioxide from biogas

Biogas produced from anaerobic digestion process
consisted of a significant amount of carbon dioxide
which is the cause of lower activity of reaction and
increase of gas loading for the later of the process;
therefore, the amine absorption process by 30 wt%
MEA solvent was used to remove carbon dioxide in
gas mixture to reach more than 90 mole% of methane
purity. After carbon dioxide was absorbed, water
content in gas stream was then reduced by the
condenser.

Process flow diagram for this section was depicted
in figure 2 and the list of unit operation was
summarized in table 1.

LEAN1-1

Figure 2: Process flow diagram for biogas treatment
section

Table 1: Unit operation in biogas treatment section

TO1 Absorber

Packing height 12 m
Packing diameter 2m
Packing type IMTP #40
Pressure (atm) 0.987

TO02 Stripper
No. of stages 20
Molar boilup ratio 0.1
Pressure (kPa) 101.43
Pressure drop (kPa) 1.895

E02 Cooler

Outlet temperature (°C) 30

2.3 Oxidative coupling of methane section

Methane from biogas was consequently fed
together with oxygen and methane recycle stream to
the heat exchanger which temperature of gas stream
was raised to 850°C with the control pressure of 1 atm.
In the rigorous isothermal RPlug reactor, the OCM
reaction network took place over the Na-W-Mn/SiO2
catalyst. After the reactor, the effluent was cooled
down to 30°C before fed to the product separation
section.

Process flow diagram for this section was shown in
figure 3 and the list of unit operation was summarized
in table 2.
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Figure 3: Process flow diagram for oxidative coupling
of methane section

Table 2: Unit operation in OCM section

EO03 Heater
Outlet temperature (°C) 850
RO1 Packed bed reactor
Temperature (°C) 850
Bed voidage 0.45

Cat. particle density (kg/m®) 1100
E04 Cooler
Outlet temp. (°C) 30

2.4 Product separation section

Effluent from OCM reactor consisted of unreacted
methane, ethane, ethylene, carbon monoxide, carbon
dioxide, oxygen and water. Ethane and ethylene
should be separated from other components in order to
meet the requirement of downstream process. Firstly,
carbon dioxide was removed by MEA absorption
followed by the removal of water by compressed-
condensation at high pressure. Methane and mixed C2
hydrocarbons were separated by distillation column
with partial condenser. 80-95% of unreacted methane
together with other components was recycled to the
OCM reactor while the remaining was purged from the
process.

Process flow diagram for this section was shown
in figure 4 and the list of unit operation was
summarized in table 3.
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Figure 4: Process flow diagram for product separation
section

Table 3: Unit operation in product separation section

T03 Absorber
Packing height 18 m
Packing diameter 3m
Packing type IMTP #40
Pressure (kPa) 100
T04 Stripper
No. of stages 20
Molar boilup ratio 0.1
Pressure (kPa) 101.43
Pressure drop (kPa) 1.895
C02 Gas compressor
Outlet pressure. (MPa) 1.013

E06 Cooler
Outlet temperature (°C) 30
TO5 Distillation column

Pressure (MPa) 1.013
No. of stage 14

Molar reflux ratio 0.211
Distillate to feed fraction  0.837

2.5 Effect CH4-R stream recycle flow rate on the heat
duty of overall process and C2 yields

To overcome the limitation of low methane
conversion for OCM reactor, the unreacted methane
should be recycled so as to obtain more C2 yields,
selectivity and methane conversion. The %Recycle
and C2 yields [6] were defined as follow:

Flow rate of CH4-R (1)
% Recycle = X100 11
Flow rate of DIST

) L] (n x moles of C, in products)
% C2 yields = X100 (12)
moles of CH, in feed

The basecase %Recycle was set to 90%, to study
effect of %Recycle, %Recycle was varied from 80% to
95%.

3. Resultsand Discussion
3.1 Biogas production from biomass

From M. Shafiei et al.’s work, components that
consisted in wheat straw, which were used in
simulation, were hexosan, pentosan, lignin and water.
After wheat straw was pretreated by 2-step steam
explosion (LP steam at 1000C and HP steam at
1800C), those components were digested by anaerobic
digestor and then, methane and carbon dioxide were
produced. Raw materials and product input-output of
the process was proposed as table 4.

Table 4: Raw material feed and product distribution of
the biogas production process

Component Biomass Biogas
Mass frac. (Raw mat.) (Product)
Water 0.150 0.095

Hexosan 0.432 -

Pentosan 0.229 -
Lignin 0.198 -
Methane - 0.242
CO, - 0.663
Total
(kton/year) 2353 172.5

3.2 OCM plant input-output information

Biogas from previous section was served as raw
material for OCM process. From simulation study,
components which were fed and were generated from
the process were summarized in Feed and Output as
reported in table 5.

Table 5: Components feed and output of the OCM
reaction section

Component Feed Output
(kmol/hr) | kmol/hr kg/hr
Methane 270 56 896
Oxygen 140 - -
Ethane - 34 1020
Ethylene - 48 1346
Carbqn . b 56
monoxide
Carbon
dioxide 17 134 5896
Water 13 393 7074
Total 300 673 16288

As shown in table 5, 1020 kilograms per hour of
ethane and 1346 kilograms per hour of ethylene were
produced respectively. C2 yield was 60.7%
at %Recycle of 90%.

Due to high reaction temperature, reaction pathway
of methane is favor to the complete combustion which
resulted in generation of carbon dioxide and water
instead of the OCM. Therefore, supplying of oxygen
to the reactor must be controlled to prevent the



unwanted complete combustion of methane. So, there
were significant amount of methane remaining from
the reaction which needed to be recycled.

3.3 Energy requirement of the process

Energy requirement calculated from the wunit
operation in the process i.e. heat exchangers, reactor,
pumps and compressor, was summarized in table 6.
Note that the duty was reported in absolute value.

Table 6: Components feed and output of the OCM
reaction section

Unit operation Duty (kW)
T02 (Reboiler) 4275
E02 (Cooler) 4270
EO03 (Heater) 12667
RO1(Reactor) 14418
E04 (Cooler) 14098
PO1 (Pump) negligible
T04 (Reboiler) 993
CO01 (Compressor) 2398
E06 (Cooler) 3785
T05 (Condensor) 367
TO5 (Reboiler) 939
Total 58210

Total energy requirement for OCM process was
58210 kW (58.21 MW) at %Recycle of 90%.

From figure 4, major of process duty should be in
the reaction section and the downstream section due to
the huge amount of gas flow rate in the process. That
was confirmed by results showed in table 6.

3.4 Effect of unreacted CH4 recycle flow rate on the
heat duty of overall process and C2 yields

From simulation study, %Recycle of CH4-R stream
was varied from 85% to 95% respectively. The results
were displayed in figure 5.
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Figure 5: Effect of %Recycle on process duty and C2
yields

In case of maximizing product output (for more C2
products obtained), unreacted methane should be
recycled as much as possible. But, however, increasing

of %Recycle resulted in increasing of process duty as
shown in figure 5. Therefore, in order to justify the
economic of this process, the economical point of view
should be further investigated.

4. Conclusion

In this study, C2 (ethane and ethylene) production
process from biomass was designed and simulated in
Aspen Plus program. The results showed that 200 kton
per year of wheat straw could be converted to 4320
kilograms of methane per hour which converted to
2366 kilograms per hour of C2 product. The process
duty was 5821 MW at 90%Reclycle of CH4-R
stream. However, in case of process economy, more
information about investment cost and operating cost
should be taken into account.
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In this study, the process model for €, production from biomass wos developed ond simuloted by ASPEN PLUS progrom. Plont copocity wos designed of
200,000 tons of biomoss per yeor (dry bosis). Wheot straw was considered os row moteriol which wos reduced in size os o preliminary treatment before
pretreated by two-step steam explosion at 100°C ond 180°C ond then fed to produce biogos by solid stote digestion method. Biogos wos subsequently fed to
produce C; vio the oxidotive coupling of methone {OCM) over No-W-Mn/Si0, cotalyst ot B50°C and 1 atm. The model results showed that wheat strow con be

\cunvelted to ethone ond ethylene successfully, which were the moin building block for petrochemicol industry. j
é Introduction i /_ Results and Discussion \
Table 1: Row materiol feed ond product distribution of the biogos production
* To reduce the consumption rate of petroleum process
ond reduce the omount of CO, in otmosphere,
biogas has received much attention to use os
row materiols 1o synthesis higher HCs.
* Wheat strow wos used os biomass feedstock,
ot 200 ktons annually, to produce biogas [1.
| H H  * Biogas wos supplied to the OCM Process which
HOAH :C : have the following reaction network over No-
Ho W W weMwsio, cotalyst (2],

CH#20, — [0, + H,0 m C,H, + 20, — 2C0 + 2H,0 (6)

2CH, + 0.50, — CHy + H,0  (2) CHy — CH, + H; [vi] Table 2: Components feed ond output of the DCM process section including

CH,+ 0, = CO+HO+H, (3 CH,+2H,0— 200 + 4H, 8) process duty mlni"!d

€0 + 0.50, — €O, (4) €O+ H0—CO, +H, (@) Component L gutput Unit operotion i

\ CaHy + 050, — CH, + H,0 (S} C0, + H; — €0 + H,0 10) / n:maum
Methane 270 56 896 T02 (Rebailer)
4 : N (e 140 - S €0z (Cooler)  EER[

* Process wos simuloted by ASPEN Plus progrom with ELEC-NRTL property Stfiyere —F—?’mmw}— L
method. The entire process was divided into four sections including biogas G = Hu38
production, biogas treatment, OCM reoction ond product seporation os m::::::e ﬂ‘:;:.
shown in figure 1-4. ————— i 2398
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Foure 1 Blogkes prodactior ¥ v pIIPE Figure 57:0Eflett of %Recycle on process duty ond C2 yields =
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* Process model included rigorous plug llow rector (RPIugl, MEA scrubbing for onclusion
€O, removol (RoteSep for obsorber ond RodFroc for stripper(3-5]) ond * C; (ethone ond ethylene) production process from biomass waos designed ond
distiBation column for methone-mixed C, separation, simuloted by Aspen Plus program. Wheat strow 200 kton per yeor could be

* Effect £H4-R streom recycle flow rote on the heot duty of overoll process converted to 4320 kg/h of methane which converted to 2366 kg/h of C;
ond €2 yields [8]. i product. The process duty was 58.21 MW at 930%Reclyde of CH4-R stream.

Kacych o Dot of . CHER. wu' %, yields = £ In x males of Cn in products) To justify the process economy, more information about investment cost and
L Fow dutal o Diey. | o o1 CE I e \_ operating cost should be taken into occount. J
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