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Abstract

Project Code: RSA4580028

Project Title: Production of C2 Hydrocarbon and Electricity from Methane in
a Solid Oxide Fuel Cell Reactor

Investigator: Associate Professor Suttichai Assabumrungrat,

Department of Chemical Engineering, Faculty of Engineering,
Chulalongkorn University

Email: Suttichai.A@chula.ac.th

Project Period: 15 August 2002 — 14 August 2005

The research studies the co-generation of C2 hydrocarbons and electric power
from methane in a solid oxide fuel cell (SOFC) reactor using Lag gSro,MnO3; (LSM) as
the cathode catalyst, 8 mol% yttria-stabilized zirconia (YSZ) as the electrolyte and
La; gAlp,0s3 (LaAlO) as the anode catalyst. The study is divided into 5 parts: 1)
investigation of the behaviors of oxygen species by fuel cell type temperature-
programmed desorption (FC-TPD) measurement, 2) oxygen permeation through the
LSM/YSZ/LaAlO cell, 3) oxidative coupling of methane (OCM) in SOFC reactor, 4)
modeling of SOFC reactor and 5) performance comparison between different reactors.
From the studies, it was found that oxygen species involved in SOFC is active for the
OCM reaction. The increase of the applied potential during the pretreatment increases
the amount of desorbed oxygen and decreases the activation energy of oxygen
desorption. By applying an external potential to the cell, the oxygen permeation flux
increases while the activation energy of oxygen permeation decreases. The studies of
the OCM in SOFC reactor show the C2 selectivity and the methane conversion of
91.7% and 23.7 % at 1273 K, respectively. The effect of external load is investigated
both by performing experiments and calculations. Methane conversion decreases with
increasing the external load resistance while C2 selectivity is insignificantly affected.
When operating at higher temperature and pressure, higher electric power and C2
production can be obtained. Comparison between different reactors revealed that
SOFC required higher operating temperature (about 200 K) than a conventional fixed
bed reactor and membrane reactors with porous and dense membranes.

Keywords: Solid oxide fuel cell, C2 hydrocarbons, Oxidative coupling of methane
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Chapter 1
TPD study in LSM/YSZ/LaAlO system for the use of
fuel cell type reactor



1.1 Introduction

Solid oxide fuel cell (SOFC) is a promising energy-conversion technology
for future application [1,2]. In our previous papers, the SOFC system was applied as a
selective oxidation reactor for chemical-energy co-generation [3-9]. In these studies,
the oxidative coupling of methane to ethane and ethylene was studied. The solid
electrolyte is used as an oxygen separator and an oxygen distributor to achieve high
C2 selectivity. In this electro-catalytic system, combined effects of activation of
oxygen on an anode and permeation of oxygen through the electrolyte control the
performance of reactor. A number of reviews were published on this topic [10-12].

The use of external potential is also of recent interest. Special attention has
been focused on the effect of non-Faradaic electrochemical modification of catalytic
activity (NEMCA) [13-14] observed for a wide range of reactions in the presence of
metals such as Pt, Pd, Rh, Au, Ag and Ni, and those of oxides such as IrO, and RuQO,.
Conventional solid electrolytes used in most studies are O*" conductors like YSZ [15-
17] or CeO, [18].

Temperature-programmed desorption (TPD) technique is usually used to
investigate behaviors of oxygen species on the selective oxidation catalyst by
detecting gas phase oxygen desorbed from pretreated oxide surface with increasing
the temperature of the sample oxide. Tsiplakides et al. investigated oxygen TPD on
metal electrode (e.g. Pt and Ag) deposited on YSZ [16]. However, very limited
studies on TPD in SOFC reactor are reported. Baker et al. [19] studied TPD in system
of solid oxide fuel cell by using CaO-stabilized zircinia (CSZ) tube and Ag as the
electrolyte and the cathode, respectively. The formation of new species under
electrochemical oxygen pumping conditions and lowering of the desorption
temperature of other oxygen species were observed from both researchers [16,19]

As a tool for designing an anode catalyst for the oxidative coupling of
methane in the SOFC reactor, the conventional TPD technique has been successfully
applied [5]. A novel fuel cell type temperature-programmed desorption (FC-TPD)
was proposed and proved to be very useful tool for characterization of the SOFC type
reactors [8]. In the same report [8], the effect of applied potential on reactivity was
also investigated. The change in the selectivity with applied potential when the anode
was employed as a selective oxidation catalyst with a pre-mixed feed of air and
methane gave a new aspect to the NEMCA phenomena. In this study, unsteady state
experiments with FC-TPD technique on open circuit, closed circuits with and without
applied potential were conducted and the reactivity of oxygen species was correlated
to surface active sites.

1.2 Experimental

1.2.1 Apparatus

Fuel cell type temperature-programmed desorption (FC-TPD) experiments
were carried out using an apparatus illustrated in Fig. 1.1. A tube-type YSZ
membrane (8 mol% Y,0s, thickness = 1.5 mm, inside diameter = 18 mm, outside



diameter = 21 mm, length = 500 mm, effective surface area = 0.0148 mz) was used as
an electrolyte. La; 3Aly,0; (abbreviated as LaAlO) prepared by a mist decomposition
method was used as an anode catalyst on the inner surface of the tube while
Lag gsStp.1sMnOs (abbreviated as LSM) prepared by a conventional paste method on
the outer side was used as the cathode.

Details of the electrode preparation methods were described elsewhere [3, 6,
7]. Platinum wire was connected to platinum meshes placed on both electrode
surfaces to serve as current collectors. The outlet gas from the anode side was directly
connected to a thermal conductivity detector (TCD). A potentiostat was used to
supply an external electrical potential to the system. Oxygen transport from the
cathode side to the anode was promoted under the applied positive potential.

1.2.2 Fuel cell type temperature-programmed desorption (FC-TPD)
measurement

Before the FC-TPD measurement, the cell was pretreated under the following
condition: the air flow rate in the anode = 1.36x10™ mol.s™, the oxygen flow rate in
the cathode = 1.02x10™ mol.s™ and 7 = 1273 K. Three modes of pretreatment; i.e.
open circuit pretreatment, closed circuit pretreatment and closed circuit pretreatment
with applied potential (/p), were considered in this study. After the pretreatment for 7
h, the system was cooled down to 7= 600 K at a rate of 0.093 K.s™'. Then, the anode
gas was switched to helium carrier gas (1.36x10” mol.s") while the cathode gas
remained unchanged. The applied potential (Vp) was disconnected for the closed
circuit pretreatment. The anode exit gas was analyzed using the TCD. After the
baseline was stabilized, the FC-TPD measurement was started by increasing the
temperature at a desired rate (= 0.05, 0.083, 0.117 and 0.133 K.s™). Oxygen spectra

was recorded by the TCD. There were three modes of FC-TPD measurement; i.e.
open circuit FC-TPD, closed circuit FC-TPD and closed circuit FC-TPD with applied
potential. In the closed circuit mode, both electrodes were connected to allow oxygen
permeation from the cathode to the anode. An external potential (¥7) can be supplied
to the cell by the potentiostat during the closed circuit mode.

1.3 Results and Discussion

1.3.1 FC-TPD experiment and proposed schemes for oxygen adsorption and
desorption

Desorption of oxygen from a fuel cell unit was continuously observed under
the constant rate of temperature increase under helium flow at the anode side. Three
kinds of TPD operation were conducted after three kinds of pretreatment. Proposed
scheme for adsorption and desorption of oxygen on the anode of fuel cell system is
summarized in Fig. 1.2. For open circuit pretreatment, since the circuit is not
connected, there is no oxygen permeation from the cathode side to the anode side.
However, the thermal migrations of oxygen ions through the solid electrolyte may be
occurred due to the high temperature pretreatment condition. Oxygen adsorbed on the
anode is from air feed stream at the anode side as shown in Fig. 1.2 (a). When the
circuit is closed during the pretreatment, the permeation of oxygen species is also
allowed. Therefore, the closed circuit pretreatment provides the combined effect of
oxygen adsorption from the surface and the permeation through the electrolyte as
shown in Fig. 1.2 (b). Especially, for the pretreatment under applied potential, it is
expected that the amount and quality of the adsorption site should be altered as shown



in Fig. 1.2 (¢). Fig. 1.2-(1) shows the open circuit FC-TPD where surface oxygen
species on the anode desorb without permeation. The dotted line with arrow shows a
possibility that a small amount of oxygen in YSZ desorbs at high temperature. When
the circuit is closed, the permeation of oxygen is also possible in addition to
desorption of surface oxygen as shown in Fig. 1.2-(2). For the closed circuit FC-TPD
under applied potential, the rate of oxygen permeation should be promoted with the
driving force of applied potential as shown in Fig. 1.2-(3).

Table 1.1 lists the FC-TPD experiments (case 1-8) at various operating
modes of FC-TPD ((1)-(3) in Fig. 1.2) and pretreatment conditions ((a)-(c) in Fig.
1.2).

1.3.2 Temperature-programmed desorption results

Open circuit FC-TPD

Open circuit FC-TPD measurements were carried out to investigate the
nature of adsorbed oxygen on the anode catalyst of the fuel cell system
(LSM/YSZ/LaAlO). Since the circuit was not connected, there was no oxygen
permeation from the cathode side to the anode side. Therefore, the observed spectra is
arisen from oxygen desorbed from the anode and the electrolyte as shown in Fig. 1.2-
(1). Figure 1.3 shows the effect of external applied potential during the pretreatment
on the FC-TPD spectra. The pretreatment conditions included the open circuit
pretreatment, Fig. 1.2 (a) (case 1), the closed circuit pretreatment, Fig. 1.2 (b) (case
2) and the closed circuit pretreatment with external applied potential, Fig. 1.2 (¢), Vp =
1 V (case 3) and 2 V (case 4). It is noted that for the open circuit and closed circuit
pretreatment (case 1 and 2, respectively), an internal potential as high as that from a
concentration cell condition at 1273 K are 197 and 189 mV, respectively, existed even
if no external potential was applied (¥p = 0 V). The internal potential at 1273 K
before and after pretreatment is insignificantly observe in both cases. It was found
that the increase of the applied potential during the pretreatment increased the amount
of desorbed oxygen especially at temperature lower than 1250 K. This suggests that
the applied potential can activate the ability of the anode material (LaAlO) on oxygen
adsorption.

In our previous TPD study of the anode powder [5], it was proposed that the
oxygen species desorbed at low temperature (below 1000 K) were active for CO and
CO, formation (oxygenate site) while the oxygen species desorbed at higher
temperature (above 1000 K) were active for oxidative coupling of methane to C2-
hydrocarbon (coupling site). Two peaks similar to those observed in the previous TPD
study of the anode powder are found in the open circuit FC-TPD measurements. By
performing the FC-TPD experiment with different values of temperature increase, the
behavior of these two oxygen species can be revealed.

Figure 1.4 shows the effect of rate of temperature increase ( ) on oxygen

desorption in the open circuit mode for case 1 (open circuit FC-TPD with open circuit
pretreatment). It was found that the temperatures for maximum amount of desorbed
oxygen (Ty,) of oxygenate site and coupling site are shifted to higher temperature with
the increasing . According to Cvetanovic and Amenomiya [20], the activation

energy of desorption (E£4) from TPD data with different  can be estimated by the
following equation.
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__Eg Eq
2InT,, ln(ﬂ)—Rng +ln[ARg] (1.1)

Figures 1.5 and 1.6 show the plot of Eq. (1.1) for the oxygenate site and the
coupling site, respectively.

The values of the activation energy of desorption for both sites are
summarized in Table 1.2. It was found that the activation energy of desorption
decreases with increasing the applied potential during the pretreatment for both sites,
suggesting the qualitative change of adsorption site with the electrostatic field. The
activation energy of the steady state oxygen permeation from preliminary experiments
is 170 kJ.mol™" which is higher than the activation energy of desorption of adsorbed
oxygen (E4) obtained from this study.

Closed circuit FC-TPD

When the circuit is closed during the FC-TPD experiment, the permeation of
oxygen species is also allowed. Therefore, the closed circuit FC-TPD mode provides
the combined effect of oxygen desorption from the surface and oxygen permeation
through the electrolyte as shown in Fig. 1.2-(2). The rate of temperature increase ()

was varied to obtain the activation energy. Figure 1.7 shows the effect of rate of
temperature increase () on total oxygen desorption in the closed circuit mode with

the open circuit pretreatment (case 5). Two peaks similar to those observed in the
open circuit mode are found in this case. Oxygen desorption increases with decrease
of . This may be due to the effect of oxygen permeation through cell system.

Figures 1.8 and 1.9 show plots of Eq. (1.1) for the oxygenate site and the coupling
site, respectively.

The values of the activation energy for both sites are summarized in Table
1.3. Similar to the open circuit FC-TPD, the activation energy decreases with
increasing the applied potential during pretreatment for both sites. This also suggests
the qualitative change of adsorption site with the electrostatic field. The activation
energy of the oxygenate site from the open circuit and closed circuit operation modes
is almost the same. On the other hand, the activation energy of the coupling site from
the closed circuit mode is much higher than that from the open circuit mode. The
value is rather near that from the steady state permeation (170 kJ.mol™). As far as
YSZ concerns, the oxygen permeation at temperature lower than 1000 K can be
neglected. Therefore, the desorption from oxygenate site (7 < 1000 K) is not affected
by oxygen permeation. However, at higher temperature above 1000 K, the permeation
through the YSZ cannot be neglected. Relationship between adsorbed oxygen and
permeating oxygen should be studied in further details.

Closed circuit FC-TPD with external applied potential

In our previous work [8], the effects of applied potential on the rates of
oxidative coupling of methane in the SOFC reactor were studied. As shown in Fig.
1.10, the external potential was applied when mixture of air and methane was fed on
the anode (air + CH4/LaAlO/YSZ/LSM/O;). When the circuit was closed with no
applied potential, the rate of CO, formation was significantly decreased and the CO
formation rate was increased while C, formation was almost the same. The similar
tendency was observed with applied potential. These effects of applied potential
cannot be explained by “Faraday’s Law”. Therefore, we proposed these effects as the
NEMCA phenomena [8].
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These behaviors can be explained by considering the results from the closed
circuit FC-TPD with and without external applied potential (case 5 and 8,
respectively). As shown in Fig.1.2-(3), with external applied potential, the qualitative
change in adsorption site may be induced as discussed in the previous section at low
temperature. Permeation of oxygen is also enhanced at high temperature with applied
potential as shown in Fig. 1.11. Oxygen starts to desorb below 700 K with open
circuit mode (case 1), but the temperature shifts to 800 K when the circuit is closed
(case 5). The amount of desorbed oxygen species at 1000 K from the closed circuit
mode dominates the open circuit mode. Similar tendency is observed when the
external potential (VT = 1 V) was applied (case 8). Assuming that loosely bound
oxygen species (the one that desorbs at 7= 700-800 K) is active for the combustion
reaction (CO; formation), an increase of interaction between adsorbed oxygen species
and the anode by applied potential (species desorbed at 800-1000 K) reduces the
activity of oxygen species to form oxygenates and the combustion hardly occurs,
resulting in the production of CO. The NEMCA effect shown in Fig. 1.10 can be
correlated to the behavior of active site to interact with oxygen under the electrostatic
field.

1.4 Conclusion

The effect of applied potential on the oxygen adsorption and oxygen
desorption in the LSM/YSZ/LaAlO SOFC type reactor was studied. The fuel cell type
temperature-programmed desorption (FC-TPD) measurements of oxygen were
conducted. This technique enables to discuss the oxygen species for the combustion
reaction and the coupling reaction separately. By applying external potential, the
amount of adsorbed oxygen on the anode catalyst is altered and the activation energy
of desorption is decreased. The FC-TPD analysis also correlates the behavior of
adsorbed oxygen species to the change in the selectivity of oxidative coupling of
methane in SOFC reactor regarded as the NEMCA phenomena.

Nomenclature
A pre-exponetial factor (s™)
Eq activation energy of desorption (kJ.mol™).

R, gas constant (J.mol".K™)

T absolute temperature (K)

Tn temperature for the maximum of amount of desorbed oxygen (K)
Ve applied external potential during pretreatment (V).

Vr applied external potential during TPD (V).

Greek Letter
rate of temperature increase (K.s™h
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Table 1.1 Summary of FC-TPD experiments.

Pretreatment Operating type of
Case No. Condition, Vp FC-TPD, V¢
1 (a) open circuit (1) open circuit See Sec.3.2.1
2 (b) closed circuit, 0 V (1) open circuit See Sec.3.2.1
3 (c) closed circuit, 1 V (1) open circuit See Sec.3.2.1
4 (c) closed circuit, 2 V (1) open circuit See Sec.3.2.1
5 (a) open circuit (2) closed circuit, 0 V See Sec.3.2.2
6 (b) closed circuit, 0 V (2) closed circuit, 0 V See Sec.3.2.2
7 (c) closed circuit, 2 V (2) closed circuit, 0 V See Sec.3.2.2
8 (a) open circuit (3) closed circuit, 1 V See Sec.3.2.3

Table 1.2 Summary of activation energy of desorption at different levels of applied
potential pretreatment condition from the open circuit FC-TPD measurements (Case

1-4).
Cas)e No. Oxygenate site Coupling site
AT E4 (kJ.mol™) A6 Eq (kJ.mol™)
1 24.7 90 31.64 111
2 4.86 81 562 99
3 0.67 69 1.55 90
4 0.21 63 0.32 78

Table 1.3 Summary of activation energy at different levels of applied potential
pretreatment condition from the closed circuit FC-TPD measurements (Case 5-7).

Case No. Oxygenate site Coupling site
A" E4 (kJ.mol™) A6 Eq4 (kJ.mol™)
5 0.46 92 14.49 140
6 0.09 83 0.48 112
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Fig. 1.2 Proposed scheme for adsorption and desorption of oxygen on the anode of

fuel cell system.
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Fig. 1.6 Plots of (2In 7},, — In ) against 1/T}, for coupling site in the open circuit FC-
TPD mode.
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Fig. 1.8 Plots of (2In 7,, — In ) against 1/T}, for oxygenate site in the closed circuit
FC-TPD mode.
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Fig. 1.10 Effect of applied potential on rates of formation of products (7 = 1223 K)
(pre-mixed feed of oxygen (2.4x10° mol.s™) and methane (5.1x10” mol.s™) in the
anode side and oxygen feed (6.8x10° mol.s™) in the cathode side).
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Fig. 1.11 Effect of applied potential on the FC-TPD results (open circuit pretreatment,
=0.117K.s™).

21



Chapter 2
Oxygen transport through LSM/YSZ/LaAlO system for
the use of fuel cell type reactor
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2.1 Introduction

Solid oxide fuel cell (SOFC) is a promising energy-conversion technology
for future applications [1,2]. In our previous papers, the SOFC system was applied as
a selective oxidation reactor for chemicals energy co-generation. Particular focuses
were on catalyst preparation method [3-5] and reactor performance test [6-8]. In these
studies, the oxidative coupling of methane to ethane and ethylene (C2) was studied.
The solid electrolyte was used as an oxygen separator and an oxygen distributor to
achieve high C2 selectivity. In these electrocatalytic systems, combined effects of
activation of oxygen on an anode and permeation of oxygen through a Yttria
Stabilized Zirconia (YSZ) controlled the reactor performance.

Therefore, the oxygen transport through the electrochemical system should
be studied. Several research groups have published their experimental results on the
overall oxygen permeation through many oxygen permeable electrolyte membranes
such as YSZ [9], Calcia Stabilized Zirconia (CSZ) [10], mixed ion-electronic
conducting materials such as La;,SrCoiyFe O3 ;(LSCF) [11,12] and other
perovskite type ceramics, for example, Bi;sY(3Smy,0;5 (BYS) [13,14],
BaBiXCOO.zFeo_g_XOy 5 [15], BaC00.4Feo.6_XZrXO3_5 [16]

Several studies focused on the steady state oxygen permeation in membrane
reactors for oxidation reactions, for example, partial oxidation of methane [17] and
oxidative coupling of methane [14,18]. However, very limited studies on oxygen
permeation in the SOFC reactors have been reported. The conventional Yttria
Stabilized Zirconia (YSZ) electrolyte has been widely used to provide the
electrochemical permeation of oxygen for the oxidative coupling of methane [3-8].
The use of external potential as well as the effect of non-Faradaic electrochemical
modification of catalytic activity (NEMCA) are of recent interest.

In the previous paper [8], the fuel cell type temperature-programmed
desorption (FC-TPD) was studied on the LSM/YSZ/LaAlO system. Increasing the
applied potential increased the amount of adsorbed oxygen. The change in the
selectivity of active sites gave a new aspect to the NEMCA phenomena in the
oxidative coupling of methane in the SOFC reactor. The applied potential also
decreased the activation energy of desorption of oxygen at the anode catalyst [19]. In
addition, the FC-TPD analysis could correlate the behavior of adsorbed oxygen
species to the NEMCA effect.

In this study, the steady state oxygen permeation using helium or methane as
an anode gas was investigated. The effect of applied potential on the oxygen
permeation through the LSM/YSZ/LaAlO in the SOFC reactor was studied. In
addition, a model of oxygen permeation was proposed.

2.2 Experimental
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2.2.1 Apparatus

The schematic diagram of the solid oxide fuel cell type reactor is illustrated
in Fig. 2.1. A tube-type YSZ membrane (8 mol% Y,03, thickness = 1.5 mm, inside
diameter = 18 mm, outside diameter = 21 mm, length = 500 mm, effective surface
area = 0.0148 m2) was used as an electrolyte. La; gAly,Os3 (abbreviated as LaAlO)
prepared by a mist decomposition method was used as an anode catalyst on the inner
surface of the tube while LaggsSro;sMnOs (abbreviated as LSM) prepared by paste
method was used as the cathode on the outer surface [7,8]. Details of the electrode
preparation methods were described elsewhere [3,4,7].

Platinum wire was connected to platinum meshes placed on both electrode
surfaces to serve as current collectors. The outlet gas from the anode side was directly
connected to a gas chromatograph for analysis of gas composition. A potentiostat was
used to supply an external electrical potential to the system. Oxygen transport from
the cathode side to the anode side was promoted under the applied positive potential.

2.2.2 Steady state oxygen permeation

Steady state oxygen permeation measurements were performed at various
temperature levels: i.e., 7= 1073, 1123, 1173, 1223 and 1273 K. Helium (1.36)(10'5
mol s™) and oxygen (1.02x10” mol s') were fed to the anode and the cathode,
respectively. The oxygen permeation flux was calculated from the flow rate and
composition of the anode exit gas. The flow rate and its composition was measured
and analyzed by a bubble flow meter and a gas chromatograph with a TCD detector,
respectively. Sampling was conducted every 5 min until reaching to a steady state
condition (approximately 0.5 h). Another set of steady-state oxygen permeation was
carried out by using methane (6.8x10° mol s™) as an anode reactant gas at various
temperature levels: i.e. 7 = 1073, 1123, 1173, 1223 and 1273 K. In this case,
permeated oxygen has reacted with methane to produce oxygen containing species
such as CO, CO,, H,0. Thus, the oxygen permeation flux was estimated by analyzing
these oxygen containing products. The steady state measurements for both sets of
experiments were carried out at various levels of the applied potential.

2.3 Results and Discussion
2.3.1 Oxygen transport model

2.3.1.1 Oxygen permeation through thin YSZ membranes modeled by Han et al. [9]
In our previous study on the micro fuel cell system [20], we have referred an
oxygen permeation model presented by Han et al. [9]. The proposed permeation
process is summarized in Fig. 2.2. In their study, a thin YSZ membrane prepared by
the electrochemical vapor deposition (EVD) method was employed. The oxygen
permeation flux can be described by the following equations [9].
At gas-membrane interface of the cathode side:

Jo, :a(Pr}(ifl _Pcl)zz(l)) 2.1)
In bulk oxide of YSZ:
Jo, =Bt - P @2)

At membrane-gas interface of the anode side:
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Joz = a(Pé:?II) - Pliﬁl) (2.3)

The rate parameters « and £ at 7= 1173 K are 9.4x10” mol m™ s Pa™”

and 5.2x10"" mol m" s Pa™*, respectively. The activation energy of « and [ are

53.1 and 72.0 kJ mol" K™, respectively. As shown in Fig. 2.2, this system was
operated under open circuit without the anode and cathode electrodes. 1% of
hydrogen in helium was used as a reacting sweep gas. These conditions were not the
same as our present system, which was operated under closed circuit with or without
applied potential with LSM as the cathode and LaAlO as the anode catalyst.

2.3.1.2 A model for the oxygen permeation through the LSM/YSZ/LaAlO

In this study, an oxygen permeation model through the LSM/YSZ/LaAlO fuel
cell type reaction system with closed circuit and applied potential is proposed.
Schematic models of oxygen permeation are shown in Fig. 2.3. The circuit was closed
to allow the electron transfer. Two kinds of carrier gas were used: i.e. helium (Fig. 2.3
(a)) and methane (Fig. 2.3(b)).

In the case of helium feed without applied potential

Fig.2.3(a) shows general reaction paths as follows: 1) electrochemical
reduction at the LSM surface to form oxygen ions, 2) incorporation of oxygen ions
into the YSZ lattice, 3) recombination and desorption of oxygen ions to form oxygen
molecules at the LaAlO anode.

The permeation of oxygen through a electrochemical media depends upon
ionic conductivity ( o) and electronic conductivity ( o) of the media. Assuming
surface concentration of oxygen ions is equilibrated with gas phase, they can be

estimated from the following equations [21].
7 - Per,, In Pian
el
oo, 1];;7; aaf . 2
o, :(iJexp[_Ej J;j:i,e (2.6)
! T R,T

The ionic conductivities of LSM ( ism) [22], the electronic conductivities
of LSM ( e1sm) [23,24], the ionic conductivities of YSZ ( iysz) [25] and the
electronic conductivities of YSZ ( cysz) [26] were cited from the literatures and the

values are summarized in Table 2.1.

However, these values of LaAlO are not available in literature. Due to the
recombination and desorption of oxygen ions to form oxygen molecules at the LaAlO
anode, the overall rate of these processes at LaAlO might be estimated from Eq. (2.7)

Pric
JOZ = kOZ—perm ln(P : J (27)

lean

where Prich and Py, represent partial pressure of oxygen at the rich and lean sides of
LaAlO, respectively.
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When the permeation is at steady state, the oxygen permeation flux across

different parts of the cell is equal to the observed experimental results.
Jo,kxp =Jo,tsM =J0,.vsz =0, Laa10 (2.8)

The values of ko,-perm 0f LaAIO at different temperawucs weie determined by
using an all-purpose equation solver, EQUATRAN-G (Omega Simulation, Japan).
Piich of LSM is partial pressure of oxygen at feed side (=101.3 kPa) while Pjean of
LaAlO is partial pressure of oxygen at permeate side which calculated from the
experiments. The estimated ko,-perm value was shown as follows.

_ 170400]

k (2.9)

O, —perm

=0.413 exp(

g

In the case of methane feed without applied potential

Oxygen ions directly reacted with methane at the anode (Fig. 2.3(b)). It was
expected that the oxygen permeation rate could be enhanced. Due to the chemical
reaction at the anode catalyst surface, the overall reaction rate could depend on partial
pressure of methane and surface oxygen concentration. The oxygen surface reaction
coefficient (ko,.rxn) Was estimated from experimental oxygen permeation flux by the
following equation.

P.
J02 = kOZ—RanCH4 ln(PLCh] (2 10)

lean

No oxygen was observed in gas phase of the permeate side due to reactions
with methane. The surface oxygen may not be in the equilibrium with oxygen in gas
phase. However, the surface oxygen concentration in methane feed could be assumed
similar to the helium case. Therefore, Pjcay in the helium case was used in Eq. (2.10)

In the case of closed circuit with applied potential

It was expected that the oxygen transfer could be accelerated with increasing
applied potential ((c)-(d) in Fig. 2.3). Linear relationship between applied potential
and oxygen permeation flux was assumed and the following equation could be
proposed.

JO = Joz,ov + kVVP

2

2.11)

er

The values of Joz gv without applied potential can be calculated by Egs. (2.4)-
(2.6) and (2.7) for the helium feed case and by Egs. (2.4)-(2.6) and (2.10) for the
methane feed case, respectively.

2.3.1 Steady state oxygen permeation results
2.3.1.1 Helium feed

Fig. 2.4 shows the effect of the applied potential on the oxygen flux at
various temperatures. Linear relationships between the oxygen permeation flux and
the applied potential were observed for all different temperatures. As shown in Fig.
2.4, the oxygen could be permeated without applied potential due to the system

26



possessed an internal “concentration cell” potential as a driving force. For example,
the concentration cell potential 1s 0.225 V at 1223 K. This value agrees well with
OCYV value calculated from Nernst equation.

RT (P
E=""% h{ﬂ] (2.12)

C4F | P

perm
Therefore, we can assume surface oxygen concentration at the lean side of
LaAlO is in equilibrium with oxygen in gas phase at the permeate side.
The proportional constants (k) from Eq. (2.11) could be determined from the
slopes and expressed as Eq. (2.13).

ky e =0.102 exp(ﬂj

(2.13)

g

Fig. 2.5 shows the plots between In (Jo,) and 1000/T at different levels of the
applied potential. The solid lines represent the results calculated from Egs. (2.4)-(2.7),
(2.11) and (2.13). The oxygen flux increases with the increasing temperature and
applied potential.

The solid lines in Fig. 2.5 can be approximated by straight lines of Arrhenius’
plots by Eq. (2.14).

Per
R,T J (2.14)

The overall activation energy of the oxygen transport through the cell (Eper)
was calculated from the slopes and the results are shown in Table 2.2. The activation
energy is decreased from 170 kJ/mol in case of closed circuit with no applied
potential to 119 kJ/mol with applied potential 2 V. TPD experiments have shown that
the applied potential also decreased the activation energy of the oxygen desorption
from 140 to 93 kJ/mol when applied potential 2 V [19]. Comparing these values, the
activation energies of oxygen permeation are close to the activation energies of
oxygen desorption.

The dashed line in Fig. 2.5 shows the results calculated from Han’s model

[9]. The comparison of our model with Han’s model will be described later (Section
2.3.2.4).

J02 = APer exp(

2.3.2.2 Methane feed

Instead of helium, methane was fed to the anode chamber to react with the
permeating oxygen. At 1273 K, the electromotive force from the experiment is 1.09
V, which is near to the theoretical value of ethylene formation (1.05 V). Linear
relationships between the oxygen permeation flux and the applied potential were
observed for all different temperatures as shown in Fig. 2.6. The proportional
constants (k) from Eq. (2.11) could be determined from the slopes and the expression
is shown in Eq. (2.15).

(2.15)

oo, 0873 p[w]

g

Fig. 2.7 shows the plots between In (Jo,) and 1000/7 at different levels of the
applied potential. The oxygen flux with the methane feed was estimated from the
equivalent rate of oxygen required for the oxidation reaction. The oxygen surface
reaction coefficient (ko,-rxn) €stimated from the experimental oxygen permeation flux
by using Eq. (2.8) was shown as follows.
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RT (2.16)

g

The solid line with Vpe, = 0 V represents the calculated results by Eqgs. (2.4)-
(2.6), (2.10) and (2.16). The solid lines for Vpe; = 0.5 V, 1 V and 2 V were calculated
by Egs. (2.4)-(2.6), (2.10)-(2.11) and (2.15)-(2.16).

The solid lines in Fig. 2.7 can be approximated by straight lines of
Arrhenius’ plots by Eq. (2.14). The overall activation energy of the oxygen transport
through the cell (Epe) was calculated from the slopes and the results are shown in
Table 2.3. The applied potential increases the oxygen flux and also decreases the
activation energy of the oxygen transport.

Compared with the helium feed case, the oxygen flux is significantly
improved when methane is fed to the anode side. The oxygen permeation fluxes under
the methane feed are 1-2 orders of magnitude higher than those under the helium feed.
It is clear that the reaction of methane with the permeated oxygen at the anode
catalyst significantly improves the overall oxygen permeation flux due to the surface
oxygen kinetics with methane. The dashed line in Fig. 2.7 represents the Han’s model.

ko, =8.577x107 exp(ﬂJ

2.3.2.3 Oxygen partial pressure profiles and permeation mechanism

Fig. 2.8 shows the oxygen partial pressure profile from the simulation results
at 1223 K. In the case of the helium feed (solid line), it is obvious that the major
oxygen permeation resistance through the cell or the rate-limiting step of this system
is at the LaAlO electrode. Although the thickness of YSZ electrolyte is much more
than the electrodes, the resistance of YSZ electrolyte is negligible. With the methane
feed case (dashed lines), the resistances of three steps are comparable; consequently,
the rate steps at the cathode and the electrolyte need to be taken into account.

In the case without methane, oxygen ions release electrons and recombine
into oxygen molecules, which are then desorbed into the gas phase. On the other
hand, with the methane feed, oxygen ions could directly react with methane to form
CO,, CO and C; hydrocarbons.

Mechanisms of the oxygen activation on the LSM and the bulk transport of
O” in YSZ might be the same as the helium feed case as shown in the previous
sections. The change in the surface reaction step on the anode from the recombination
and desorption of oxygen ion to the reaction of oxygen species with methane would
be the main reason for the increase of oxygen flux for the methane feed.

2.3.2.4 Effect of YSZ thickness

The effect of YSZ thickness on the oxygen permeation flux is simulated and
the results are shown in Fig. 2.9. In the case of helium feed, the oxygen permeation
flux is independent on the YSZ thickness as noted in the previous section that LaAlO
is the rate-limiting step. However, in the case of methane feed, the resistance of YSZ
electrolyte is comparable to that of LaAlO. The rate of oxygen permeation depends on
the YSZ electrolyte. The flux increases with decreasing the thickness of YSZ
electrolyte membrane. However, for YSZ with thickness below 10 m, there is no

significant improvement on the oxygen flux. The tendency is the same for 7= 1223 K
and 1273 K.

2.3.2.5 Estimation of oxygen permeation from a model proposed by Han ez al. [9]
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Han et al. [9] proposed Egs. (2.1)-(2.3) for the permeation of oxygen through
YSZ membrane but their system was tested under unusual conditions; i.e. very thin
YSZ membrane of 2-15 m, low oxygen partial pressure in an oxygen source chamber

of 5.33 kPa and without external circuit (open circuit). Dashed lines in Figs. 2.5 and
2.7 show the oxygen permeation flux calculated from Egs. (2.1)-(2.3) using a YSZ
with thickness of 1.5 mm. The estimated oxygen flux is much larger than that of the
helium feed (compared with Vpe = 0 in Fig. 2.5) and far less than that of the methane
feed (compared with Vpe = 0 in Fig. 2.7). This tendency can be understood by
considering that the sweep gas of the permeate side contained 1% of hydrogen in their
experiments [9].

Hydrogen in the sweep gas caused the promotion of the oxygen permeation
by the surface reaction but the partial pressure was too low to complete the
enhancement of the oxygen permeation. When hydrogen was mixed in the sweep gas,
an electromotive force of about 1 V should be generated between the two electrodes.
This may be the reason of the agreement with the plot of Vp; =1 V in Fig. 2.5.

The differences in the activation energy should be caused by the differences
in the surface reaction on the anode material. Further studies are required to find more
details. All these results show that is essential for the model of the SOFC type reactor
to include the permeation of oxygen though the cathode, the electrolyte and the anode.

2.4 Conclusion
The oxygen transport through the LSM/YSZ/LaAlO SOFC type reactor was
studied at various operating conditions. The oxygen permeation flux was 8.90x10™®
mol m™ s at 1173 K with an activation energy of 170 kJ mol™. Increasing the

applied potential increased the oxygen permeation fluxes in one order of magnitude
and reduced the activation energy of the oxygen permeation. The oxygen permeation
fluxes under the methane feed are 1-2 orders of magnitude higher than those under the
helium feed. A model of oxygen permeation was proposed. In the helium case, the
oxygen permeation at the LaAlO anode was the rate-limiting step for the oxygen
permeation. However, by changing helium to reactant gas as methane, the resistances
in the three parts (LSM/YSZ/LaAlO) become comparable.

Nomenclature

A4; pre-exponential factor of conductivity (SKm™)

Aper  pre-exponential factor of oxygen permeation (mol m™ s™)

E electromotive force V)

E; activation energy of conductivity (J mol™)

Epe:  activation energy of oxygen permeation (J mol™)

F Faraday’s constant, 96487 (C mol™)

Jos oxygen permeation flux (mol m?s™)
korperm Overall oxygen ions recombination and diffusion coefficient (mol m> s'l)
ko,rxn  OXygen surface reaction coefficient (mol m> s'lPa'l)
kv proportional constant (mol m™>s™' v
L thickness of material (m)

Per,0, specific oxygen permeability (mol m™ s™)
Preq oxygen partial pressure at feed side (cathode side) (Pa)
Poem  OXygen partial pressure at permeate side (anode side) (Pa)

Picn  oxygen partial pressure at rich side of materials (Pa)
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Piean  OXxygen partial pressure at lean side of materials (Pa)

Fy,q oxygen partial pressure at the gas-membrane interface (Pa)
Py @y ©OXygen partial pressure at membrane-gas interface (Pa)
R, gas constant, 8.314 (J mol” K1)
T temperature (K)
Vper  applied external potential during steady state permeation (V)
a permeation rate constants in interface diffusion step (mol m? s Pa™?)
p permeation rate constants in bulk diffusion step (mol m™ s™ Pa'”4)
conductivities (Sm™)
<Subscript>
e electronic
1 ionic
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Table 2.1 Values of parameters for the calculations of oxygen permeation flux

Parameters A (SKm™") | E;(kJ mol™) Ref.
ism (Sm) 2311x10"! 284 (221
ersm (Sm™) 8.855x10’ 9 (231", [24]°
iysz (Sm™) 7.121x10’ 88 [25]
evsz (Sm™) 9.244x10° 87.5 [26]

L o,=1x10"m, L,,=1.5x10" m, L, ,=5x10" m.

a) From Table 1 at 1173 K, the value was interpolated between Lag osSrgosMnQO3
and Laj gSry,MnOs, and at 1273 K between Lag oSry ;MnO; and Lag sSro,MnOs.
b)  .rsm Was given at 1173 K.

¢) The activation energy was shown in Table 1.

Table 2.2 Summary of the values of pre-exponential factors of oxygen permeation
and activation energy at different levels of applied potential from steady state
permeation results using helium feed at anode side

Veer (V) Aper (mol m™ s Eper (kJ mol™)
0 3.499 170
0.5 1.280 154
1 0.675 144
2 0.157 119

Table 2.3 Summary of the values of pre-exponential factors of oxygen permeation
and activation energy at different levels of applied potential from steady state
permeation results using methane feed at anode side

Veer (V) Aper (mol m™ s Eper (kJ mol™)
0 3.632x10* 219
0.5 186.9 157
1 82.84 145
2 15.77 124
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Fig. 2.1 Schematic diagram of the solid oxide fuel cell type reactor.
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1. Anode side feed (He /CH,) 2. Exit gas from anode side 3. Cathode side feed (O,)

4. Exit gas from cathode side 5. Platinum wire 6. Platinum mesh

7. YSZ tube 8. Anode (LaAlO) 9. Cathode (LSM)

10. Quartz tube 11. Thermocouple 12. Temperature indicator
13. Temperature recorder 14. Ammeter/Voltmeter/Potentiostat

15. Temperature controller 16. Furnace
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Fig. 2.2 Oxygen permeation process through thin YSZ membranes prepared by the
electrochemical vapor deposition (EVD) method supported on « -alumina reported by

Han et al. (1997).
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Chapter 3
Oxidative Coupling of Methane in LSM/YSZ/LaAlO
SOFC Reactor

40



3.1 Introduction

Conversion of methane into other valuable hydrocarbons has significant
industrial importance. Among the various schemes for methane conversion, the
oxidative coupling of methane (OCM) to ethane and ethylene (C2) is a promising
process to upgrade natural gas. Solid oxide fuel cell (SOFC) is one of the most
attracting kinds of fuel cells (Yamamoto, 2000; Steele, 2001). As a reactor for the
OCM reaction, a solid electrolyte was used as an oxygen separator and an oxygen
distributor to achieve high C2 selectivity. A recent review (Stoukides, 2000)
summarized the state of the art of this technology. It also provided a useful table
comparing yields and selectivities of the OCM reaction on various catalysts. Most of
the reported studies showed high selectivities but low yields.

In our previous papers, the OCM was studied in a SOFC reactor. Particular
focuses were placed on catalyst preparation methods (Moe et al., 1998a, 1998b;
Carrillo et al., 2001) and reactor performance test (Tagawa et al., 1998, 1999,
2003). The oxygen temperature-programmed desorption (O,-TPD) of the LaAlO
powder sample was studied (Tagawa et al., 1999) and it was proposed that oxygen
species desorbed at low temperature (below 1000 K) were active for CO and CO,
formation (oxygenate site) while those desorbed at higher temperature (above 1000
K) were active for the OCM to C2-hydrocarbon (coupling site). The fuel cell type
temperature-programmed desorption (FC-TPD) measurements were employed to
investigate (Kiatkittipong ef al., 2004a) oxygen species under the fuel cell operation.
Both kinds of oxygen species were also observed.

Modeling is an important tool for design of SOFC and prediction of SOFC
performances. Most attention has been given to the case where hydrogen or carbon
monoxide is used as a fuel (Achenbach, 1994; Bessette et al., 1995; Aguiar et al.,
2002; Yamada et al., 2002). Very few investigators studied the modeling of the OCM
reaction in SOFC reactors. Guo et al. (1999) proposed a mathematical model based on
well mixed flow and plug flow. Although good agreement between their simulation
and experimental results were observed, some parameters in the model are unclear.

In this paper, the OCM in a SOFC reactor with a cell of LaggsSro1sMnO3/8
mol% Y,03-ZrO,/La; gAlyp,03 (abbreviated as LSM/YSZ/LaAlO) was studied. An
optimum condition for the anode preparation by the mist pyrolysis method was
investigated to achieve high C2 selectivity. The knowledge of oxygen species from
FC-TPD (Tagawa et al., 1998; Kiatkittipong et al., 2004a) and the oxygen permeation
through the LSM/YSZ/LaAlO (Kiatkittipong et al., 2004b) were taken into account to
obtain the kinetic parameters of the reactions on the anode. The effect of external load
resistance on the reactor performance was also considered. The model of overall
OCM reaction in SOFC reactor was proposed.

3.2 Experimental

3.2.1 Apparatus
The schematic diagram of the solid oxide fuel cell type reactor was
illustrated in Figure 3.1. A tube-type YSZ membrane (8 mol% Y,0Os3, thickness = 1.5
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mm, inside diameter = 18 mm, outside diameter = 21 mm, length = 500 mm, effective
surface area = 0.0148 mz) was used as an electrolyte. La; gAlp,0Os3 (abbreviated as
LaAlO) prepared by a mist decomposition method was used as an anode catalyst on
the inner surface of the tube while Lag 35Sty 1sMnO; (abbreviated as LSM) prepared by
a conventional paste method on the outer side was used as the cathode. Platinum wire
was connected to platinum meshes placed on both electrode surfaces to serve as
current collectors. Current meter and voltmeter were used to measure closed circuit
current (CCI) and open circuit voltage (OCV), respectively. Voltages at various
current values were measured using a potentiostat. The standard operation was as
follows.

Methane (3.4x10° mol s™) was fed to the anode without dilution gases.
Oxygen or air (1.02x10” mol s) was fed to the cathode. The operating temperatures
were varied: i.e. 7= 1073, 1123, 1173, 1223 and 1273 K. The flow rate of the anode
exit gas was measured and its composition was analyzed by a gas chromatography
with a TCD detector every 30 min until reaching a steady state condition.

It should be noted that carbon deposition on the anode is a typical
phenomenon taken place in solid oxide fuel cells with hydrocarbon feed. However, all
experimental results in this study were recorded at steady-state conditions and an
apparent carbon deposition was not observed. The carbon balance was checked and
found to be within 99.8%. In case of a possible carbon deposition, the cell was treated
by feeding pure oxygen (1.02x10”° mol s™) to the anode side, before running each set
of experiments. The temperature was raised to 773 and 1223 K with a holding time of
6 h for each step.

3.2.2 Electrode preparation

The LSM powder was pounded and mixed with glycerol. It was pasted into
thin film on the outside of the YSZ tube and heated at 1223 K for about 3 h in air
(Tagawa et al., 1999, 2003; Kiatkittipong et al., 2004a, 2004b).

LaAIO anode material was prepared on the inside of the YSZ tube by the mist
pyrolysis method as follows (Tagawa et al., 1999, 2003; Kiatkittipong ef al., 2004a,
2004b).

Figure 3.2 shows the setup for the anode preparation. A mixed aqueous
solution of lanthanum nitrate (La(NO;);.6H,0O) and aluminum nitrate (AI(NO3)
3.9H,0), (La:Al=9:1) was placed in a reservoir. With a ceramic ultrasonic transducer
(1.7MHz), mist of solution was generated. The mist was delivered to the YSZ tube
with the air flow using an aspirator. A YSZ tube was placed in a furnace and heated.
The pyrolysis was generally operated in periodic operations. In this periodic
operation, the mist was intermittently sprayed to the YSZ tube and the optimum
condition was summarized in Table 3.1.

3.3 SOFC Modelling
By assuming plug flow and isothermal condition, the mass balance equation in
the anode side is given as

%={4+(i]Ji}( i J (1)
dx /4 FCH4,0

where the permeation rate of component i except for oxygen is zero (J; = 0) because
the YSZ membrane allows only oxygen to permeate.

At the entrance (x = 0), ycHsa= 1, ;= 0 (products)
The partial pressures in the anode side (AN) and the cathode side (CA) can be
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determined as
B

R,AN -
271‘
Fy ca= 1.013x10° and 2.127x10* Pa for oxygen and air feed, respectively (3.3)

The oxygen permeation rate through the LSM/YSZ/LaAlO solid oxide fuel
cell type reactor can be estimated from our model (Kiatkittipong et al., 2004b). In the
model, general reaction paths are 1) electrochemical reduction of molecular oxygen at
the LSM surface to form oxygen ions, 2) incorporation of oxygen ions into the YSZ
lattice, 3) oxygen ions directly reacted with methane at the anode. The permeation of
oxygen depends upon ionic conductivity (o;) and electronic conductivity (o.) of the
materials. The following set of equations is applied for LSM and YSZ with reported

parameters.
Per, P
']02 — 0, 11,1[ rlchj

(3.2)

L ljlean
RT oo
Per,, =———1"¢ 3.5
“ 16F? o, +0, 3-)
Aj _Ej ..
o, =| = |ex i =1,
; T p RT J (3.6)

Although, these values of LaAlO are not available in literature, kinetic parameters
were determined in the study. It is suggested in the study that the rate of oxygen
permeation with helium flow on anode was determined by the surface desorption step

from anode. On the other hand, these three rate steps are comparable with methane
feed.

In our previous TPD work on LaAlO powder (Tagawa et al., 1999), it was
proposed that the oxygen species desorbed at low temperature (below 1000 K) were
active for CO and CO, formation (oxygenate site) while the oxygen species desorbed
at higher temperature (above 1000 K) were active for the OCM to C2-hydrocarbon
(coupling site). From the fuel cell type temperature-programmed desorption (FC-
TPD) measurements, the fraction of oxygen species for oxygenate site and coupling
site were estimated by integration of oxygen FC-TPD results operated in closed
circuit mode (as shown in Figure 3.7 in Kiatkittipong et al., 2004a) and the values are
summarized in Table 3.2.

When methane was fed on the anode and oxygen was permeated from the
cathode to the anode side, the following oxidation reactions were proceeded.

2CH, + 120, — GCHg + H,0 (3.7)
CHs + 120, — GCHy + H,0 (3.8)
CH, + 320, — CO + 2H,0 (3.9)
CH, + 20, — CO, + 2H,0 (3.10)
CHg + 7/20, — 2CO, + 3H,0 (3.11)

Assuming the first order kinetics with respect to surface concentration of
methane and oxygen, the rate equation for the product i can be expressed as follow.

1 = ki@ey, Po, ; (3.12)
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The surface concentration of methane (¢, ) was supposed to have linear

relationship with P, as follows.

Pen, © Fon, (3.13)

In the previous study on fuel cell type TPD of oxygen (Kiatkittipong et al.,
2004a), an important role of oxygen desorption from anode material has been pointed
out. The activation energy of surface oxygen desorption (open circuit) and that of
oxygen permeation (closed circuit) agreed with each other in both cases of oxygenate
oxygen and coupling oxygen. These results suggested the permeation of oxygen
strongly depended on the surface oxygen species. Thus linear relationship between
surface concentration of oxygen (¢, ;) and oxygen flux (J,_ ;) was also supposed as

follows.
Po,; *Jo,,; (3.14)

Where j represents either coupling oxygen (cou) or oxygenate oxygen (0Xy).
Then, the kinetic rate expressions determined for each of the above reactions
are given as follows, respectively.

n =k Poy,J o, con (3.15)
1 =kPey Jo, o (3.16)
1y =kyPey J o, o (3.17)
re =k, Py Jo, o (3.18)
vy = ksPeyy Jo, oxy (3.19)

Therefore, the reaction rate of component i can be expressed by
stoichiometric relations as follows:

Yew, =21 =15 =1y (3.20)
e, =h =1 = 7s (3.21)
Yew, =h (3.22)
Feco =13 (3.23)
Yeo, =14 175 (3.24)

(3.25)

3.4 Results and Discussion

3.4.1 Selection of an optimum mist solution concentration for the anode
preparation

Figure 3.3 shows the effect of the mist solution concentration on methane
conversion (filled symbols) and C2 selectivity (open symbols). SOFC reactor was
operated in a closed circuit mode without external resistance (short circuit, Ry = 0).
The C2 selectivity increased with decreasing concentration of the mist solution or
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with increasing reaction temperature. The solid lines represent calculated results,
which will be described later. At lower concentration of the mist solution, particles
with smaller sizes were obtained. The small particle sizes are effective for C2 product
formation (Moe ef al., 1998a). As the mist solution concentration of 1.25 wt% showed
the highest selectivity, it was chosen as an optimum concentration for the following
studies. With the optimum anode preparation condition, the conversion and C2
selectivity were 23.7 % and 91.7 %, respectively, at 1273 K.

3.4.2 Permeation of oxygen

The amount of oxygen permeation is very important for selective oxidations.
For a non-porous solid electrolyte, it can be related to current as described by
Faraday’s law as follows.

[=J, Sx4F (3.26)

Figure 3.4 shows the effect of temperature on the current. Three kinds of
current were plotted as follows: 1) current recorded from the current meter, 2)
equivalent current calculated from the oxygen consumption from product distribution
and 3) equivalent current estimated from our permeation model (Kiatkittipong et al.,
2004b). Due to no oxygen in gas phase was detected from the anode exit gas; the
permeated oxygen was all consumed in the reactions with methane.

As shown in Figure 3.4, the current values predicted from our model
agreed well with those of experimental values from the current meter as well as those
from the product distribution. These agreements indicated that the amount of reacted
oxygen species (J, ) could be calculated from our permeation model (Kiatkittipong

et al., 2004b) and that the electrolyte used in the study was pin-hole free. Then, J

was calculated with our permeation model (Kiatkittipong et al., 2004b) for Sectlon
4.3.

3.4.3 Reactor performance (short circuit, R, = 0)

The SOFC reactor was operated in the closed circuit mode without external
resistance (short circuit, R = 0). The kinetic rate expressions were determined for
each of the above reaction by fitting the experimental data shown in Figure 3.3.

k, =3.70x10" exp — 215000 (3.27)
RT

k, =2.96x10° exp —110000 (3.28)
R,T

ky = 4.14x10° exp — 124000 (3.29)
R,T

k, =2.96x10° exp —131000 (3.30)
R,T
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- (3.31)

g

kg =1.78x10° exp(wj

Figure 3.5 shows the reactor performance for the case with air feed on the
cathode. Figure 3.5(a) shows the effect of temperature on methane conversion and C2
selectivity along with calculated results. The conversion and C2 selectivity increased
with increasing temperature. These follow the same trend for the case with pure
oxygen feed on the cathode; however, lower conversion was achieved. Figure 3.5(b)
shows the selectivity of each product under the same conditions. It is worth noting
that the selectivity of CO and CO; decreased with increasing temperature. The solid
lines in Figures 3.3 and 3.5 represent calculated results which were carried out as
follows: J, was estimated from our model (Kiatkittipong e al., 2004b). The amount

of oxygen was divided into two different oxygen species; oxygenate and coupling
oxygen by using mole fraction of oxygen species shown in Table 3.2 and the
following relations

']Oz,cou = yOZ,cou']Oz (332)

JOZ,oxy = yOZ,onyOZ (333)

Then the C,H4 and C,Hg formations which use the oxygen species for
coupling (O, ou) Were calculated by using Egs. (3.15) and (3.16). CO and CO,
formation which using the oxygen species for oxygenate (O, oxy) Were calculated by
using Egs. (3.17)-(3.19). Methane conversion and product selectivity were calculated
by using Egs. (3.1) and (3.2). The calculated results (solid lines) agreed well with the
experimental results. The maximum C2 yield of 16.8 % was obtained at 1273 K in
case of air feed at cathode side by multiply the conversion and the selectivity shown
in Figure 3.5(a), where C2 yield of 21.7% was obtained in case of pure oxygen feed
shown in Figure 3.3.

Effects of methane flow rate on methane conversion and C2 selectivity are
shown in Figure 3.6. The calculated results in Figure 3.6 followed the same
calculation method as used in Figure 3.5. As shown in Figure 3.6(a), the methane
conversion increased with decreasing methane flow rate, which was in good
agreement with the calculated values (solid lines).

As shown in Figure 3.6(b), the C2 selectivity was almost independent of
methane flow rate. This suggested that oxygenate products and coupling products are
formed in a parallel manner. On the other hand, C,H4/C,H¢ ratio decreased with
increasing methane flow rate. Because of shorter residence time, consecutive ethylene
production from ethane decreased with increasing methane flow rate. Our developed
model can predict the experimental results very well.

It should be noted that Guo ef al. (1999) proposed the complex kinetic
expressions to explain complicated changes in selectivity while this study proposed
the simple kinetics by assuming two kinds of oxygen species with different activity.

3.4.4 Chemicals-energy cogeneration with SOFC reactor (closed circuit with
external load, Ry)

The internal resistance of cell can be determined from the maximum power
transfer theorem (Siskind, 1965) as described below. Figure 3.7 shows a simplified
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series circuit model, which consists of a voltage source (SOFC reactor unit) with a
variable external load resistor (Ry). If Ry, = oo (open circuit), current /i, = 0 and power
at load, P = 0; also, if Ry = 0 (short circuit), voltage Er = 0 and P. = 0. When Ry is
neither oo or 0, Py is not 0. A maximum power transferred to the load occurs when Ry,
= Rint. Rint 1s the overall resistance including ohmic, activation and concentration
polarization resistances inside the cell unit. Therefore, Ry value varies with operating
conditions such as temperature, £, ., and should be experimentally estimated.

Figure 3.8 shows the load resistance-voltage and load resistance-power plots
at various temperatures in case of (a) oxygen and (b) air feed on the cathode. The
open circuit voltages were in range of 1.02-1.08 V, which is nearly equal to the
theoretical value of the C,H4 formation from C,H¢ (Tagawa et al., 1999). Power
increased with increasing temperature. With increasing the operating temperature, the
chemical reaction could be enhanced as well as oxygen permeability through the
YSZ. It should be noted that when the current-voltage was plotted for both cases as
shown in Figure 3.9, a linear decrease of voltage with current was observed,
indicating that the over-potential is mainly governed by the ohmic resistance of the
cell.

Comparing between Figure 3.8(a) and Figure 3.8(b), changing oxygen to air
feed on the cathode, the power decreased due to decreasing the driving force of
oxygen gradient. However using air instead of oxygen could be competitive from a
viewpoint of the oxygen purification cost.

Figure 3.10 shows the relation of internal cell resistance (Rin) and
temperature. Following expressions can be obtained;

1.128x1072 166000
o = 5 exp (3.34)
PY2nT R,T

These results show that higher Poz,c A gives lower Riy.

Figure 3.11(a) shows the relationship between load resistance and methane
conversion. In the case of external load, the current can be calculated from

E

= 3.35
Rint +RL ( )

Then, the calculated current was used to estimate the amount of oxygen
permeated to anode by Eq. (3.26).

The filled symbol represents pure oxygen feed on the cathode case while the
open symbol represents air feed on the cathode case. The solid line represents
calculated results. / was estimated from Ry value with Egs. (3.34) and (3.35) using £
values shown as a voltage in Figure 3.8 for oxygen and air feed on the cathode. Using
mole fraction of oxygen species shown in Table 3.2 and Egs. (3.32) and (3.33), the
amount of oxygen for oxygenate and coupling site were estimated, respectively. Then
C,H4 and C,H¢ formation were calculated by using Egs. (3.15) and (3.16), while CO
and CO, formation were calculated by using Egs. (3.17)-(3.19) as described in the
previous section. Methane conversion was calculated by using Egs. (3.1) and (3.2).
The calculated results are shown in Figure 3.11(a) as solid lines. With increasing load
resistance, oxygen hardly permeated due to increasing electron transfer resistance.
This resulted in decrease of methane conversion. Changing oxygen to air feed on
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the cathode, the methane conversion decreased due to decreasing the amount of
permeated oxygen.

Figure 3.11(b) shows the relationship between Ry and the selectivity. Load
resistance showed insignificantly effect on C2 selectivity while operating temperature
showed strong effect. The selectivity was calculated by the same method mentioned
above. Changing oxygen to air feed on the cathode, the C2 selectivity was
insignificantly affected. The calculated results agreed well with the experimental
results.

3.5 Conclusion

Oxidative coupling of methane was studied in LSM/YSZ/LaAlO SOFC tube
type reactor. The C2 selectivity increased with increasing temperature. The C2
selectivity and methane conversion were 91.7% and 23.7% at 1273 K with the
optimum preparation of anode catalyst. A set of reaction model was proposed with
distinguished oxygen species such as oxygenate species and coupling species. The
equivalent current calculated from oxygen consumption and the simulation results
agreed well with the current values read from current meter showing that oxygen
transport could be estimated by simulation. The internal resistance of cell could be
lumped and estimated by maximum power transfer theorem. The effect of external
load on reactor performance was investigated both experimental and simulation.
Increasing the external load, decreased oxygen transport, resulting in decreased
methane conversion. However, the C2 selectivity kept constant. The calculated results
agreed well with the experimental results. A set of the simple kinetic model by using
two different oxygen species is useful to evaluate the oxidative coupling of methane
in SOFC type reactor.

Nomenclature

A; = pre-exponential factor of conductivities [SKm']

E = cell voltage [V]

F = Faraday’s constant, 96485 [C mol™]
Feu, o = feed molar flow rate of methane [mol s™']

1 = current [A]

Jo, = oxygen permeation flux [mol m™s™]
k reaction rate constant [m°kg™ Pa]
L = thickness of material [m]

N, = oxygen consumption [mol s
Per,0, = specific oxygen permeability [mol m™” s™]
P; = pressure of component i [Pa]

Prich = oxygen partial pressure at rich side of materials [Pa]
Piean = oxygen partial pressure at lean side of materials [Pa]
Py ca = pressure of oxygen in the cathode side [Pa]
Pian = total pressure in the anode side, 1.013x10° [Pa]
7 = rate of reaction j [mol kg™ s7]
R = resistance [ohm]

R, = gas constant, 8.314 [J mol K]
S = membrane surface area [m?]

T = temperature [K]
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w = mass of anode catalyst [kg]

X = dimensionless axial length divided by the total
length of reactor [-]

Yo, con = mole fraction of oxygen for coupling site  [-]

Y0, oxy = mole fraction of oxygen for oxygenate site |[-]

4 = molar flow rate ratio (=F, / Fy, ) [-]

1) = surface concentration [mol m'z]

o = conductivities [Sm™]

<Subscript>

AN = anode side

CA = cathode side

cou = coupling site

e = electronic

1 = ionic

i = component i

int = internal

Jj = reaction j

L = load

oxy = oxygenate site

0 = feed
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Table 3.1 Optimum condition for the anode preparation

YSZ temperature 503K
Concentration of salt solution 1.25 wt%
Spray time 30s
Interval time 30s
Total spray time 2h

Table 3.2 Mole fraction of oxygen species for oxygenate site and coupling site

Reaction temperature | 1073 K | 1123 K | 1173 K | 1223 K | 1273 K
Y0, oxy 0.704 0.601 0.490 0.319 0.235
Y0, cou 0.296 0.399 0.510 0.681 0.765
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Fig. 3.1 Schematic diagram of the solid oxide fuel cell type reactor.
1. Anode side feed (CH,) 2. Exit gas from anode side 3. Cathode side feed (Oy/air)
4. Exit gas from cathode side 5. Platinum wire 6. Platinum mesh
7. YSZ tube 8. Anode (LaAlO) 9. Cathode (LSM)
10. Quartz tube 11. Thermocouple 12. Temperature indicator
13. Temperature recorder 14. Current meter/Voltmeter/Potentiostat
15. Temperature controller 16. Furnace
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Fig. 3.7 Simplified circuit diagram to illustrate SOFC involving a variable load
resistor
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the case of (a) pure oxygen feed on the cathode and (b) air feed on the cathode:
Fey, 0= 6.8x10° mol s, =4.0x10" kg
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Chapter 4

Simulation of Oxidative Coupling of Methane in Solid Oxide
Fuel Cell Type Reactor for C2 Hydrocarbon and Electricity
Co-Generation
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4.1 Introduction

Solid oxide fuel cell (SOFC) is one of the most efficient ways to generate
power from fuel (Yamamoto, 2000; Steele, 2001). Most attention has been given to
the case where hydrogen or carbon monoxide are either directly fed to SOFC to be
electrochemically oxidized or produced through direct or indirect internal steam
reforming of methane (Achenbach, 1994; Bessette ef al., 1995; Nakagawa et al.,
2001; Aguiar et al., 2002; Yamada et al., 2002). Recent investigators used other types
of fuel such as methane, methanol and ethanol. Among these studies, chemicals and
power co-generation is one of the outstanding topics. The conversion of methane into
higher hydrocarbons, which are more valuable, attracts a lot of attention. Among the
various schemes for converting methane into more valuable feed stocks, the oxidative
coupling of methane (OCM) to ethane and ethylene (C2) is a promising process to
upgrade natural gas. For SOFC as a reactor for OCM reaction, a solid electrolyte was
used as an oxygen separator and an oxygen distributor to achieve higher C2
selectivity.

In our previous papers, OCM was studied in SOFC reactor. Particular
focuses were on catalyst preparation methods (Moe et al., 1998a, 1998b; Carrillo et
al., 2001; Kiatkittipong et al., 2004a) and reactor performance test (Tagawa et al.,
1998, 1999, 2003; Kiatkittipong et al., 2004a). The fuel cell type temperature-
programmed desorption (FC-TPD) measurements were employed to investigate
oxygen species under the fuel cell operation (Kiatkittipong et al., 2004b). The
knowledge of oxygen species from FC-TPD (Tagawa et al., 1998; Kiatkittipong ef al.,
2004c) and the oxygen permeation through the LSM/YSZ/LaAlO (Kiatkittipong et
al., 2004c) were taken into account to obtain the kinetic parameters of the reactions on
the anode (Kiatkittipong ef al., 2004a). A set of the kinetic model considering two
different oxygen species; i.e. oxygenate and coupling species, was useful to evaluate
the oxidative coupling of methane in a tubular SOFC type reactor. The effect of
external load on reactor performances was investigated (Kiatkittipong et al., 2004a).

In this paper, the performances in C2 and electricity productions of SOFC
reactor operated at maximum power at load, is simulated. The effect of operating
conditions; i.e., operating temperature, methane feed flow rate and concentration on
the anode, oxygen concentrations on the cathode, and operating pressure were
investigated.

4.2 Single unit of SOFC reactor configuration

The schematic diagram of the single solid oxide fuel cell type reactor was
illustrated elsewhere (Kiatkittipong et al., 2004a-2004c). A tube-type YSZ membrane
(8 mol% Y;0s, thickness = 1.5 mm, inside diameter = 18 mm, outside diameter = 21
mm, total length = 500 mm) was used as an electrolyte. La; gAly,O3 (abbreviated as
LaAlO) prepared by a mist decomposition method was used as an anode catalyst on
the inner surface of the tube while Lag gsSro ;sMnO; (abbreviated as LSM) prepared by
a conventional paste method on the outer side was used as the cathode. The electrodes
were coated in the length of 0.242 m and the effective surface area is 0.0148 m’,
Platinum wire was connected to platinum meshes placed on both electrode surfaces to
serve as current collectors. Current meter and voltmeter were used to measure closed
circuit current (CCI) and open circuit voltage (OCV), respectively. Voltages at
various current values were measured using a potentiostat.
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4.3 SOFC modelling
By assuming plug flow and isothermal condition, the mass balance equation in
the anode side is given as

%:{“(E)LH w J @.1)
dx /4 Fey, o

where the permeation rate of component i except for oxygen is zero (J; = 0) because
the YSZ electrolyte allows only oxygen to permeate.

At the entrance (x = 0), yCHs= 1, = 0 (i = products)
The partial pressures in the anode side (AN) and the cathode side (CA) can be
determined as

P .
[,AN}/I (4.2)

Pi,AN = 2 v,

Py, ca= 1.013x10° and 2.127x10" Pa for pure oxygen and air feed, respectively.

It should be noted that since the radiation is a very efficient for heat transfer due to
high temperature as 1073-1273 K in the oven (Kiatkittipong er al., 2004 a), the
temperature is uniform. The isothermal behavior of SOFC has already been reported
in the literature (Costamagna et al., 1998, 2004). Therefore, the simulations are
considered isothermal and the energy balances are not included in this work.

The oxygen permeation rate through the LSM/YSZ/LaAlO solid oxide fuel
cell type reactor can be estimated from our model (Kiatkittipong et al., 2004c). The
permeation of oxygen depends upon ionic conductivity (o;) and electronic
conductivity (o.) of the materials. The following set of equations is applied for LSM
and YSZ with reported parameters.

Per,, P.
J, = 2 || b
© L [Plean J (43)
RT :
Per’o =_68 > &
> 16F° o, +o0, (4.4)
Aj _Ej . .
o, =|— [eX J=1¢
J T p RgT J (4.5)

Although these values of LaAlO are not available in literature, the kinetic
parameters were determined in our previous study.

The oxygen permeation rate was divided into two different types of oxygen
species; 1i.e., oxygenate and coupling oxygen, by using mole fraction of oxygen
species as shown below.

Yooy =—2:381x107T +3.2661 (4.6)
JOZ,oxy = yOZ,onyOZ (47)
J02 ,cou = yOZ,cou‘]O2 = (1 - yOz,oxy)"]O2 (48)

Eq. (4.6) was determined from the FC-TPD experimental results of our previous work
in Table 2 (Kiatkittipong et al., 2004a).

The reactions taking place in the system are summarized in Egs. (4.9)—(4.13).
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The rate expressions are provided in our previous work (Kiatkittipong ef al., 2004a).

2CH4 + 120, — CHg + H,0 (4.9)
CHs + 120, — GCH; + H,0 (4.10)
CHs; + 320, — CO + 2H,0 (4.11)
CH; + 20, — CO, + 2H,0 (4.12)
CHe + 720, — 2CO, + 3H,0 (4.13)

The current density and its average value can be related to oxygen
permeation flux as described by Faraday’s law as follows.

Lo = Jo X4F (4.14)
Zy

L IICCIdx

e == (4.15)

T

The internal cell resistance (Riy) is almost independent on partial pressure of methane
in the range of our previous study (Kiatkittipong et al., 2004a). However, at
intermediate and low values of partial pressure of methane, the dependency of the Ry
on the partial pressure of methane needs to be taken into account. Other sets of
experiments were carried out, and the following expression is obtained;

X 0.0567 (166000] “.16)

int P(SfCA Pé) If:T exp RT

A simplified short circuit model is shown in Fig. 4.1(a). In normal fuel cell
operation, an external load is connected to the cell for power utilization. A simplified
series circuit model is proposed in Fig. 4.1(b). Assuming the cell is operated at
maximum power at load which occurs when Ry = Rjy. Then the corresponding current
density (/) and voltage across the load (E1) are estimated as follows (Siskind, 1965).

~

1, = 4.17)
EngzlLRL (4.18)

Then the power at load operated at the maximum power transfer is
PL:(ILXS)XEL (419)
The values of overall efficiency can be based on heat of reaction of methane
combustion (-AH, ) and on that of the selective coupling to ethylene (-AH ., ) as

follows;
CH4 + 202 — C02 + 2H20 (420)

(—AH,, ) at operating temperature 7' =
-2 T2 _Ts? -5 T3_Ts§ -9 T4_TSAI‘
~802600+15.884(T ~ T ) ~1.698x10| ——=* | =1.227x10"°| ——= | +8.660x10 | — == (4.21)

where T is standard temperature (298 K)
CHs + 120, — 1/2C,Hs + HO (4.22)

(—AH_ ) at operating temperature 7" =
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-2 TZ_TS? -5 T?’_Ts? -8 T4_Ts?
—141050+1.588(T — T ) +2.226x10 T —4.025x10 T +1.558x10 T (4.23)

The definition of the overall efficiency is defined as follows.

P
770V,k = W,k = COZ,C2H4 (424)
kcH, 0

4.4. Results and Discussion

4.4.1 Comparison between simulation and experimental results

The mathematical model was verified by comparing simulation results with
the experimental results. EQUATRAN-G (Omega Simulation, Japan), all-purpose
equation solver, was employed to solve the equations. Table 4.1 shows the current (/.
x §), voltage (Er) and power (Pr) obtained from the experiments and simulations
when the cell is operated at maximum power at load. The voltage and current at
maximum power for the cases of pure oxygen and air feeds on the cathode are
obtained from reported data of our previous paper in Fig. 9 (Kiatkittipong et al.,
2004a). Good agreements between simulation and experimental results are obtained.
Then the effects of various operating conditions are investigated. The simulation
results are shown as lines while some of the experimental results are shown as
symbols.

4.4.2 Effect of operating temperature

Figure 4.2(a) shows the effect of temperature on methane conversion and C2
selectivity in both cases of pure oxygen and air feeds on the cathode. The conversion
and C2 selectivity increase with increasing temperature. Slightly higher conversion is
achieved in the case of pure oxygen feed on the cathode due to the increased driving
force of oxygen partial pressure. However, the values of C2 selectivity are almost the
same for both cases. Figure 4.2(b) shows the effect of temperature on power at load
and overall efficiency. They increase with increasing operating temperature due to the
increased oxygen permeation rate. It should be noted that the overall efficiency is low
because the calculation is based on the overall heat of combustion of methane to
carbon dioxide. In addition, the differences in the power and the overall efficiency
between the cases with air feed and pure oxygen feed are not significant, indicating
that the effort to purify air to achieve high oxygen concentration is unnecessary.

4.4.3 Effect of feed flow rate and methane feed concentration

Figure 4.3 shows the effect of feed flow rate on the reactor performances at
various levels of methane feed concentration. Methane was diluted with inert gas and
fed to the reactor. As shown in Fig. 4.3, the methane conversion decreases with
increasing total molar flow rate for all methane feed concentration due to the
decreased residence time. In addition, the C2 selectivity is only slightly decreased
with decreasing total molar flow rate or increasing the inert mole fraction. It is
explained by that the oxygenate products and coupling products are mainly formed in
a parallel manner. The filled and open symbol represent to methane conversion and
C2 selectivity from the experiment, respectively. The simulation results agreed well
with the experimental results. However, most of our simulation conditions were
extended from the range of our experiments, only one of experiments was shown in
this figure. In our system, most of C2 production is ethylene, which is more favored
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than ethane. The mole fraction profiles along the reactor length are shown in Fig. 4.4.
In Fig. 4.4, the different range of Y-axis (until 0.04) is also shown to clarify the
products profiles. The profiles of the products C,Hs, CO and CO,, which are at small
values, are magnified inside the figure. CO and CO, slightly increase while C,Hg
decreases with the increasing reactor length. Although inert gas is not participated in
the reaction, the mole fraction of inert gas slightly decreases due to the increase of gas
mole from the reaction. It is worthy to note that LaAlO, anode catalyst, is very
effective for C2 production (especially, C,Hs) from OCM in SOFC reactor. Our
previous work studied both of normal SOFC mode and mixed flow mode with
different anode preparation method (Tagawa et al., 2003). The C2 selectivity in the
case of mixed flow mode is much lower than the normal SOFC mode.

Power at load increases with increasing methane feed concentration while it
slightly increases with increasing the total molar flow rate as shown in Fig. 4.5. It is
important to note that the power at load in case of dilution with inert gas is obviously
lower than that with pure methane because the internal cell resistance is influenced by
partial pressure of methane; i.e., it increases with the decrease of methane partial
pressure. In addition, the current, which is corresponding to oxygen permeation,
increases with increasing methane partial pressure (Kiatkittipong et al., 2004c).
Figure 4.5 also provides the overall efficiency based on the heat of selective oxidation
to ethylene. The value as high as 17% can be obtained. This value is corresponding to
the overall efficiency based on the heat of combustion of 2.9%. It might be difficult to
define the overall efficiency for this SOFC system because there are many reactions
involved. For example, at 7" = 1273 K, the Gibbs’ free energy of the methane
conversion to carbon dioxide and to ethylene are 7.958x10° and 1.533x10° J mol’,
respectively. The extent of undesired complete oxidation reaction can significantly
increase the value of the overall efficiency based on the ethylene production.

4.4.4 Effect of operating pressure

In order to avoid cell damages, the operating pressures in both sides of the
cells are maintained at the same value. The results shown in Fig. 4.6 indicate that the
methane conversion increases with increasing operating pressure while the C2
selectivity is insignificantly affected. The factors controlling the selectivity are mainly
the oxygen species and their amount which depend on the operating temperature.
Therefore, the operating temperature indicates the strongest effect on C2 selectivity as
shown in Fig. 4.2 (a).

Corresponding to the increased conversion, the power and the overall
efficiency shown in Fig. 4.7 become higher. As the operating pressure increases, the
driving force for oxygen permeation through the cell increases. This tendency can be
explained by the increased oxygen partial pressure in the cathode and the acceleration
of reaction rate from the increased methane partial pressure. In addition, the internal
cell resistance becomes smaller with increasing the partial pressures of methane and
oxygen as shown in Eq. (4.12). It is clear that operation at high pressure is beneficial
to SOFC performances; however, other considerations such as problems on seals and
mechanical properties of the cells at high pressure should be taken into account for
selection of a suitable operating pressure.

4.4.5 Comparison of SOFC performances among different systems
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Typical SOFCs are used for power generation. It is desired to operate SOFC
at high power density. The value of 960 W m™ was reported for the complete
oxidation of methane in SOFC with YSZ electrolyte at 1073 K  (Liu ef al., 2003).
The lower value of 375 W m™ was reported for the partial oxidation of methane to
synthesis gas using YSZ electrolytes (Sobyanin et al., 2000). In this study, the
maximum power density obtained with pure methane feed at atmospheric pressure
and 1273 K is 3.34 W m™. This value is in the same range reported by other
investigators. Guo et al. (1999) studied OCM in tube type SOFC reactor with YSZ
electrolyte of 1 mm thickness. The maximum power density of 3.89 W m™ was
obtained at 1003 K. Tagawa et al. (1999) studied OCM in a similar system of this
study (LSM/YSZ/LaAlO) but using a plate type electrolyte. The maximum power
density was 13.85 W m™. This is due to the smaller thickness of the YSZ electrolyte
used in their study (0.3 mm).

It is obvious that with the present technology on OCM in SOFC, the obtained
power density is much lower than the conventional SOFC. However, our SOFC
system is attractive in that it offers high selectivity to C2 hydrocarbon and electricity
is obtained simultaneously.

4.5 Conclusion

The simulation was carried out for OCM in LSM/YSZ/LaAlO SOFC reactor.
The plug flow reactor model (PFRM) was developed using kinetic parameters of the
oxidative coupling of methane and oxygen permeability through LSM/YSZ/LaAlO
from our previous works. The mathematical model was verified by comparing
simulation results with the experimental results of the single unit cell operated at
maximum power at load. Methane conversion and C2 selectivity increase with
increasing operating temperature. Methane conversion increases with decreasing total
molar flow rate or decreasing methane feed concentration while C2 selectivity is only
slightly decreased. No effort on air purification is required in the system. Operation at
higher pressure seems to be attractive to obtain higher power and C2 production. The
results suggest that our SOFC system is an excellent reactor for C2 production where
electric power is generated simultaneously.

Nomenclature

E = cell voltage [V]

F = Faraday’s constant, 96485 [C mol]

Fey,o = feed molar flow rate of methane [mol s

-AH, = heat of reaction [J mol™]

1 = current density [A m™]

I = average current density [A m™]

Jo, = oxygen permeation flux [mol m?s™]
= thickness of material [m]

Per,o, = specific oxygen permeability [mol m™ s']

P; = pressure of component i [Pa]

Prich = oxygen partial pressure at rich side of materials [Pa]

Piean = oxygen partial pressure at lean side of materials [Pa]

Poca = pressure of oxygen in the cathode side [Pa]
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Pian = total pressure in the anode side [Pa]

P = power at load [W]

Pr = total power output [W]

7 = rate of reaction j [mol kg'] s']
R = resistance [ohm m?]
R, = gas constant, 8.314 [J mol™ K]
S = effective surface area [m’]

T = temperature [K]

Ty = standard temperature, 298 K]

w = mass of anode catalyst [kg]

X = dimensionless axial length divided by the total length of reactor ~ [-]
y = mole fraction [-]

Zr = total length of reactor [m]

n = efficiency [-]

4 = molar flow rate ratio (= F, / Fyy ) [-]

o = conductivities [Sm”]
<Subscript>

AN = anode side

CA = cathode side

cclr = closed circuit current

e = electronic

FC = fuel cell

1 = ionic

i = component i

int = internal

I = inert gas

L = load

O2,cn = oxygen for coupling site

020y = oxygen for oxygenate site

ov = overall

T = total

0 = feed
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Table 4.1 Comparison of current (/L x S), voltage (EL) and power (PL) between

experimental and simulation results (F; = 6.8x10° mol s, ZT = 0.242 m and

operation at maximum power at load)

a) In the case of pure oxygen feed on the cathode

Temperature i

Experiment (Simulation)
[K] (UL x S) [A] EL [V] PL [W]
1173 0.020 (0.021) 0.546 (0.483) 0.011 (0.010)
1223 0.051 (0.047) 0.562 (0.512) 0.029 (0.024)
1273 0.095 (0.090) 0.500 (0.501) 0.048 (0.045)
b) In the case of air feed on the cathode
Temperature i

Experiment (Simulation)
[K] /L [A] EL [V] PL [W]
1173 0.017 (0.017) 0.559 (0.539) 0.010 (0.009)
1223 0.036 (0.038) 0.557 (0.550) 0.020 (0.021)
1273 0.073 (0.073) 0.556 (0.550) 0.041(0.040)

* Parentheses show the simulation results
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Fig. 4.1 Simplified circuit diagram to illustrate SOFC reactor
a) Operation with short circuit mode
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various methane feed concentration; the lines represent the simulation results, the
symbols represent the experimental results (Zr = 0.242 m, P aN= Pt ca = 1.013x10°
Pa, 7= 1273 K, air feed on the cathode).

74



=

N
|

i

1

!

1

1]

— 04- Inert

L 4—"(:H4

- - 0.04 : : : x .

o L

= 0.3 .4 ] =

O .

8 | L CHy,—~ 1 |

“~ 0.02- i

o 0.2 | o —

§ L 0.01- CO, i 1
0.1

0.1 0.2
Reactor length [m]

Fig. 4.4 Mole fraction profiles with reactor length; the lines represent the simulation
results (Zr = 0.242 m, P, an= Pt ca = 1.013x10° Pa, T = 1273 K, air feed on the
cathode, y; = 0.5).

S
—
o
iy

0od 0.2
z I
2 0.06- o=
< 002 2| ¢
= T 301 8
= 0.04- SN
3 L
£ 0.02- ot

_ | | | _0

Total feed flow rate [mol/s] xlO'?J
Fig. 4.5 Effect of total feed flow rate on power at toad and overall efficiency at

various methane feed concentration; the lines represent the simulation results, the
symbols represent the experimental results (Zr = 0.242 m, P an= Pt ca = 1.013x10°
Pa, 7= 1273 K, air feed on the cathode).

75



0.2 e 10,957
? //,,/”//1 —————— CH, Conversion —:0.95t
S - T=1273 K |—— C2 Selectivity 1 5
Z . N — 0.9 5
200 T ] =
O T T=1223 K .
N pr -0.858)
@) i

1 1 1 1 1 1 l L L . . l_ .8

T35 2 2.
Total Pressure [Pa]  [x10°]

Fig. 4.6 Effect of operating pressure on methane conversion and C2 selectivity; the
lines represent the simulation results (Fey, (= 2.0x10* mol s, Zr = 0.242 m, pure

methane feed on the anode, air feed on the cathode).

0.l—————— — — 04
I PT— UOV . 0.2
rﬂ0.0S_ _O 03
z N’ Tl
?g 0.06- T'=1273 K | S f;
- M <0.02 (; 0.1 %"
g 0.04----"""" | <P~
2 0.02= N~ 0.01 |
— 115 — i — '2| -0

Total Pressure [Pa] [x1 05]

Fig. 4.7 Effect of operating pressure on power at load and overall efficiency; the lines
represent the simulation results ( Fiyy, (= 2.0x10™ mol s, Zr = 0.242 m, pure methane

feed on the anode, air feed on the cathode).

76



Chapter 5
Comparative Study of Oxidative Coupling of Methane
Modeling in Various Types of Reactor
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5.1 Introduction

The conversion of methane into other valuable hydrocarbons has significant
industrial importance. Among various schemes for methane conversion, oxidative
coupling of methane (OCM) to C2 hydrocarbons (ethane and ethylene) is a promising
process to upgrade natural gas. After a pioneer work of Keller and Bhasin [1], there
have been extensive research and development efforts in this area. However, the yield
of C2 hydrocarbons achieved in a conventional fixed-bed reactor (FBR) was limited
to about 25% [2, 3] due to the presence of undesired complete oxidation reactions in
the gas phase and partially on the catalyst surface. An application of membrane
reactor to control oxygen concentration along the reactor offers a possibility to
achieve a much higher C2 hydrocarbons selectivity and yield for OCM. Santamaria
and co-workers [4-7] reported that a porous ceramic membrane reactor gave a
considerably better selectivity than a fixed-bed reactor (FBR); however, the
improvement in C2 yield was usually small. Lin and co-workers [8] investigated the
performance of OCM reaction in a conventional FBR and a mixed ionic and
electronic membrane reactor (MIEMR) packed with Li/MgO catalyst. The kinetic
equations over Li/MgO were obtained from their previous work [2]. It was found that
the use of the MIEMR significantly improved C2 selectivity and yield. They also
studied the reaction using a membrane reactor with a catalytically active membrane
such as Bi;5Y(3Smp, Oz (BYS) [9-11] and 25 mol% yttria doped bismuth oxide
(BY25) [12]. It was found that the best single-pass C2 yield was achieved in BYS
doping with Y and Sm membrane reactor [10]. C2 yield of 35% and C2 selectivity of
54% at 1173 K could be obtained in their system [10].

Some researchers employed a solid oxide fuel cell reactor (SOFCR) for the
electrochemical selective oxidation of methane to C2 hydrocarbons [13-15]. Electric
power was generated simultaneously with the selective production of C2
hydrocarbons.

In our previous papers, OCM was studied in SOFCR. Particular focuses were
on catalyst preparation methods [15-18] and reactor performance test [13, 15, 19].
The fuel cell type temperature-programmed desorption (FC-TPD) technique was
proposed to investigate types of oxygen species under the fuel cell operation [20]. The
knowledge of oxygen species from FC-TPD [19-21] and the oxygen permeation
through LSM/YSZ/LaAlO [22] were taken into account to obtain the kinetic
parameters of the reactions on the anode [15]. A set of the kinetic model using two
different oxygen species; i.e., oxygenate and coupling species, was useful to evaluate
OCM in a tubular SOFCR. SOFCR for OCM was considered as the good reactor for
C2 production although the obtained electricity was quite far from a typical SOFC
[23].

Nowadays, mixed ionic and electronic conductors with high oxygen
permeability have been developed, offering an opportunity for use in a membrane
reactor. Perovskite-type (A,La)(Co,Fe)Os.s membranes (where A is alkaline-earth
element) are among the well-known mixed conductors with highest oxygen
permeability; however most of them are thermodynamically and/or dimensionally
unstable under large oxygen chemical potential gradient typically encountered in
membrane reactor operation conditions [24-25]. At temperatures below 1000-1070 K,
the membrane performance is degraded with time. Moreover, it has a very high
thermal expansion [24-25]. One alternative group of the membrane materials is a
LaGaOs-based mixed conductor with perovskite-type structure. Substitution of La
with alkaline-earth cations (Sr, Ca, Ba) and Ga with bivalent cations (Mg, Ni) results
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in high ionic conduction. One of the highest oxygen ionic conductor is a La(Sr)Ga
(Mg) O35 (LSGM) solid solution [25-26]. Even though the use of this conductor in
MIEMR is less complicated than SOFCR, no electricity is obtained as a byproduct
unlike SOFCR.

In this paper, the comparative study of the performances of various reactors
for the OCM to C2 hydrocarbons was investigated by simulations. Kinetic data of
Li/MgO catalyst [8] was used in FBR, PMR and MIEMR. The data on permeation
rates of gases through a commercial “Membralox” membrane with 10 nm pore size
[27] and “Lag.40Sro.60Gao0Feo6003.5" mixed conductor [25] were used for modeling
PMR and MIEMR, respectively. Permeation data [21] and the kinetic expressions
[15] of the LaygsSro1sMnOs/8 mol% Y,03-ZrO,/La; sAly,0; (abbreviated as
LSM/YSZ/LaAlO) were used in the modeling of SOFCR.

5.2 Modelling

Fig. 5.1 (a) shows the scheme of FBR. Methane, oxygen/air and inert gas were
mixed and co-fed to an impermeable tube reactor. The membrane reactors in this
study are double tubular reactors as shown in Fig. 5.1 (b)-(d). The inner tube is made
of a y-alumina membrane, a Lay40Sr960Gaga0Feos003.s membrane and a
LSM/YSZ/LaAlO cell for PMR, MIEMR and SOFCR, respectively. The outer shell is
an impermeable wall. The simulations were carried out using a reactor length of 20
cm, inner diameter of the inner tube of 1.8 cm and inner diameter of the shell tube of
4 cm.

By assuming plug flow and isothermal condition, the mass balance equation in
the tube side is given as

av. :
Thi r,,-+(£}]i ud G.1)
dx RN Fi 10

For FBR, the permeation rate of component i is zero (J; = 0) because the tube
is made of an impermeable wall.

For PMR, all of component i can permeate through the membrane because the
y-alumina membrane is not highly selective. The permeation data for PMR is based
on the permeation data of gases through a commercial “Membralox” membrane. The
membrane consists of porous a-alumina supports and a separative layer of y-alumina
with pore size of 1x10™ m and thickness of 5x10° m. Both Knudsen and viscous flow
mechanisms are imnartant and can he avaraccad ac fn]lows [27-28].

a b
Ji =W<Ps,,~ ~F) +27T(PS2J - P (5.2)
where a=2.298x10" mol K"? Pa' m?s! (5.3)
b=4.779x10™" mol K Pa”! m™ (5.4)

The gas viscosity can be estimated by Wilke’s correlation [29].

For MIEMR and SOFCR, the permeation rate of component i except oxygen
is zero (J; = 0) due to the highly selective property of the membranes.

The oxygen permeation rate through the Lag4Sros0GaoaoFeoso Oz.s mixed
jonic and electronic conductor with thickness (d) of 1x10™ m is expressed as follows

[25].
Per,, P,
J — 2 1 ]
0, J n(Pt,Oz J (5.5)
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(5.6)

where Per,, =0.0645 exp[_108400j

g
The Per,,, of the Lag 40Sro.60GagoFeoco Os.s membrane was determined from

Fig.6 of ref. [25].

The kinetic data of Li/MgO obtained from Kao et al. [8] was used in the cases
of FBR, PMR and MIEMR. The simulation results of FBR agree excellently with
those reported in the previous work [8]. Our simulations were performed by using an
all-purpose equation solver, EQUATRAN-G (Omega Simulation, Japan). The catalyst
was packed in the tube. The solid density of catalyst with the size of 100-200 um is
about 2,022 kg m™ [30]. Because the catalyst particle diameter is much smaller than
the tube diameter, void fraction of 0.34 can be assumed [31].

For LSM/YSZ/LaAlO SOFCR, the rate expressions were provided in our
previous work [15] and the oxygen permeation rate through the LSM/YSZ/LaAlO can
be estimated from our model [22]. The thickness of the YSZ membrane was
represented by 1.5x10™ m in this study.
FicH,0

F10

The mass balance equation in the shell side is given as

dj/s,i :{rsi—(i}ji}( | 4 J (57)
dx ’ Vv Fs 1o

where r,; is homogeneous gas phase reaction rate on the shell side [32]. The partial
pressures in the tube side and the shell side can be determined as follows.

Py, .
Pt _ T " 71,i (58)

! 271,1‘

p Ps,T Vs,

S0 =
27&1’

Because OCM is a highly exothermic reaction, the hot spot temperature might occur
for the FBR case. Even though, the energy balance was not considered in the FBR
model using Li/MgO catalyst by Kao et al. [8], good agreement between their
simulation results and the previous experimental results could be obtained [8]. The
membrane reactors can be maintained at nearly isothermal condition by distributing
the oxygen feed along the reactors with excellent heat transfer characteristics. The
isothermal behavior of PMR and SOFCR has already been reported in the literature
[23, 33-34]. Therefore, the simulations in this study are considered isothermal and the
energy balance equations are not included in this work.

It should be noted that the feed molar flow rate of methane, oxygen and inert
gas are the same for FBR, PMR and MIEMR for each simulation condition. For
SOFCR, the amount of catalyst is not same as the others; however, WHSV and
methane to oxygen ratio of all simulation are fixed at 1.8x10 mol s kg and 2.0,
respectively.

, % = 0 (products)

At the entrance (x = 0), 7y cq, =

(5.9)
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5.3 Results and Discussion

5.3.1 Effect of operating temperature

Fig. 5.2 shows the effect of temperature on C2 yield and selectivity of various
types of reactors. Li/MgO OCM catalysts are packed in FBR, PMR and MIEMR
while LaAlO is used as the anode catalyst for SOFCR. Pure methane and oxygen are
fed with a molar ratio of 2.0. The temperatures of FBR, PMR and MIEMR are
considered in a range of 1023-1173 K, corresponding to the validation limit of the
kinetic expressions [8]. C2 yield and selectivity increase with increasing temperature
for all reactors. It is obvious that both PMR and MIEMR give higher C2 yield and
selectivity than FBR as expected. It should be noted that methane conversion of PMR
are higher than MIEMR (the results are not shown) because of higher oxygen
permeability. On the other hand, C2 selectivity of MIEMR is higher than PMR
because the mixed conductor is a purely oxygen conductor in which only oxygen can
permeate from the shell side to the tube side while the porous alumina membrane in
PMR allows all component to permeate through it from both sides. Methane reactant
was allowed to permeate through the shell side and homogeneous gas phase reactions
in the shell side can take place. Considering in the tube side, the decrease of methane
partial pressure in the tube side due to methane loss leads to low methane and oxygen
ratio which is not favorable. Even though C2 selectivity in SOFCR dramatically
increases with increasing temperature, C2 yield is very low. This suggests that
SOFCR should be operated at higher temperature than the others in order to obtain
enough oxygen permeability, which is nature of this electrolyte. This high
temperature requirement may be the main disadvantage of SOFCR; however, the
electricity which is simultaneously generated may compensate and make SOFCR still
challenging. From this reason, SOFCR was simulated at higher temperature than the
others in the following sections.

5.3.2 Effect of inert feed concentration

According to a viewpoint of the oxygen purification cost, air is considered to
use as an oxidant in the system. Methane and oxygen feeds are kept at a mole ratio of
2.0 and WHSV is maintained at 1.8x10™ mol s kg™ for all simulations. The inert mole
fraction was increased from 0 to 0.55, corresponding to mole fraction of methane:
oxygen: inert as 0.667:0.333:0 for pure oxygen feed and 0.3:0.15:0.55 for air feed. In
the case of FBR, inert was mixed and co-fed with methane and oxygen. As shown in
Fig. 5.3, the increase in the inert mole fraction does not significantly affect C2
selectivity. Even though, methane residence time increases with increasing inert feed
concentration, methane conversion may not be improved because of insufficient
oxygen supply, and therefore, C2 yield only slightly increases. It is worthy to note
that oxygen is completely consumed within the initial part of FBR, while at the same
oxygen feed flow rate, it is enough to supply along the reactor for the other membrane
reactors. However, C2 selectivity and, therefore, yield may be possibly improved
when using very diluent feed because the formation rate of C2 can be greater than that
of COx [8]. For the membrane reactors, the oxygen partial pressure in the shell side is
decreased with increasing inert mole fraction and thus decreases the driving force for
the oxygen permeation. It results in high methane and oxygen molar ratio in the
reactor side which leads to higher C2 selectivity as shown in PMR case. However,
when oxygen permeation decreases, the overall reaction rate decreases. In addition,
even though the residence time increases with decreasing methane feed flow rate,
methane conversion may not be efficiently improved because of the significant loss of
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methane to the shell side in the case of PMR.

For the MIEMR case, increase in the inert mole fraction in the shell side is
insignificantly affected C2 selectivity. Because no methane losses to the shell side like
in the PMR, methane can be converted more completely with increasing the residence
time. It results in an increase of C2 yield. The same results are also observed in the
SOFCR case. However, it should be noted that SOFCR was simulated at 1273 K
which is 200 K higher than the other cases.

The effect of inert feed concentration on reactor performance was extended to
the case with diluted reactant in the tube side. Fig. 5.4 shows the reactor performances
at various values of inert feed concentration in the tube side.

In the PMR case, as the inert mole fraction in the tube side increases, the
partial pressure of methane decreases and then C2 selectivity decreases. However, it
results in reduction of methane loss to the shell side. These effects make C2 yield to
be traded off and shown some optimum conditions.

For the MIEMR case, the effect of increasing of residence time which leads to
higher methane conversion plays more important role than the effect of reduction of
methane partial pressure which leads to the decrease of C2 selectivity. Consequently,
an increase of C2 yield is obtained. Similar tendency can be observed for the SOFCR
case.

5.3.3 Effect of operating pressure

Effect of total operation pressure was studied. In order to avoid cell damages,
the operating pressures in both sides of the cells are maintained at the same value in
the cases of MIEMR and SOFCR. The results shown in Fig. 5.5 indicate that the C2
yield increases with increasing operating pressure for all types of reactor except FBR.
For the membrane reactors, as the operating pressure increases, the driving force for
the oxygen permeation through the membrane increases. This tendency can be
explained by the increase of oxygen partial pressure in the shell side of the reactors
and also the acceleration of the reaction rate with increasing methane partial pressure.
However, in the cases of FBR and PMR whose C2 selectivity strongly depends on
partial pressure of methane and oxygen, C2 selectivity decreases with increasing
operating pressure. C2 yield in the case of PMR shows trade off between the increase
in methane conversion and the decrease in C2 selectivity with increasing operating
pressure. From the results, it is suggested that operation at high pressure is obvious
beneficial to the MIEMR and SOFCR; however, other considerations such as
problems on seals and mechanical properties of the oxide conductor should be taken
into account for operating at high pressure.

5.4 Conclusion

Oxidative coupling of methane (OCM) was simulated using plug flow reactor
models in several types of reactors: i.e. fixed-bed reactor (FBR), porous membrane
reactor (PMR), mixed ionic and electronic membrane reactor (MIEMR) and solid
oxide fuel cell reactor (SOFCR). FBR, PMR and MIEMR were packed with Li/MgO
catalyst. SOFCR used Lag g5Sry15sMnO3/8mol%Y,03-ZrO,/La; 3Aly,03 (abbreviated
as LSM/YSZ/LaAlO) as cathode, electrolyte and anode, respectively. It was found
that FBR was not recommended for OCM while PMR and MIEMR were suggested
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when operating at temperature lower than 1150 K and higher than 1150 K,
respectively. Operation at high pressure is beneficial only to MIEMR and SOFCR.
The drawback of PMR is the methane loss through the non-selective porous
membrane while that of SOFCR is the requirement of higher operating temperature of
approximately 200 K compared to the others. However, the electricity simultaneously
generated as by-product may make SOFCR still challenging.

Nomenclature

a Knudsen parameter defined in Eq. (5.2) (mol K"?Pa' m?s™)

b Viscous flow parameter defined in Eq.(5.2) (mol K Pa™ m?)

d thickness of material (m)

F; molar flow rate of component i (mol s™)

Ji molar permeation flux of component i across the membrane
(mol m™s™)

L reactor length (m)

M, molecular weight of component i (kg mol™)

Per,o, specific oxygen permeability (mol m™ s7)

P; pressure of component i (Pa)

7 rate of formation of component i (mol kg s™)

R, gas constant, 8.314 (Jmol" K™

S membrane surface area (m?)

T temperature (K)

14 volume of reactor (m’)

w mass of anode catalyst (kg)

WHSV weight hour space velocity (mol s kg™

X dimensionless axial length divided by the total length of reactor (-)

4 molar flow rate ratio (=F; / Fr ) -)

<Subscript>

i component i

S shell side

t tube side

T total

0 feed
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Abstract

Behaviors of oxygen species in the LSM/Y SZ/LaAlO SOFC type reactor were investigated. The fuel cell type temperature-programmed
desorption (FC-TPD) measurements were employed in three operating modes; i.e. (1) open circuit, (2) closed circuit without applied potential
and (3) closed circuit with applied potential medes. Various pretreatment conditions, i.e. (a) open circuit, (b) closed circuit without applied
potential and (c) closed circuit with applied potential, were investigated. The FC-TPD technique enables to discuss the oxygen species
respensible for a combustion reaction and those for a coupling reaction, separately. The open circuit type FC-TPD showed that the applied
potential during the pretreatment caused the increase in the amount of surface oxygen and the decrease in activation energy of desorption of
oxygen at the anode catalyst. The closed circuit FC-TPD provided the combined effects of desorption and permeation. In addition, the FC-
TPD analysis could correlate the behavior of adsorbed oxygen species to the NEMCA effect observed in the oxidative coupling of methane in

the SOFC reactor.
© 2003 Elsevier B.V. All rights reserved.

PACS: 84.60.D: Fuel cell

Kewwards: Solid oxide fuel cell; Oxygen permeation; Temperature-programmed desorption; NEMCA

1. Introduction

Solid oxide fuel cell (SOFC) is a promising energy-
conversion technology for future application [1,2]. In our
previous papers, the SOFC system was applied as a selec-
tive oxidation reactor for chemicals-energy co-generation
[3-9]. In these studies, the oxidative coupling of methane to
ethane and ethylene was studied. The solid electrolyte is
used as an oxygen separator and an oxygen distributor to
achieve high C2 selectivity. In this electro-catalytic system,
combined effects of activation of oxygen on an anode and
permeation of oxygen through the electrolyte control the

¥ Corresponding author, Tel fax: +81-52-T80-3388,

E-mail address: tagawa@nuce nagoya-wac jp (T. Tagawa).

! Magoya University Program For Academic Exchange (MUPACE)-
PhD student supported by AIEJ.

0167-2738/8 - see front matter © 2003 Elsevier B.W. All rights reserved.
doi:10,1016/.51,2003.10.018

performance of reactor. A number of reviews were pub-
lished on this topic [10-12].

The use of external potential is also of recent
interest. Special attention has been focused on the effect
of non-Faradaic electrochemical modification of catalytic
activity (NEMCA) [13,14] observed for a wide range of
reactions in the presence of metals such as Pt, Pd, Rh,
Au, Ag and Ni, and those of oxides such as IrO, and
RuQ,. Conventional solid electrolytes used in most
studies are O~ conductors like YSZ [15-17] or CeO:
[18].

Temperature-programmed desorption (TPD) technique
is usually used to investigate behaviors of oxygen species
on the selective oxidation catalyst by detecting gas phase
oxygen desorbed from pretreated oxide surface with in-
creasing temperature of the sample oxide. However, very
limited studies on TPD in SOFC reactor are reported.
Tsiplakides et al. [16] investigated oxygen TPD on metal
electrode (e.g. Pt and Ag) deposited on YSZ. Two oxygen
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adsorption states, i.e. strongly bonded anionic oxygen and
weakly bonded atomic oxygen, were generated by applied
potential [16]. Baker et al. [19] studied TPD in system of
solid oxide fuel cell by using CaO-stabilized zirconia
(CSZ) wbe as a solid oxide electrolyte and Ag as a
cathode. Two anode systems were used, LaggCag2Croo
Cop 05 with Au current collector and Au alone. A new
low-temperature desorption peak was electrochemically
generated [19]. The formation of new oxygen species, at
lower desorption temperature, under electrochemical oxy-
gen pumping conditions were observed in both cases
[16,19].

As a tool for designing anode catalysts for the oxida-
tive coupling of methane in the SOFC reactor, the
conventional TPD technique has been successfully applied
[5]. A novel fuel cell type temperature-programmed
desorption (FC-TPD) was proposed and proved to be a
very useful tool for characterization of the SOFC type
reactors [8]. In the same report [8], the effect of applied
potential on reactivity was also investigated. The change
in the selecuvity with applied potential, when the selec-
tive oxidation catalyst was employed as the anode with a
pre-mixed feed of air and methane, gave a new aspect to
the NEMCA phenomena. In this study, unsteady state
experiments with FC-TPD technique on open circuit,

W. Kigtkinipong et al / Sofid State lonics 166 (2004} 127136

closed circuit with and without applied potential were
conducted and the reactivity of oxygen species was
correlated to surface active sites.

2, Experimental
2.1, Apparatus

Fuel cell type temperature-programmed desorption (FC-
TPD) experiments were carried out using an apparatus
llustrated in Fig. 1. A twbe-type YSZ membrane (8 mol%
Y,0s, thickness = 1.5 mm, inside diameter = 18 mm, outside
diameter =21 mm, length = 500 mm, effective surface area=
0.0148 m?) was used as an electrolyte. La; g Aly 504 (abbre-
viated as LaAlQ) prepared by a mist decomposition method
was used as an anode catalyst on the inner surface of the
tube while Lay 35Sty ;sMnQO; (abbreviated as LSM) prepared
by a conventional paste method on the outer side was used
as the cathode.

Details of the electrode preparation methods were de-
scribed elsewhere [3,6,7]. Platinum wire was connected to
platinum meshes placed on both electrode surfaces to serve
as current collectors. The outlet gas from the anode side was
directly connected to a thermal conductivity detector (TCD).

T
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Fig. 1. Schematic diagram of the solid oxide fuel cell type reactor. (1) Anode side feed (air/He). (2) Exit gas from anode side. (3) Cathode side feed (Oo). (4)
Exit gas from cathode side. (5) Platinum wire. (6} Platinum mesh. (7) YSZ tube. (8) Anode ( LaAlO). (9) Cathode (LSM ). (10) Quartz tube. { 11) Thermocouple.
{12) Temperature mdicator. {13 ) Temperature recorder. (14) Ammeter/voltmeter/potentiostat. (15) Temperature controller. (16) Fumace.
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A potentiostat was used to supply an external electrical
potential to the system. Oxygen transport from the cathode
side to the anode was promoted under the applied positive
potential.

2.2, Fuel cell type temperature-programmed desorption

(FC-TPD) measurement

Before the FC-TPD measurement, the cell was pre-
treated under the following condition: the air flow rate in
the anode=1.36 X 10™° mol s~ ', the oxygen flow rate in

the cathode=1.02% 1077 mol s~ " and T=1273 K (the
same as the standard maximum temperature of TPD
measurements to avoid the phase change or destruction
of ¥YSZ due to the removal of lattice oxygen). Three
modes of pretreatment, Le. open circuit pretreatment,
closed circuit pretreatment and closed circuit pretreatment
with applied potential (), were considered in this study.
After the pretreatment for 7 h, the sample was slowly
cooled down to T=600 K at a rate of 0.093 K s~ ' under
the pretreatment gases. Then, the anode gas was switched
to helium carrier gas (1.36 % 1077 mol s~ ') while the

Adsorption (Pretreatmenty ——— " Desaption {TPD)
(&) open circuit {1) open cireuit
0Oz

Cou
(=

open 0 YSZ
T o s
03
(b} closed cirowit without applied potential

02
@Jod O
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closed ¢ o V87T
gt
(<) closed circuit with applied potential

Oz
o)
. -
X 3
T

Oz

YRZ

cathode

(2) closed cirouit without spplied potential

0@ Oz
Ou Oy

[0
(3) closed circuit with epplied potential
Os @ O
0'.1 E@ O-sl
~ anods
o YS8Z
o~ oathode
[+ 13

Fig. 2. Proposed scheme for adsomption and desoiption of oxygen on the anode of fuel cell system.
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Table 1
Summary of FC-TPD experiments
Case no. Pretreatment Operating type
condition, Fp of FC-TPD, ¥¢
1 (a) open circuit (1) open circuit see Section 3.2.1
2 (k) closed circuit, (1} open circuit see Section 3.2.1
ov
3 (c) closed circuit, (1) open circuit see Section 3.2.1
v
4 (¢} closed circuit, (1) open circuit see Section 3.2.1
2V
5 {(a) open circuit (2) closed circuit, see Section 3.2.2
ov
[ () closed circuit, (2) closed circuit, see Section 3.2.2
ov ov
7 (¢} closed circuit, (2) closed circuit, see Section 3.2.2
v ov
8 (a) open circuit (3) closed circuit, see Section 3.2.3
v

cathode gas remained unchanged. The applied potential
(Fp) was disconnected for the closed circuit pretreatment.
The anode exit gas was analyzed using the TCD. After
the baseline was stabilized, the FC-TPD measurement
was started by increasing the temperature at a desired
rate (f=0.05, 0.083, 0.117 and 0.133 K s~ "). The rate
of temperature increase (f) was determined within the
range of good reproducibility of TPD spectra. With
these f values, no apparent peak widening which
disturbed the analysis was observed. Oxygen spectra
were recorded by the TCD. There were three modes
of FC-TPD measurement, ie. open circuit FC-TPD,
closed circuit FC-TPD, and closed circuit FC-TPD with
applied potential. In the closed circuit mode, both
electrodes were connected to allow oxygen permeation

from the cathode to the anode. An external potential (V) can
be supplied to the cell by the potentiostat during the closed
circuit mode.

3. Results and discussion

3.1. FC-TPD experiment and proposed schemes for oxygen
adsorption and desorption

Desorption of oxygen from a fuel cell unit was
continuously observed under the constant rate of temper-
ature increase (ff) with helium flow at the anode side.
Three kinds of TPD operation were conducted after three
kinds of pretreatment. Proposed scheme for adsorption
and desorption of oxygen on the anode of fuel cell
system is summarized in Fig. 2. For open circuit pre-
treatment, since the circuit is not connected, there is no
oxygen permeation from the cathode side to the anode
side. Oxygen adsorbed on the anode is from air feed
stream at the anode side as shown in Fig. 2-(a). However,
a negligible amount of thermal migrations of oxygen ions
through the solid electrolyte could occur at the high
temperature condition.

When the circuit is closed during the pretreatment, the
permeation of oxygen species is also allowed. Therefore, the
closed circuit pretreatment provides the combined effect of
oxygen adsorption from the surface and the permeation
through the electrolyte as shown in Fig. 2-(b). Especially,
for the pretreatment under applied potential, it is expected
that the amount and quality of the adsorption site should be
altered as shown in Fig. 2-(c).

Fig. 2-(1) shows the open circuit FC-TPD where surface
oxygen species on the anode desorb without permeation.

o

0, Degorption [mol/(ms)]

1000 1100 1200 1300

Temperatare [K]

Fig. 3. Effect of pretreatment condition on the open circuit FC-TPD results (fi=0.117 K s b,
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Fig. 4. Effect of rate of temperature mcrease (fi) on the results of the open circuit FC-TPD with the open circuit pretreatment (case 1),

The dotted line with arrow shows a possibility that a small
amount of oxygen in YSZ desorbs at high temperature.
When the circuit is closed, the permeation of oxygen is also
possible in addition to desorption of surface oxygen as
shown in Fig. 2-(2). For the closed circuit FC-TPD under
applied potential, the rate of oxygen permeation should be
promoted with the driving force of applied potential as
shown in Fig. 2-(3).

Table 1 lists the FC-TPD experiments (cases 1-8) at
various operating modes of FC-TPD ((1)-(3) in Fig. 2) and
pretreatment conditions ((a)-(c) in Fig. 2).

3.2, Temperature-programmed desorption results

3.2.1. Open circuit FC-TPD

Open circuit FC-TPD measurements were carried out
to investigate the nature of adsorbed oxygen on the anode
catalyst of the fuel cell system (LSM/YSZ/LaAlQ). Since
the circuit was not connected, there was no oxygen
permeation from the cathode side to the anode side.
Therefore, the observed spectra are arisen from oxygen
desorbed from the anode and the electrolyte as shown in
Fig. 2-(1). Fig. 3 shows the effect of external applied

165 —
Z -
| L
(2]
155 L L L L | L L | L L L L | L
105 1.1 115 1.2
1000/T,, [K']

Fig. 5. Plots of (2InT,,, — Inff) against 1/T,, for oxygenate site in the open circuit FC-TPD maode.
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potential during the pretreatment on the FC-TPD spectra.
The pretreatment conditions included the open circuit
pretreatment, Fig. 2-(a) (case 1), the closed circuit pre-
treatment, Fig. 2-(b) (case 2) and the closed circuit
pretreatment with external applied potential, Fig. 2-(c),
Fp=1 V (case 3) and 2 V (case 4). It is noted that an
internal potential, which corresponded to electromotive
force of concentration cell conditions, existed even if no
external potential was applied (Fp=0 V) during the
pretreatment. These values for the open circuit (case 1)
and closed circuit pretreatment (case 2) at 1273 K were
as high as 197 and 189 mV, respectively. These internal
potentials at 1273 K were not changed during the
pretreatment. It was found that the increase of the applied
potential during the pretreatment increased the amount of
desorbed oxygen especially at temperature lower than
1250 K. This suggests that the applied potential can
activate the ability of the anode material (LaAlO) on
oxygen adsorption.

In our previous TPD study of the anode powder [5], it
was proposed that the oxygen species desorbed at low
temperature (below 1000 K} were active for CO and CO»
formation (oxygenate site) while the oxygen species
desorbed at higher temperature (above 1000 K) were
active for oxidative coupling of methane to C2-hydrocar-
bon (coupling site). In Fig. 2 of Ref. [8], TPD of powder
LaAlQ sample before deposition on YSZ was reported.
The result shows two peaks at 930 and 1120 K,
corresponding to two peaks shown in Fig. 3. By
performing the FC-TPD experiment with different values
of temperature increase, the behavior of these two oxygen
species can be revealed.

Fig. 4 shows the effect of rate of temperature increase
(f) on oxygen desorption in the open circuit mode for
case 1 (open circuit FC-TPD with open circuit pretreat-

W. Kiatkittipong et al. / Salid State lonics 166 (2004) 127136

Table 2
Summary of activation energy of desorption at different levels of applied
potential pretreatment condition from the open circuit FC-TPD measure-

ments (cases 1-4)
Case no. Oxygenate site Coupling site
A5y Ejmol 'y A Ej(mel Y
1 24.7 o0 3l.64 m
2 4.86 1 5.62 99
3 0.67 [ 1.55 90
4 0.21 63 0.32 78

ment). It was found that the temperatures for maximum
amount of desorbed oxygen (T),) of oxygenate site and
coupling site are shified to higher temperature with the
increasing f. According to Cvetanovic and Amenomiya
[20], the activation energy of desorption (£4) from TPD
data with different # can be estimated by the following
equation.

. Eq4 E4 .
2InTy, — In(fi) = = In —— 1
n n{f) T j "AR?_ (1)

With low rate of temperature increase (f5), the opera-
tion time to a constant temperature increased and the
intensity of oxygen at low temperatures became too low
to be detected with our TCD. This suggested that a
limited amount of oxygen species were desorbed between
700 and 800 K.

Figs. 5 and 6 show the plot of Eq. (1) for the oxygenate
site and the coupling site, respectively.

The values of the activation energy of desorption for
both sites are summarized in Table 2. It was found that
the activation energy of desorption decreases with in-
creasing applied potential during the pretreatment for both

16.8

16.6

16.4

20 T,-bf ]

162

18

095

1000V, K]

Fig. 6. Plots of (2InT,, — Inffy against 1/, for coupling site in the open circuit FC-TPD mode.
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Fig. 7. Effect of rate of temperature increase () on the results of the closed circuit FC-TPD with the open circuit pretreatment (case 5).

sites, suggesting the qualitative change ol adsorption site
with the electrostatic field. Tsiplakides et al. [16] and
Neophytides and Vayenas [21] also reported the changes
in activation energy ol oxygen desorption with applied
potential on metal electrodes in the electrochemical sys-
tem. They also pointed out the importance of these
phenomena to understand NEMCA effect. Pacchioni et
al. [22] suggested that this decrease in activation energy
was largely due to electrostatic effected by considering
interaction between the field induced by the ions and the
polar metal-oxygen bond from their quantum chemical
calculations. Vayenas et al. [23] also suggested the back
spillover mechanism on Pt electrode supported on YSZ

from their STM study. These discussions on precious
metal surface could be applied to oxide electrode surface
in this study to explain the decrease of activation energy
of desorption with applied potential during pretreatment.
The electrostatic effects arranged the active site to reduce
metal-oxygen bonding even in the case of oxide type
catalysts. Assuming that the transfer or adsorption of
oxygen on these sites was possible during the pretreat-
ment, results in Table 2 (open circuit FC-TPD) suggested
that the oxygen species adsorbed on these arranged site
kept the weak metal ion-oxygen bonding after the
electrostatic field was removed. Further studies are needed
to discuss in more details. The activation energy of the

165 [~

16 [~

2T -Ing [-]
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1.15 12
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Fig. 8. Plots of (ZInT,, — Inff) agamst 1/T,, for oxygenate site in the closed circuit FC-TPD mode.
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steady state oxygen permeation from preliminary experi-
ments is 170 kJ mol~ ' which is higher than the activa-
tion energy of desorption of adsorbed oxygen (Ey4)
obtained from this study.

When the circuit is closed during the FC-TPD exper-
iment, the permeation of oxygen species is also allowed.
Therefore, the closed circuit FC-TPD mode provides the
combined effect of oxygen desorption from the surface
and oxygen permeation through the electrolyte as shown
in Fig. 2-(2). The rate of temperature increase (ff} was
varied to obtain the activation energy. Fig. 7 shows the
effect of rate of temperature increase (ff) on total oxygen
desorption in the closed circuit mode with the open
circuit pretreatment (case 5). In spite that }7=0 V in
the cases of 5-7, an internal potential as high as
concentration cell existed during TPD operation. The
value is estimated as high as 225 mV from steady
state permeation experiments. Two peaks similar to
those observed in the open circuit mode are found in
this case. Oxygen desorption increases with decrease of
f. This may be due to the effect of oxygen permeation
through cell system. Figs. 8 and 9 show plots of Eq.
(I} for the oxygenate site and the coupling site,
respectively.

The values of the activation energy for both sites are
summarized in Table 3. Similar to the open circuit FC-TPD,
the activation energy decreases with increasing applied
potential during pretreatment for both sites. This also
suggests the qualitative change of adsorption site with the
electrostatic field. The activation energies of the oxygenate
site with the open circuit and closed circuit operation modes
are almost the same. On the other hand, the activation

Table 3

Summary of activation energy at different levels of applied potential
pretreatment condition from the closed circuit FC-TPD measurements
(cases 5-7)

Case no.  Oxygenate site Coupling site
As™ Ejdmol™ " A Ey(d mel™ Yy
5 0.46 92 14.49 140
[ 0.09 &3 0.48 12
7 447x10°° 65 0.03 93

energy of the coupling site from the closed circuit mode 1s
much higher than that from the open circuit mode. The
value is rather near that from the steady state permeation
(170 kI mol_')_ As far as YSZ concerns, the oxygen
permeation at temperature lower than 1000 K can be
neglected. Therefore, the desorption from oxygenate site
(T<1000 K) is not affected by oxygen permeation. How-
ever, at higher temperature above 1000 K, the permeation
through the YSZ cannot be neglected. Relationship between
adsorbed oxygen and permeating oxygen should be studied
in further details.

3.2.3. Closed cirenit FC-TPD with external applied
potential

In our previous work [8], the effects of applied
potential on the rates of oxidative coupling of methane
in the SOFC reactor were studied. As shown in Fig. 10,
the external potential was applied when mixwre of air
and methane was fed on the anode (air +CH4LaAlQ/
YSZ/LSM/0D3). When the circuit was closed with no
applied potential, the rate of CO, formation was signif-
icantly decreased and the CO formation rate was in-
creased while C» formation was almost the same. The

17 . :
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Fig. 9. Plots of (2InT},, — Inff} against 1/T,, for coupling site in the closed circuit FC-TPD mode.
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similar tendency was observed with applied potential.
These effects of applied potential cannot be explained
by “Faraday’s law”. Therefore, we proposed these effects
as the NEMCA phenomena [8].

These behaviors can be explained by considering the
results from the closed circuit FC-TPD with and without
external applied potential (cases 5 and 8, respectively). As
shown in Fig. 2-(3), with external applied potential, the
qualitative change in adsorption site may be induced as
discussed in the previous section at low temperature. Per-
meation of oxygen is also enhanced at high temperature with
applied potential as shown in Fig. 11. Oxygen starts to
desorb below 700 K with open circuit mode (case 1), but
the temperature shifts to 800 K when the circuit is closed

(case 5). The amount of desorbed oxygen species at 1000 K
from the closed circuit mode dominates the open circuit
mode. Similar tendency is observed when the external
potential (Fr=1 V) was applied (case 8). Assuming that
loosely bound oxygen species (the one that desorbs at
T=T700-800 K) is active for the combustion reaction (CQO,
formation), an increase of interaction between adsorbed
oxygen species and the anode by applied potential (species
desorbed at 8001000 K) reduces the activity of oxygen
gpecies to form oxygenates and the combustion hardly
occurs, resulting in the production of CO. The NEMCA
effect shown in Fig. 10 can be correlated to the behavior of
active site to interact with oxygen under the electrostatic
feld.

[x107] 8

("1

-+

0, Desmrption [mol/{m?s)]

Temperature [K]

Fig. 11. Effect of applied potential on the FC-TPD results (open circuit pretreatment, #=0117 K s b,
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4. Conclusion

The effect of applied potential on the oxygen adsorption
and oxygen desorption in the LSM/YSZ/LaAlO SOFC type
reactor was studied. The fuel cell type temperature-
programmed desorption (FC-TPD) measurements of oxygen
were conducted. This technique enables to discuss the
oxygen species for the combustion reaction and the coupling
reaction separately. By applying external potential, the
amount of adsorbed oxygen on the anode catalyst is altered
and the activation energy of desorption is decreased. The
FC-TPD analysis also correlates the behavior of adsorbed
oxygen species to the change in the selectivity of oxidative
coupling of methane in SOFC reactor regarded as the
NEMCA phenomena.

Nomenclature

A pre-exponential factor (s~ ")

Ey activation energy of desorption (kJ mol™ h

R, gas constant (J mol™ K- I)

T absolute temperature (K)

T temperature for the maximum amount of desorbed
oxygen (K}

Ve applied external potential during pretreatment (V')

Vr applied external potential during TPD (V)

Greek Letter
i rate of temperature increase (K s~ h
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Abstract

Oxyoen transport in an LSM/YSZ/LaAlO solid oxide fuel cell type reactor was studied. The oxygen permeation flux was
890 10 molm=2s~! at 1173 K with an activation eneray of 170 kImol='. By applying an external potential, the oxygen permeation
flux increased while the activation energy of oxygen permeation decreased. The oxygen permeation fluxes under methane feed in the anode
side are 1-2 orders of magnitude higher than those under helium feed. A model of oxygen permeation was presented and the permeation pa-
rameters were proposed. [n the case of helium feed, the oxygen permeation at the LaAlO anode was the rate-limiting step. However, changing
helium to methane as a reactive gas, the resistances for the oxygen permeation in the three parts (LSM/Y SZ/LaAlO) were comparable.

i 2004 Elsevier B.V. All rights reserved.

Keywards: Solid oxide fuel cell; SOFC reactor; Oxygen permeation: Modeling: Methane

1. Introduction

Solid oxide fuel cell (SOFC) is a promising energy con-
version technology for future applications [1,2]. In our pre-
vious papers, the SOFC system was applied as a selective
oxidation reactor for chemical energy co-generation. Partic-
ular focuses were on catalvst preparation method [3-5] and
reactor performance test [6-8]. [n these studies, the oxidative
coupling of methane to ethane and ethylene (C2) was stud-
ied. The solid electrolvte was used as an oxvgen separator
and an oxygen distributor to achieve high C2 selectivity. [n
these electrocatalytic svstems, combined effects ol activation
of oxygen on an anode and permeation of oxygen through
an vitria stabilized zirconia (YSZ) controlled the reactor
performance.

* Corresponding author. Tel.: +81 52 789 3388; fax: +81 52 789 3388,
E-mail address: tagawajgnuce nagoya-w.ac.jp (T. Tagawa).
! Nagoya University Program for Academic Exchange (NUPACE)-Ph.D.
student supported by ATEL

1385-8947/% — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016].cej.2004.11.004

Therefore, the oxygen transport through the electrochem-
ical system should be studied. Several research groups
have published their experimental results on the overall
oxvgen permeation through many oxygen-permeable elec-
trolyte membranes such as YSZ [9], calcia stabilized zirco-
nia (CSZ) [10], mixed ion-electronic conducting materials
such as Laj—xSryCo—yFeyO3—5 (LSCF) [11,12] and other
perovskite-tvpe ceramics, for example, BijsYg3Smg20y_5
(BYS) [15.14]. BaBiyCopaFeps—xO3—s [15], BaCopgs
Fepa_xZixOa—g [16].

Several studies focused on the steady-state oxvgen perme-
ation in membrane reactors for oxidation reactions, for exam-
ple, partial oxidation of methane [ 17] and oxidative coupling
of methane [14.18]. However, very limited studies on oxv-
gen permeation in the SOFC reactors have been reported. The
conventional ¥Y'SZ electrolyte has been widely used to provide
the electrochemical permeation of oxygen for the oxidative
coupling of methane [3-8]. The use of external potential as
well as the effect of non-Faradaic electrochemical modifica-
tion of catalytic activity (NEMCA) are of recent interest.
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Nomenclature
Ay pre-exponential — factor  of  conductivity
' {(SKm™ 1

Aper pre-exponential factor of oxygen permeation
(molm~2s~1)

E electromotive force (V)

E; activation energy of conductivity (Jmol=1)

Eper activation energv  of oxvgen permeation
(Jmol™

F Faraday's constant, 96487 (C mol™")

Jo, oxvgen permeation flux (mol m2s

kO, perm  ©verall oxygen ions rcu:lnhinaliun and diftu-
sion coefficient (molm—2s™ 1)

kD,Rxn OXYZEN surface reaction
{molm—2s~1pa—t)

coelficient

kv proportional constant (molm =2 s~ vl

L thickness of material {m)

Per, O specific oxygen permeability (mol m~ s

Preed  Oxvgen partial pressure at feed side (cathode
side) (Pa)

Plean oxygen partial pressure at lean side of materials
(Pa)

Pogyry  oxygen partial pressure at the gas-membrane
interface (Pa)

Po,any  oxvgen partial pressure al membrane-—gas in-
terface (Pa)

Pperm  Oxvgen partial pressure at permeate side (anode
(

side) (Pay

Prich oxygen partial pressure at rich side of materials
(Pa)

Rg gas constant, 8.314 (] mol~ K1)

T lemperature (K

Fper applied external potential during steady-state

permeation (V)

Greek letters

o permeation rate constants in interface diffusion
step (molm—2s~! pa—12)

& permeation rate constants in bulk diffusion step
(molm™! s~ pa—14)

a conductivities (Sm™!)

Subscripts
e electronic
i ionic

In the previous paper [8], the fuel cell tyvpe temperature-
programmed desorption (FC-TPD) was studied on the
LSM/YSZ/LaAlO system. Increasing the applied potential
increased the amount of adsorbed oxvgen. The change in the
selectivity of active sites gave a new aspect to the NEMCA
phenomena in the oxidative coupling of methane in the SOFC

reactor. The applied potential also decreased the activation
energy of desorption of oxvgen at the anode catalvst [ 19]. In
addition. the FC-TPD analysis could correlate the behavior
of adsorbed oxvgen species to the NEMCA effect.

In this study, the steady-state oxygen permeation using
helium or methane as an anode gas was investigated. The
effect of applied potential on the oxvgen permeation through
the LSMYYSZ/LaAlO in the SOFC reactor was studied. In
addition, a model of oxvgen permeation was proposed.

2. Experimental
2.1 Apparaius

The schematic diagram of the solid oxide fuel cell type
reactor is illustrated in Fig. 1. A tube-type YSZ mem-
brane (8mol% Y;05. thickness= 1.5mm, inside diame-
ter = 18 mm, outside diameter= 21 mm, length = 500 mm, ef-
fective surface area=0.0148 m?) was used as an electrolyte.
LargAlp203 (abbreviated as LaAlO) prepared by a mist de-
composition method was used as an anode catalyst on the in-
ner surface of the tube while Lag gs Sy (sMnChy (abbreviated
as LSN prepared by paste method was used as the cathode
on the outer surface [ 7.8]. Details of the electrode preparation
methods were described elsewhere [3.4.7].

Platinum wire was connected to platinum meshes placed
on both electrode surfaces to serve as current collectors. The
outlet gas from the anode side was directly connected to a
gas chromatograph for analysis of gas composition. A po-
tentiostat was used to supply an external electrical poten-
tial to the system. Oxygen transport from the cathode side
to the anode side was promoted under the applied positive
potential.

2.2, Steady-state oxyveen permeation

Steady-state oxvgen permeation measurements were per-
formed at various temperature levels: ie., 7= 1073, 1123,
1173, 1223 and 1273 K. Helium (1.36 x 10~ mol s~y and
oxvgen (1.02 3 1073 mols~!y were fed to the anode and the
cathode, respectively. The oxygen permeation flux was calcu-
lated from the flow rate and compaosition of the anode exit gas.
The flowrate and its composition was measured and analvzed
by a bubble flow meter and a gas chromatograph witha TCD
detector, respectively. Sampling was conducted every 3min
until reaching a steady-state condition (approximately 0.5 h).
Another set of steady-state oxvgen permeation was carried
out by using methane (6.8 x 10~ mols~!) as an anode re-
actant gas at various temperature levels: Le. 7= 1073, 1123,
[173, 1223 and 1273 K. In this case, permeated oxygen has
reacted with methane to produce oxygen, containing species
stuchas CO, CO2, H20. Thus, the oxvgen permeation flux was
estimated by analyzing these oxvgen-containing products.
The steady-state measurements for hoth sets of experiments
were carried out al various levels of the applied potential.
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Fig. 1. Schematic diagram of the solid oxide fuel cell type reactor. (1) Anode side feed { He/CHy ), ( 2) exit gas from anode side, (3) cathode side feed (O], (4)
exit gas from cathode side, (5) platinum wire, (6) platinum mesh, (7) YSZ tube, (8) anode (LaAlOD), (9 cathode (LEM ), (10) quartz tube, ( 11) thermocouple,
(12) temperature indicator, ( 13) temperature recorder, (14) ammeter/voltmeter/potentiostat. {15) temperature controller, {16) furmace.

3. Results and discussion
.1 Oxvgen transport model

2110 Oxveen permeation through thin YSZ membranes
modeled by Han et al. (U]

In our previous study on the micro fuel cell svstem [20],
we have referred an oxygen permeation model presented by
Han et al. [9]. The proposed permeation process is sumima-
rized in Fig. 2. In their study, a thin YSZ membrane prepared
bv the electrochemical vapor deposition (EVD)y method was
employed. The exygen permeation flux can be described by
the following equations [9].

Al gas-membrane interface of the cathode side:

.
172

12
Jo, = al Py — PoLpy) (1)

0a(1)
In bulk oxide of YSZ:
A .
_ Pl 1/4
Jo, = T‘POztll — POE(”JJ (2)
Al membrane-gas interface ol the anode side:

1/2 172

Jo, = al POE(”J - P 3

The rate parameters o« and g at T=1173K are
94 10" Tmolm™2s~'Pa=2 and 52%x 107 molm™!
sThpa=14, respectively. The activation energy of o and f# are
S31kImol ™ K7 and 72.0 kI mal = VKT, respectively. As

open

Thin YSZ (2-15 jim})

). > YSZ suppnrjed ] » O
on & -alumina
P by EVD Ploan

He 99 %, H; 1 %

Jl']'-'.:-:-Ii PU:[JU

Fig. 2. Oxygen permeation process through thin YSZ membranes prepared
by the electrochemical vapor deposition (EVD) method supported on a-
alumina reported by Hanet al. [9].
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shown in Fig. 2. this svstem was operated under open circuit

without the anode and cathode electrodes. One percent of

hydrogen in helium was used as a reacting sweep gas. These
conditions were not the same as our present system, which
was operated under closed circuit with or without applied
potential with LSM as the cathode and LaAlO as the anode
catalyst.

3.1.20 A model for the oxvgen permeaiion through the
LSMAYSZAaAiO

In this study, an oxygen permeation model through the
LSMYSZ/LaAlO fuel cell type reaction system with closed
circuit and applied potential is proposed. Schematic models
of oxyzen permeation are shown in Fig. 3. The circuit was
closed to allow the electron transfer. Two kinds of carrier gas
were used: i.e. helium (Fig. 3{a)) and methane (Fig. 3(b)).

In the case of helium feed without applied potential,
Fig. 3(ay shows general reaction paths as follows: (1) electro-
chemical reduction at the LSM surface to form oxygen ions,
{2} incorporation of oxygen ions into the Y'SZ lattice, ( 3) re-
combination and desorption of oxygen ions to form oxygen
molecules at the LaAlO anode.

closed
o Lsm Jonvse o Lasio
0" or O
O * + ﬂ“}
He
LSM Y&7 LaAl®

{a) Helium feed at anode, closed circuit

without applied potential

—
i, 15w o sz Jon, Laale
o or oF
[ - - Iﬂ 2
‘ He
LSM Y&7 LaAlo

(¢} Helium feed at anode, closed circuit

with applied potential

The permeation of oxygen through an electrochemical me-
dia depends upon ionic conductivity (=) and electronic con-
ductivity (o) of the media. Assuming surface concentration
of oxygen ions is equilibrated with gas phase, they can be

estimated from the following equations [21].

Per, 04 f l”,-ich
Jo, = —In ) (4

- f— ( Jﬂ't‘fll'l
Per, O, = Re l_r, 0% (5)

16 F< i + e

FAGY —E; L
xKp| ——1: =g (6]
- Jen ( Rgr) !

The ionic conductivities of LSM (o gy [22], the electronic
conductivities of LSM (gep.8m) [ 23.24]. the ionic conductiv-
ities of YSZ {oiysz) [25] and the electronic conductivities
of YSZ (meysz) [26] were cited from the literatures and the
values are summarized in Table 1.

However, these values of LaAlO are not available in the
literature. Due to the recombination and desorption of oxy-
zen ions to form oxygen molecules at the LaAlO anode, the
overall rate of these processes at LaAlOD might be estimated

O o)

o" o" o
LSM Y

closed -
o, 15w oy Jos Lasin
o or o
+ > » C2, CO,
COy
‘C‘H-.
LSM V&7 LaAlO
(k) Methane feed at anode, closed eireuit
withowt applied potential
A—
JII' Lamt J:J'. Y5& Jl:' Loakd
- C2.CO

'S7 LaAlD

(dy Methane feed at anode. closed circuit

with applied potential

Fig. 3. Proposed schemes for oxygen permeation through LSM/YSZLaAlD under various conditions,
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Table |

Values of parameters for the caleulations of oxygen permeation flux
Parameters A (SK m 1 E; (ki mal—1) Reference
Fiasnm (Sm) 2311 % 101 284 [227°
ey (Sm™h) 8.855 % 107 9 [231°, [24F°
Tiysz (Sm~1) 7.121 % 107 88 [25]
Teysz (Sm!) 9.244 % 10° 87.5 [26]

Ligy=1= 10-%m, Lygr=15x 10-% m, Ligan=5x 10-6 m.

2 AL 173K, the value was interpolated between LapasSraosMnOs
and LapgSm:MnOsz, and at 1273K between LansSroiMnOs and
Lap 5102 MnO;.

Torsm Was given at [ 173 K.
“ The activation energy was shown in the table.
STl BY I he tabl

from Eq. (7)

( Prich -
Jo, = koyperm In ( - ) !
\ Plean /

where Prich and Plegn represent partial pressure of oxveen at
the rich and lean sides of LaAlO, respectively.

When the permeation is at steady-state, the oxvgen per-
meation fux across different parts of the cell is equal to the
observed experimental results,

Joy Exp = Jo, Lsm = Jo,, vsz = J0,.LaAl0 (%)

The values of koqperm of LaAlO at different temperatures
were determined by using an all-purpose equation solver,
EQUATRAN-G (Omega Simulation, Japan). Priep of LSM 1s
partial pressure of oxygen at the feed side (101.3 kPa) while
Plean of LaAlO is partial pressure of oxvgen at the permeate
side, which are calculated from the experiments. The esti-
mated ko,-perm value was shown as follows.

ko =n4ncn(ﬂ] (9)
KOy-perm Ao ex] TR

In the case of methane feed without applied potential, oxyvegen
ions directly reacted with methane at the anode (Fig. 3(b)).
It was expected that the oxvgen permeation rate could be
enhanced. Due to the chemical reaction at the anode cata-
Ivst surface, the overall reaction rate could depend on partial
pressure of methane and surface oxygen concentration. The
oxygen surface reaction coeflicient (kg,-pxn) was estimated
from experimental oxyvgen permeation flux by the following
equation.

T
Jo, = koprxn Pop,n ( rich } (10)

. Plean /
No oxygen was observed in gas phase of the permeate side
due to reactions with methane. The surface oxygen may not
be in the equilibrium with oxvgen in gas phase. However,
the surface oxygen concentration in methane feed could be
assumed similar to the helium case. Therefore, Plean In the
helium case was used in Eq. (10)

In the case of closed circuit with applied potential, it was
expected that the oxvgen transfer could be accelerated with
increasing applied potential (in Fig. 3(c and d)). Linear re-

lationship between applied potential and oxvgen permeation
flux was assumed and the following equation could be pro-
posed.

.Jro2 = ‘IO;.D\" + ky Vpor (11

The values of Jo, oy without applied potential can be calcu-
lated by Eqs. (4)16) and (7 for the helium feed case and by
Egs. (4)-(6) and (10) for the methane feed case, respectively.

3.2, Steadv-state oxyvgen permeation resulls

320 Helium feed

Fig. 4 shows the effect of the applied potential on the
oxyeen flux at various temperatures. Linear relationships be-
tween the oxvgen permeation flux and the applied potential
were observed Tor all different temperatures. As shown in
Fig. 4, the oxvgen could be permeated without applied po-
tential due to the system possessed an internal “concentration
cell”™ potential as a driving force. For example, the concen-
tration cell potential is 0.225V at 1223 K. This value agrees
well with OCV value calculated from Nernst equation.

s
(&

R“TIn { Praed ') (12)
\ Ppen'n /
Therefore, we can assume surface oxygen concentration at
the lean side of LaAlO is in equilibrium with oxvgen in gas
phase at the permeate side.
The proportional constants (&y ) from Eq. (1 1) could be

determined from the slopes and expressed as Eq. (13).

( —122700
~l220)y 13

kv He = 0102 exp \ " ReT
Fig. 5 shows the plots between Ini Jo, ) and 1000/T at differ-
ent levels of the applied potential. The solid lines represent
the results calculated from Eqgs. (470, (1 1) and (13). The
oxveen flux increases with the increasing temperature and
applied potential.

The solid lines in Fig. 5, can be approximated by straight
lines of Arrhenius™ plots by Eq. (14).

—Eper
Jo, = -"ll‘el'c-\'["( A .;I )

(14

T=121 K _

o

1 2
Applied potential [V]

Fig. 4. Effect of applied potential on oxygen flux at various temperatures by
steady-state permeation experiments using helium feed at anode side.
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Fig. 5. Arrthenius’ plot between In{Jp,) and 1000/T at different levels of
applied potential by steady-state penmeation experiments using helium feed
at anode side.

The overall activation energy of the oxyvgen transport through
the cell (Eper) was calculated from the slopes and the results
are shown in Table 2. The activation energy is decreased from
[ 70 kJ/mol in case of closed circuit with no applied potential
to 119 kl/'mol with applied potential is 2 V. TPD experiments
have shown that the applied potential also decreased the ac-
tivation energy of the oxvgen desorption from 140 kl/mol to
93 kl/mol when applied potential 2V [19]. Comparing these
values, the activation energies of oxvgen permeation are close
Lo the activation energies of oxygen desorption.

The dashed line in Fig. 5 shows the results calculated from
Han's model [9]. The comparison of our model with Han's
model will be described later (Section 3.2.4).

3.2.2. Meihane feed

Instead of helium, methane was fed to the anode chamber
Lo react with the permeating oxvgen. At 1273 K. the electro-
motive force from the experiment is 1.09 ¥, which is near to
the theoretical value of ethvlene formation (1.05 V). Linear
relationships between the oxyegen permeation flux and the ap-
plied potential were observed for all different temperatures
as shown in Fig. 6. The proportional constants (&y) from Eq.
{11y could be determined from the slopes and the expression
is shown in Eq. (15).
s F—104150 <
kv cpy = 087 L-‘ﬁlﬁ(_—‘r‘,g.‘,. , (153
Fig. 7 shows the plots between In(.Jo, ) and 1000/T at differ-
ent levels of the applied potential. The oxyvgen flux with the
methane feed was estimated from the equivalent rate of oxy-
gen required for the oxidation reaction. The oxvgen surface
reaction coeflicient (kg,.pyy) estimated from the experimen-

Table 2

Summary of the values of pre-exponential factors of oxygen permeation and
activation energy at different levels of applied potential from steady-state
permeation results using helium feed at anode side
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Fig. 6. Effect of applied potential on oxygen flux at various temperatures by
steady-state penmeation experiments using methane feed at anode side.
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Fig. 7. Arrhenius’ plot between In(Joy ) and 1000/T at different levels of
applied potential by steady-state permeation experiments using methane feed
at anode side.

lal oxygen permeation ux by using Eq. (%) was shown as
follows.
ko, pxn = 8.577 % 12 exp { w ) (16)

- . R,
The solid line with Fpg = 0V represents the calculated results
by Eqs. (4-6), (10yand (16). The solid lines for Fpgy = 0.5V,
I WV and 2V were calculated by Egs. (4)-(6), ( 10y, (11) and
(15), (16).

The solid lines in Fig. 7 can be approximated by straight
lines of Arrhenius” plots by Eq. (14). The overall activation
energy of the oxvgen transport through the cell (Eper) was cal-
culated from the slopes and the results are shown in Table 3.
The applied potential increases the oxygen flux and also de-
creases the activation energy of the oxvgen transport.

Compared with the helium feed case, the oxyvgen flux is
significantly improved when methane is fed to the anode side.
The oxygen permeation fluxes under the methane feed are 1-2

Table 3

Summary of the values of pre-exponential factors of oxygen permeation and
activation energy at different levels of applied potential from steady-state
permeation results using methane feed at anode side

Fpor (V) Aper (molm 2571 Eper (klmol™) Feer (V) Aper (molm 2571 Epgr (kJmol™)
0 3.499 170 0 3.632 % 107 219
0.5 1280 154 0.5 186.9 157
1 0.675 144 ! 814 1435
2 0.157 119 2 15.77 124
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orders of magnitude higher than those under the helium feed.
It is clear that the reaction of methane with the permeated
oxveen at the anode catalyst significantly improves the over-
all oxygen permeation flux due to the surface oxygen kinetics
with methane. The dashed line in Fig. 7 represents the Han's
maodel.

3

1.2.3. Oxveen particl pressuie profiles and permeation
mechanism

Fig. 8 shows the oxvgen partial pressure profile from
the simulation results at 1223 K. In the case of the he-
lium feed (solid line), it is obvious that the major oxygen
permeation resistance through the cell or the rate-limiting
step of this system is at the LaAlO electrode. Although
the thickness of YSZ electrolyte is much more than the
electrodes, the resistance of YSZ electrolvie is negligible.
With the methane feed case (dashed lines), the resistances
of three steps are comparable: consequently, the rate steps
at the cathode and the electrolyle need to be taken into
account.

In the case without methane, oxvgen ions release electrons
and recombine into oxygen molecules, which are then des-
orbed into the gas phase. On the other hand, with the methane
feed, oxygen ions could directly react with methane to form
CO7. CO and Cy hydrocarbons.

Mechanisms of the oxvgen activation on the LSM and the
bulk transport of ¢ P~ inYSZ might be the same as the helium
feed case as shown in the previous sections. The change inthe
surface reaction step on the anode from the recombination and
desorption of oxyvgen ion to the reaction of oxygen species

with methane would be the main reason for the increase of

oxyezen flux for the methane feed.

3.2.4. Effect of YSZ thickness
The effect of YSZ thickness on the oxvgen permeation
flux is simulated and the results are shown in Fig. 9. In the
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Fig. 8. The mechanism of oxygen permeation and the profile of oxygen
partial pressure in LEM/Y 8Y/LaAlOQ from the simulation results at 1223 K
(solid line: helium feed, dashed line: methane feed).

case of helium feed, the oxygen permeation flux is indepen-
dent on the Y52 thickness as noted in the previous section
that LaAlO) is the rate-limiting step. However, in the case of
methane feed, the resistance of Y'SZ electrolyte is compara-
ble to that of LaAlO. The rate of oxvgen permeation depends
on the YSZ electrolvte. The flux increases with decreasing
the thickness of YSZ electrolyte membrane. However, for
Y52 with thickness below 10 wm, there is no significant im-
provement on the oxveen flux. The tendency is the same for
T=1223Kand 1273 K.

3.2.5. Estimation of oxyvoen permeation from a model
proposed by Han et al. [V]

Han et al. [9] proposed Egs. (13+(3) for the permeation
of oxvegen through YSZ membrane but their system was
tested under unusual conditions: i.e. very thin YSZ mem-
brane of 215 wm, low oxvygen partial pressure in an oxy-
gen source chamber of 533 kPa and without external cir-
cuit {open circuit). Dashed lines in Figs. 5 and 7 show the
oxvgen permeation flux calculated from Eqgs. (1)-(3) using
a Y57 with thickness of 1.5mm. The estimated oxvgen flux
is much larger than that of the helium feed (compared with
Fper = 0 in Fig. 5) and far less than that of the methane feed
{compared with ¥pe =0 in Fig. 7). This tendency can be
understood by considering that the sweep gas of the per-
meate side contained 1% of hydrogen in their experiments
[9].

Hydrogen in the sweep gas caused the promotion of
the oxyvgen permeation by the surface reaction but the par-
tial pressure was too low to complete the enhancement
of the oxygen permeation. When hydrogen was mixed in
the sweep gas, an electromotive force of about 1V should
be generated between the two electrodes. This may be
the reason of the agreement with the plot of Fpe, =1V in
Fig. 5.

The differences in the activation energy should be caused
by the differences in the surface reaction on the an-
ode material. Further studies are required to find more
details.

All these results show that it is essential for the model of
the SOFC-tvpe reactor to include the permeation of oxygen
through the cathode, the electrolyte and the anode.
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Fig. 9. Effect of YSZ thickness on oxygen permeation in helivmand methane
case.
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