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The research studies the co-generation of C2 hydrocarbons and electric power from
methane in a solid oxide fuel cell (SOFC) reactor using LaggSro.MnQO; (LSM) as the cathode
catalyst, 8 mol% yttria-stabilized zirconia (YSZ) as the electrolyte and La; gAly,0; (LLaAlO) as
the anode catalyst. The study is divided into 3 main parts: Investigation the behaviors of oxygen
species by fuel cell type temperature-programmed desorption (FC-TPD) measurement, oxygen
permeation through the LSM/YSZ/LaAlO cell and modeling of the oxidative coupling of methane
(OCM) in SOFC reactor. The two oxygen species responsible for a combustion reaction and for a
coupling reaction are observed as suggested in previous TPD study of the LaAlO anode catalyst
powder (Tagawa et al., 2003). The increase of the applied potential during the pretreatment
increases the amount of desorbed oxygen and decreases the activation energy of oxygen
desorption. The oxygen permeation flux through the cell is 8.90x10® mol m? s™ at 1173 K with
the activation energy of 170 kJ mol”. By applying an external potential, the oxygen permeation
flux increases while the activation energy of oxygen permeation decreases. 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 the oxygen permeation is proposed. In the OCM in SOFC
reactor studies, both experiments and simulations are carried out. The C2 selectivity and the
methane conversion are 91.7 % and 23.7 % at 1273 K, respectively. A mathematical model of the
OCM in the SOFC reactor is developed. The plug flow condition is assumed and the kinetic rate
expression with two different oxygen species is proposed. 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. The results suggest that our SOFC system is a good reactor for C2 production; however

the obtained power density is much lower than that of the conventional SOFC.

Department . ... Chemical Engineering Student’s signature .£¢
Field of Study .. Chemical Engineering Advisor’s signature ..=7."

Academic Yeat ......x.u. 2004 ... Co-advisor’s signature .



vi

ACKNOWLEDGEMENTS

The author would like to express his highest gratitude to Associate Professor
Suttichai Assabumrungrat, advisor and Professor Shigeo Goto, co-advisor for their
inspiration, assistance and many good advices throughout this research study. He is
furthermore grateful to Professor Tomohiko Tagawa for his generosity in providing
guidance and sharing the ideas on the interesting work. In addition, the authors wish
to thank Professor Piyasan Praserthdam, as the chairman, Assistant Professor
Seeroong Prichanont, Dr. Sumittra Charojrochkul and Dr. Joongjai Panpranot as the

members of the thesis committee.

Many thanks for the financial supports from The Thailand Research Fund
(TRF), Nagoya University Program For Academic Exchange (NUPACE) supported
by AIEJ, TITTP-JBIC and a Grant-in-aid for Scientific Research, from the Ministry
of Education, Culture, Sports, Science & Technology of Japan (MEXT) throughout

the doctoral course.

I wish to thank the staffs at “Ichi Koza”, Department of Chemical
Engineering, Nagoya University: Dr. Hiroshi Yamada and Itoh-san for the valuable
guidance and assistance on the experimental procedures, and Japanese friends,

especially, Jun, Shimizu, Saito and Nagao-san for a very good memorial.

Most of all, the author would like to express his highest gratitude to his
parents, brother and sister. Their unyielding support and generous love not only made

this work possible but worth while doing the first place.

Finally, grateful thanks to members in Center of Excellence on Catalysis and
Catalytic Reaction Engineering, Department of Chemical Engineering,

Chulalongkorn University who have assisted him over the years of his study.



CONTENTS

PR ATENE- T LR UBUARY . . . cnonisansconsnons spbivassviasmdhas it s st s i
ARSTRNEL NI FBOLAIER. . ..o oo cnviis g oinssvarnabbs dhpasininhbs woiss oxbosiosssnssn

ACKNDWI EDRIEMIEIITD ... ooovoeeioisbnsinenionassons sosmessbsossassomesessssse

TN CETOEIINERS o1 o smnsnsnswrwnn soigmns sn sigadun » Sl ismeiiin s opsibhasaas aps
BROMBEMNCLATUIREL . ... o0tV omOR s v AL MO o3 s G i wiwbaw sx'ap shionnsd
CHAPTERS

1 INTRODUCTIODN. 7 7/ S NN -« < - w5 s soss b iiabain e anon

H OUTLINES OFTURL (PR 0.\ 0 NN - biaisivs vi5s an s vasabinens oo as
2.1 Puel Cell DEesCrifITRRR. |\ b\ o 0 cbiins on sy somnivnsiosnns
2.1.1 Polymer electrolyte fuel cell (PEFC)................
2.1.2 Alkaliag B ORIERABC). . ...vvviiiiniisiniarenianais
2.1.3 Phosphoric acid fuel cell (PAFC)....................
2.1.4 Molten carbonate fuel cell IMCFC).................
2. 5E55ohdiokidsfusliceN (SORTY..........cccocivnvennns
2.2 Solig PR FDNEKDBRN - UNIVERSITY ..o cvvvevinnicennnss
Bk POCIIC BRI 0.\ o oos vaianinslymmmns yunvmnsionn
2, 2.2 GO COMPRIBRIR. . ... s ovivsioiininsmmnvrmantsovas o
I LITERATURE REVIEWE. ... i isginmiassndassmssns bsssssnas
3.1 Oxidative Coupling of Methane...................ecvvnnnn....
3.2 Membrane Reactor for Oxidative Coupling of Methane......
3.3 Solid Oxide Fuel Cell Reactor for OCM.......................
3.3.1 Characteristics of oxygen species....................
3.3.2 Oxygen permeation through solid electrolyte.......
3.3.3 Anode catalyst development..........................
3.3.4 Modeling of SOFC reactor............c..ccevevvennn.

vii

X1

Xiv

—

O 9 O & & \»i Lt Lt A B



viii

CONTENTS (cont.)
CHAPTERS page

IV EXPERIMENTAL.............. e 21
g @ SRR T o RN SRS 0 21
4.2 Electrade preparation method. ...........o000.00ieienneaiivnn 23
Bl OO0 DIEDRENEION . oo hiniite susnns s o nnssisns 23
422 Cathode PIPATHHON. ... .o .covivaverecsecinvansossonis 25

4.3 Fuel cell type temperature-programmed desorption
(A PTD) ICUBUIRIINE. .. [ oo voninsnstasssiepsssesinsososns 25
4.4 Steady state oxygen permeation study.................eeuenn.. 26
4.5 OCM for C2 and electricity production study................ 27
V  RESULTS ANDLPISEUSEIDN .\ S84 e vvveniosnncencasiannns 28

5.1 Investigation of oxygen species by fuel cell type temperature-

programmed desorption (FC-TPD) measurement............. 28

5.1.1 Opott GORIETRECIRI. \ b . . .50 03var vnnsaionaninniis 31
5.1.2 Closgd et TPE. .............ccoceeivennnnnn. 37

5.1.3 Closed circuit FC-TPD with external applied
PR o s e iy - ¢ v aesenacancanncanas 40
5.2 Oxygen pomeatior Sty ™. ..o, 43
5. R30St Gl H0BEI AL ...l 43
5.2.2 Steady state oxygen permeation results............ 49

5.2.3 Oxygen partial pressure profiles and permeation

RO . ot o badina R s i st R s 56
5.2.4 Effect of YSZ thickness............cccccceceirinnens 58
5.2.5 Estimation of oxygen permeation from a model
proposed by Han et al. (1997).........cccocevnnann... 59
S3IModeling of SONC IB0TOE ... . ..o imiai voisisnsins neinas 60
5.3.1 Selection of an optimum mist solution concentration
for the N0de PrEPRIBION. ........cocoereiiioeissosnsns 64
532 Permeation of OXygen...............ciciciiiiianian, 65

5.3.3 Reactor performance (short circuit, R, =0)........ 67



CONTENTS (cont.)

CHAPTERS page

5.3.4 Chemicals-energy cogeneration with SOFC reactor

(closed circuit with external load, Ry)............... 71

5.4 Simulation of SOFC reactor operating at maximum
b A R s o N D W A R 80

5.4.1 Comparison between simulation and

CRESEBEntM TN ... 5 oo i itia s s ieeiins 81
5.4.2 Effect of operating temperature..............ccccceeee. 82
5.4.3 Effect of feed flow rate and methane

feed concentration......... sl A o vesh an s 84
5.4.4 Effect of operating preséure ........................... 86
5.4.5 Comparison of SOFC performances among

AIICTIDE BYEIRIIE M < o v oiiins oo cbnaabanses 88

VI CONCLUSION AND RECOMMENDATION

6.1 Conclusion.. . o/ oommmmmaamemiy: <X} - <« ¢ covecssaianensosasnnconsan 90
6.1.1 Fuel cell type temperature-programmed

desorption (FC-TPD) measurement ................. 90
6.1.2 Oxygen permeation through the
ISMNYSEAAKLEIII. . i vsiicoivisiveiciisasns 90

6.1.3 OCM in SOFC reactor for C2 hydrocarbons and

Electicily cO-BENeMMION: .. ... c.oitusinsivasisioiins 91

6.2 Recommendation and future work..........covvvvveiiennnnnn... 92

REBERENGES:. . 00 ot Rt oisteise s e ot Sastliitien ool o 98

APPENDICES sl ool it it en i s P e swre s s i tearess 8 5 e 106
Appendix A. CALCULATION OF EFFECTIVE

MEMBRANE AREA ... i5itiseiusiivinissnissssismnsssssess 107

Appendix B. GAS ANALYSIS INSTRUMENT.........cccccevvvvnnne.. 108

Appeadix C. LISTOFPUBLICATIONS. ....ci. v ii0iiiisioinivsivmsansoss 109

N PRD A TR PP, 111



LIST OF TABLES

page
Table 2.1 Requirement for solid oxide fuel cell component........................ 6
Table 4.1 Optimum condition for the anode preparation........................... 29
Table 5.1 Summary of BC-TVD eXPOHMIOALE ... 0. civiveieconsusinisasossnsnnes 30
Table 5.2 Summary of activation energy of desorption at different levels
of applied potential pretreatment condition from the open circuit
FC-TPD measurements (CR88 1-4). :.ci...covviirsinsssasessorsnosionssines 35

Table 5.3 Summary of activation energy at different levels of applied potential
pretreatment condition from the closed circuit FC-TPD measurements
L e ORI DO . AR OB BEE L PSR 40
Table 5.4 Values of parameters for the calculations of oxygen permeation flux 47
Table 5.5 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................ 52
Table 5.6 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............. 55
Table 5.7 Comparison of current (/. x S), voltage (E1) and power (PL)

between experimental and simulation results............................ 82



page

Figure 2.1 Printiple of operglion of SOPK ........c .. conrianisibssiins s ia s sasns 8
Figure 2.2 DEINC SBCK OREMIIIE ... . iiieisitinnns it vanransubstsanensbodsny cogivssibons 11
Figure 4.1 Schematic diagram of the solid oxide fuel cell type reactor........... 22
Figure 4.2 Schematic diagram of the setup for the anode preparation ........... 24
Figure 5.1 Proposed scheme for adsorption and desorption of oxygen

onthe antde of Tuel Cell BYBIBME .....o. oo vinsiniinnnanonsibones suosion 29
Figure 5.2 Effect of pretreatment condition on the open-circuit

FCTPD resulis (B 0.1 1T WA ).q. oo vivivisns o vonvemmmmmsssassesssssinsss -~ 31
Figure 5.3 Effect of rate of temperature increase (£ ) on the results of the

open circuit FC-TPD with the open circuit pretreatment (Case 1).... 33
Figure 5.4 Plots of (2In Ty, — In £) against 1000/7}, for oxygenate site

in the open circtit PC/APITEEEEE 0\ NN v e i sassadthesiioran s s 34
Figure 5.5 Plots of (2In Ty, — In /) against 1000/7}, for coupling site

in the open circuit FC-TPEXRIOME .\ . .o 5o teeessoreinnivanrasnseonssonens 35

Figure 5.6 Effect of rate of temperature increase () on the results of the closed
circuit FC-TPD with the open circuit pretreatment (Case 5)......... 37
Figure 5.7 Plots of (2In T, — In /) against 1000/T;, for oxygenate site in
the closed circyit BCTHEDROAL: 2 2 Fan o435y g1 o0 vevseisivivencennans 38
Figure 5.8 Plots of (2In T, — In £) against 1000/7}, for coupling site in
the clostth CIaL BT PE) RO« (i cx oovssiaivie san b siminsnsans eno s s 39
Figure 5.9 Effect of applied potential on rates of formation of products......... 41
Figure 5.10 Effect of applied potential on FC-TPD results
(open circuit pretreatment, f=0.117 K s™).............coooeeiiinn... 42
Figure 5.11 Oxygen permeation process through thin YSZ membranes
prepared by the electrochemical vapor deposition (EVD) method
supported on « -alumina reported by Han ez al. (1997)............. 44
Figure 5.12 Proposed schemes for oxygen permeation through

LSM/Y-SZ/LaAl@® at various CONAItioNS: . vaioouds i ittt vamvsn 45



LIST OF FIGURES (cont.)

page
Figure 5.13 Effect of applied potential on oxygen flux at various

temperatures by steady state permeation experiments using

Balivm focd On the AnOMIE BIL. .. ..o ivaviisivnsivnaricansasennens 50
Figure 5.14 Arrhenius’ plot between In (Jo,) and 1000/T at different levels of

applied potential by steady state permeation experiments using

helivm feed On the ANDUB BIGE. .. .. ... oonisiaiiiiiiseinasonsonnnsnne 51
Figure 5.15 Effect of applied potential on oxygen flux at various

temperatures by steady state permeation experiments using

methane feed on thegidde side. 22 s, ..o coviniiiinieaiiniiin. 53
Figure 5.16 Arrhenius’ plot between In (Jo,) and 1000/T at different levels of

applied potential by steady state permeation experiments using

methane feed onthEC gNIPETIMES. ... NN s viincaenairibarorovans 54
Figure 5.17 The mechanism of oxygen permeation and the profile of

oxygen partial pressure in LSM/YSY/LaAlO

from the simulation results at 1223 K...................ccooeie.. 57
Figure 5.18 Effect of YSZ thickness on oxygen permeation in helium

and methane cEEINT s Y oo 58
Figure 5.19 Effect of temperature on methane conversion and C2 selectivity

at differenpe anotle preparation. .pg..csssssasincnsiosvvreeve 64
Figure 5.20 Effect of temperature on current with short circuit mode......... 66

Figure 5.21 Effect of temperature (a) on methane conversion and C2 selectivity,
and (b) on the product selectivity distribution.................... . 69
Figure 5.22 Effect of methane flow rate (a) on methane conversion and (b) on
C2 selectivity and C;H4/C;Hg ratio at various temperatures.... 70
Figure 5.23 Simplified circuit diagram to illustrate SOFC reactor............ 72
Figure 5.24 Load resistance-voltage and load resistance-power at various
temperatures in the case of (a) pure oxygen feed on the cathode

and. (D) Srieed OR THE CRIBOBE ... ... o nins « chnniivemis sasmpasssss 74

xii



xiii

LIST OF FIGURES (cont.)

page
Figure 5.25 Current-voltage and current-power at various temperatures in
the case of (a) pure oxygen feed on the cathode
and(bjairTesd on the CatROBE. .............oi ke idinnamiaonn i 75
Figure 5.26 Arrhenius’ plot between In (Rin7) and 1000/T.................... 76
Figure 5.27 Effect of load resistance (a) on methane conversion
and (b) on C2 selectivity at various temperatures............... 78
Figure 5.28 Effect of operating temperature on (a) methane conversion
and C2 selectivity and (b) power at load and overall efficiency 83
Figure 5.29 Effect of total feed flow rate on methane conversion and
C2 selectivity at various methane feed concentration........... 85
Figure 5.30 Effect of total feed flow rate on power at load and overall
efficiency at various methane feed concentration............... 86
Figure 5.31 Effect of operating pressure on methane conversion
S C2 30l0e0I VLY. 7. /[ AP A M s ssnsnsvissinsars 87
Figure 5.32 Effect of operating pressure on power at load
and OvErall el ENes e N i P L o s s it e 88
Figure 6.1 Proposed schemes for various OCM reactors (a) FBR (b) PMR
TS RO e SN B e, TR SO T W 93

Figure 6.2 Proposed equivalent circuit of SOFC reactor for OCM......... 95



ka-perm
ka-Rxn
kv

NOMENCLATURE

pre-exponetial factor of oxygen desorption
pre-exponential factor of conductivity
pre-exponential factor of oxygen permeation
electromotive force

activation energy of desorption

activation energy of conductivity

activation energy of oxygen permeation

Faraday’s constant, 96485

feed molar flow rate of methane

heat of reaction
current density
oxygen permeation flux

reaction rate constant

[s"]
[SKm']
[mol m?> s
[V]

[kJ mol™]

[J mol™]

[J mol™]

[C mol™]
[mol s

[J mol™]
[Am?]

[mol m? s'l]

[m’kg" Pa']

overall oxygen ions recombination and diffusion coefficient [mol m?s!

oxygen surface reaction coefficient

proportional constant

thickness of material

electric power

pressure of component i

specific oxygen permeability

oxygen partial pressure at feed side (cathode side)
oxygen partial pressure at permeate side (anode side)
oxygen partial pressure at rich side of materials

oxygen partial pressure at lean side of materials

oxygen partial pressure at the gas-membrane interface

oxygen partial pressure at membrane-gas interface

rate of reaction j
area-specific resistance
gas constant

membrane surface area

[mol m?2s'Pa’]

[mol m?s’! V'l]

[m]

(W]

[Pa]

[mol m' s
[Pa]

[Pa]

[Pa]

[Pa]

[Pa]

[Pa]

[mol kg s
[Q m’]

[J mol K™

[m?]
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T temperature K]
T standard temperature, 298 K]
Tm temperature for the maximum of amount of desorbed oxygen [K]
Ve applied external potential during pretreatment [V]
Vper  applied external potential during steady state permeation [V]
Vr applied external potential during TPD [V]
w mass of anode catalyst [kg]
X dimensionless axial length divided by the total length of reactor [-]
y mole fraction [-]
Yo, Mmole fraction of oxygen for coupling site [-]
Yo,y MoOle fraction of oxygen for oxygenate site [-]
Greek Letter
a permeation rate constants in interface diffusion step [mol m?s?!Pal?
p rate of temperature increase [Ks™]
o permeation rate constants in bulk diffusion step [mol m™’ s™ Pal]
4 molar flow rate ratio (= F./ Fy,) [-]
n efficiency [-]
7] surface concentration [mol m'z]
o conductivities [S m'l]
<Subscript>
CCI closed circuit current
$ electronic
i ionic
i component i
I inert gas
int internal
J reaction j
L load
03, cou OXxygen for coupling site
O,,0xy OXygen for oxygenate site
OCV open circuit voltage



ov

overall

shell side (cathode side)
tube side (anode side)
total

feed
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