CHAPTER V
RESULTS AND DISCUSSION

S.1 Preliminary Selection of Anode Catalyst

The methane pulse reaction ¢ hni was employed for preliminary selection’
of the anode catalyst for the SO actor | gen provided to the reaction was
quite similar to oxygen su o] | fr r thaca ia an electrolyte to the anode in
the SOFC reactor. This method is much cheaper than.ditect operation with a complete

cell assembly in the

N

edures, especially at the cell assembly

OFC 1 ' h\ ;‘ 1'expensive YSZ electrolyte for
each run and involves gafher o ’ ate \\‘\
step. However, the error iff calculagion de \ arge ime and number of samples
taken.

Figure 5.1 sho ; ( , 0.3, 0.5, 0.8 and 1.0) of the
anode catalyst, Sm,.Al,Q3, ofl niet : on version and C, hydrocarbons selectivity. It

was found that the methane €0 e C, selectivity decreases with

the increasing amount of Al in’ h lus, a maximum yield of about 5% is

observed at x=0.5. It.should b rioted that when ontent-is higher than 0.5, the C,
selectivity decrea ‘g y. Consequently, or ‘:* alysts with x=0, 0.2, 0.3
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and 0.5 were selec fo
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Figure 5.1 Results of @atalyticPer! oI nan O atalysts from the
Methane Pulse ReactionMet . M icad \

5.2 Anode Catalyst Charaét _

The anode cat W ‘ orm were characterized

conductivity. “

The val u?m Tﬂi 1173 K in air for
3hris summ le fg[ lyst increases with

the increasing A content in the catalyst.
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Table 5.1 Surface Area of Anode Catalysts

Catalyst Sm,0, Sm, gAl),0;  Sm,;Al;0;  Sm, sAl, 0,
Surface area (m?/g) 29 4.0 42 4.7

to find their speclﬁc St (XRD) pattern and electrical

.l
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The XRD patterns of the selected catalyst are shown in Figure 5.2. When Al is
added to the Sm,O3 catalyst, the 2Sm703A 1,03 structure is formed. The SmAIO; phase
is only found for the Sm; sAlo sO; catalyst as shown in Figure 5.2. For all compositions
of the SmAIO catalysts, the Sm forms compounds with Al and the Al,O3 phase is not
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The electrical coraductmty of the anode catalysts was measured at temperature

between 102 21% and 1%). The
results are shﬂ‘ﬁﬂgnﬂﬁ W?m:rhﬂ:e ical conductivity of
all the catalysts at the ox en conteft of 21% is o all over the

peﬂuﬁan ﬁaayﬁhm“‘ﬂﬁ conductive

characté%stnc. For p-type conductor, the charge carriers are positive holes which can be

originated from chemisorption of gaseous oxygen on the catalyst (on oxygen vacancy)
or from the incorporation of gaseous oxygen into the crystal lattice (Dubois and
Cameron, 1990; Filkova et al., 1997). Consequently, when the oxygen concentration in
the gas phase is higher, the electrical conductivity for the p-type conductor is higher.
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Considering the effect of addition of Al in the catalyst, it was found that
increasing the Al content decreases the conductivity of the Sm;Oj3 as shown in Figures
5.3 and 5.4. This can be explained that the lower electropositive character (weaker
electronegative) of Al than that of Sm makes the probability of finding oxygen
vacancies or inserted oxygens decreased due to its ability of donating electrons to form
oxygen vacancies or inserted oxygens. Therefore, the higher Al content results in the
lower p-type conductivity. It should be noted that according to the relationship between
conductivity and chemisorption of oxygen gas above, the basicity of the catalyst

increases with the increased p-type ive ability (Dubois and Cameron, 1990).

Consequently, the addition of ‘ the basicity of the catalyst because
the lower electropositivity : wet Dasieity than Sm.
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5.3 Effect of Metal Composition of Anode Catalyst

The results of the effect of the anode metal composition on the methane
conversion, C+ selectivity and Cs+ yield under various current density at 7= 1173 and
1273 K are shown in Figures 5.4 (a)-(f).
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Figure 5.5 Effect of Metal Composition on Catalytic Performance: CH4 Conversion at
1173 K (a) and 1273 K (b), C»+ Selectivity at 1173 K (c) and 1273 K (d), and Cy; Yield
at 1173 K (e) and 1273 K (f).
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Table 5.2 Results of Effect of Metal Composition on Catalytic Performance at T=1173 K

Catalyst Current E Power CH, Selectivity C,. Yield
density density  Conversion  Cy, CO, CO  C balance
& -3 2 -3 o, o, o,

mA/em™*10° __mV__mW/em’ *10 % % % % % %

Sm,04 0 855 0 28 33 34 5.0 59 9.1
102 824 84 30 30 08 23 67 9.1

174 815 141 3s 26 2.1 18 70 9.0

212 813 172 32 29 12 26 67 92

282 813 229 26 45 0.9 68 93

Sm, gAly,0; 0 850 31 23 56 61 9.0
102 829 14 5.0 64 92

176 828 26 53 60 9.1

216 48 63 9.0

295 39 72 92

Sm|_7Al°,303 0 6.9 66 95
98 6.8 66 9.4

172 64 68 93

208 6.6 67 93

287 6.0 70 9.4

Sm, sAly 505 0 10.0 70 86
99 115 68 86

172 12 67 9.0

277 11.1 68 838

Empty Quartz - ND 85 45
La; 3Aly,05 0 152 63 9.2
31 147 68 83

81 10.7 77 84

135 125 72 8.1
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Table 5.3 Results of Effect of Metal Composition on Catalytic Performance at T=1273 K

Catalyst Current E Power CH, Selectivity C,, Yield
density density  Conversion C,»  CO, CO  C balance

mA/cm’™*10° _ mV__ mW/em®*10” % % % % % %

Sm,0, 0 922 0 57 10 22 14 73 6.0
111 909 101 57 10 08 15 74 57

170 895 152 59 10 2.7 14 73 58

262 873 229 65 9 31 14 74 5

301 866 261 8 0.6 13 78 57

Sm, 3Aly,0; 0 905 03 12 78 6.6

111 903 12 7 63
162 92 6 ] 13 75 63
274 — - 13 78 57
316 13 77 6.1
Sm, ;Aly;0; 0 10 78 62
12 12 76 62
166 12 76 62
248 11 78 6.1
312 12 77 63
Sm, 5Al, 5O, 0 14 75 6.4
113 1 7 6.1
168 6.1
267 12 79 5.0
325
Empty Quartz - N/D 91 42
La, gAly,05 0 145 74 79
20 73 30 79
141 148 73 82
2 e > 236 59 85
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According to the experimental results in Fig 5.5 and Tables 5.2 and 5.3, it was
found that the OCM and the incomplete combustion are the major reactions taken place
in the SOFC reactor. The selectivity of the valuable chemicals (CO and C,+) was much
higher than that of CO,. This result agrees well the result of La, Al ,0; catalyst in the
previous work (Tagawa et al., 1999). In addition, comparing to the catalyst in literature
that shows the good yield, La; 3Aly 203, the SmAIO catalysts except Sm; sAly sO3 show
more C». yield at 1173 K but less at 1273K. It should be noted that preliminary tests at
T'=1073 K show low performance. This should be due to low catalytic activity. As a

result, they are not considered in the

From Figure 5.5, at 1 range of current densities, the
increase in the Al content n tQ’ mcéy methane conversion and the
decrease in the Cy4 s ) omposition compound was
likely unchanged. At

difference was not pro

empty quartz with an YSZ

rating conditions, the carbon

selectivity was about 90% at F=it
o _ WA Y,

decomposition comligmd occurred in each'r

L ] i

methane that was c‘*', ................. n-compound

It was found ﬁt the sai oe same oxygen flux, the
methane conversion at"1273 K was higher than that at 1173°K. The formation of carbon
monoxide requi ‘n ion ﬁ i i than the formation
of Ca4 hydroHﬁﬂﬁowﬂn Wﬂﬂmﬁczﬂﬁmm. Hence,
the selectivity of carbon monoxides should be lower while the selectivity of C,.

rvard R PP 3 012 BV ) 3 RSN @ e comsion

with th§ experimental results. It may be because at high temperature and with the

presence of steam obtained from the electrochemical reactions, methane can be
reformed to carbon monoxide and hydrogen by the steam reforming reaction whose
reaction rate becomes faster at higher temperature. In addition, methane can be easily

decomposed to carbon compounds on the catalyst surface at high temperature.
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When the current density or the oxygen supply rate increases, the methane
conversion should increase while the C,: selectivity should decrease. The latter is
because the order of oxygen for the carbon oxide formation is higher that that for the
C»+ hydrocarbon formation (Harold et al., 1992). This is in good agreement with the
experimental results

Dependency of the methane conversion on the Al content could be related with
the specific surface area; i.e. the increase in the Al content increased the specific
surface area and the methane conversion. However, at 1173 K, the increase of reacted
methane from the higher exten not converted to the hydrocarbon
compounds, but to carbon mo e decrease in the Cy+ selectivity
t basic sites are essential for
dhary et al., 1997) and that
CM (Tagawa et al., 1998).

These properties are chafactgfis . or. A previous work indicted

and the increase in carbon

catalyzing OCM by abstiaeti

that a selective anode gata shoutd : -type conductivity ability
(Gellings and Bou f e electrical conductivity

measurement, addition 5s p-type conductive or less

basic characteristic. Thus,fheSelcc i i fydlocalbons decreased.

Considering the C4 at addition of small amount of Al
content (Sm; gAlp203; and Sm;_ 7%&3 as ablc to improve the Cy+ formation a little
It might be because &the cm&'n'fdﬁdg envi he high basicity of the catalyst
surface like SmyO3 Wasporsoncd-reads 3; o-form a st 2ebonate compound, and the

Al content helped prevlj 0, : @5
system where addition of Cl and F reduced catalyst basicity and the carbonate

porsc “ﬂﬁﬂ S0V (109 o i
the La;O; co ly ago de composition was
lower than 8. 3 a at normal pressurg’(about 8% by.yolume), the influence of the CO,

o QLRI TR T 3 VPRI ¥ Ehocinens

results, §t was found that Sm;;Alp30; showed the best C,.: yield around 9.5% at

reported earlier for other

conversion and selectivity about 40% and 25%, respectively while Sm, gAly,03 showed

the Cp+ yield around 9% at conversion and selectivity about 30% and 30%,

respectively.
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5.4 Effect of Operating Parameters

The Sm; 3Alo,05 catalyst was selected to investigate the effect of operating
parameters (temperature, methane feed composition and feed flow rate) on its catalytic
performances (the methane conversion, the Cs, selectivity and the C,: yield) and

electrical performane (voltage and current) of the SOFC reactor.

b talytic and electrical performances
' = 1073, 1123, 1173, 1223 and
1273 K under close circuit condition (w exteial load). The results are shown in

Figures 5.6 (a)-(c). The msg
feed flow rate of 15 ml/mi

5.4.1 Effect of Temperature

The effect of operating ten 7
of the Sm, 3Aly,0; cataly, -:n.:: wa

0.84%, atmospheric pressure and the

100 - 10
b= 80 1ol A R L 8
® -~
E E’ L . —— S| . Xe
= os E H4
; '2'.: § _ SC2+
=
3 g 40 | é Wi |- "

20 4---one-f '_ .............. B e .

ql Tem, ture
Pl o Y

ARTANTUUNIINGIRY—

i (@)



2.0 0.40
—
B I————— i
T —_ 020 S L
E 10 4@ - 0. E P
— s |
=
0.5 - ‘
0.0 4
12
1.0
0.8 -
¢ Eclose
g 0.6 - o Eopen
------- E cal
0.4 4---4 7 .
02 - ’
.i“lf‘
0.0 4
1050 ‘uoo nso 1250 1300

qmmnmuﬁnﬂmaﬂ

Figures.6 Effect of Temperature on SOFC Performance (a) CH; Conversion (Xcna),
Ca+ Selectivity (Scz+) and Cy+ Yield (Yca+) at close circuit condition without an external
load, (b) Current (/) and Power Density (P) at close circuit condition, and (c) Cell

Voltage (E). At Atmospheric pressure, Methane Composition of 90.84% and Methane
Flow Rate 15 ml./min.
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From Figure 5.6 (a), at close circuit condition (without any external loads), it
was found that the conversion and selectivity were very sensitive to temperature, the
conversion increased largely according to temperature, from about 20% to 70% when
raising the temperature from 1073 to 1273 K, while the C,. selectivity decreased from
around 10% to 4.5%. However, at higher temperature, the reaction was tended to
incomplete combustion rather than the Cy. hydrocarbon formation, resulting in the
decrease in the Cp. yield. Furthermore, when increasing temperature, the carbon
decomposition compound was much increased as indicated by the carbon balance in
Table 5.4.

The current also gradual! \ ased. Ay he temperature was increased as
shown in Figure 5.6 (b). Theoretic: ly,_’le h@mture should make the lower
polarization because thg ANCEt i vmen ion through YSZ and the

resistance to conductigg ¢ § C¥: catalyst to current collectors were
lower at higher temper : creased as the temperature
was increased. It was al n the voltage between the open
and close circuit conditio en at low temperature. On the
other words, the ohmi ause the electrolyte (YSZ),
which is normally the le is sli

On the other hand d when the temperature was
increased at open circuit mode igure 5 6 (c). The theoretical voltages
(dashed lines) can ical*voltage of each reaction

experiment. Thereforeﬁ wa in temperature caused the

increase in voltage du€to the change of reaction products according to temperature. It

)i i f]“VT%IWﬂ“W g

Table 5.4 Results of Effect of Tempd'ature Close G‘cult Mode L ¥

. Selectivity C,,Yield
Conversion ~ C,+ (66 CO  Cbalance
K v mA % % % % % %
1073 0.781 1.45 24.7 39.6 2.8 0.0 57.6 9.8
1123 0.845 1.68 272 343 2.6 0.0 63.1 93
1173 0.858 1.71 33.1 25.5 3.6 2.1 68.7 8.4
1223 0.889 1.77 459 151 3.2 14.0 67.7 6.9

1273 0.915 1.82 72.3 7.6 25 12.0 77.9 5.5




5.4.2 Effect of Methane Composition

Figures 5.7 (a)-(b) show the results of the effect of the methane composition on
the catalytic and electrical performances of the Sm; 3Alo,0;3 catalyst. The experiment
was conducted under close circuit condition (without external load), at 7= 1173 K,

atmospheric pressure and the feed flow rate of 25 ml/min.
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In Figure 5.7 (E and Table 5.5, it was shown that@e methane conversion was
decreased re | ‘w lﬁ it ile the Cs. selectivity
was slightly mg C ggrijtl ﬂﬂ?ﬂ:ﬂ:ﬁting in the decrease
in the Cy+ yiek?'rI From the kinetic m@del of some investigations (AlZahrani, 2001),
the ota‘ Wﬁ%a @ﬂeﬁemngd %ﬂ@%ﬂsm (%ll .0 and that
from thé reaction to COyx was about 0.5, as the result, the increase in methane
composition caused the increase in the selectivity of C, hydrocarbon compared to that
of COy. It should be noted that the carbon decomposition compound tended to increase
when increasing the methane composition.

According to Figure 5.7 (b), at close circuit condition, the voltage was

independent of the change of methane composition because the methane composition
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did not significantly determine the reaction routes (or the composition of the products).
As a results, when the voltage from the reactions of the production of C,+ hydrocarbon,
carbon dioxide and carbon monoxide was calculated, the values were not so different as
shown in Figure 5.7 (b). At close circuit condition, the current tended to increase
slightly as the methane composition increased, causing the small increase in the power

outlet.

Table 5.5 Results of Effect of M h@sition: Close Circuit Mode

Methane E — Selectivity C,.Yield
Composition . on ! : >t CO  Chbalance
% Vv I » . % % %
39 0.811 9 12.7 47.0 16.9
56 0.830 6.8 572 13:1
73 0.834 32 51.3 10.5
90 0.870 152 62.8 8.6
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5.4.3 Effect of Gas Flow Rate

The results of the effect of the gas flow rate on catalytic and electrical
performances of Sm,;sAlo03 catalyst are shown in Figures 5.8 (a)-(b). The
experiments were conducted under close circuit condition (without external load), at the
operation condition of 7'= 1173 K, atmospheric pressure and methane composition of

90.84%.
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Figure 5.8 Effect of Gas§ F Conversion (Xcus), Ca+ Selectivity

(Sc2+) and Cy+ Yield (Yco4) 2
Cell Voltage (E), Current (2) an

and Methane Compositi

ion Without an external load, and (b)
?) (T=1173 K, Atmospheric pressure

y 1y

F xternal loads), th
rom Qd mv%ﬂw ?Wﬂﬂrf]aﬁ external loads), the

methane conversion rela erse y with gas flow rate, that is, it decreased when gas

el ot 1300/ MR )

could b noticed that the changes in the conversion and selectivity were sharp at low
gas flow rate. From the experiment, the carbon monoxide was not detected at the flow
rate more than 25 ml/min and the carbon decomposition compound had no clearly
relation with the gas flow rate. It was able to indicate that the higher residence time

(lower gas flow rate) resulted in the consecutive reforming reaction of methane with
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produced steam according to the reaction (Tagawa et al., 1999) CH,4 (and/or Cy:) + H,O
2 CO + 3H; and the gas phase combustion of hydrocarbons especially the C,
hydrocarbons, thus decreasing the C+ formation.

According to Figure 5.8 (b), the voltage and current had no relationship with the
gas flow rate, a little change was noticed and the calculated voltages were close to the
experiment except at low flow rate (first two points), because at low flow rate, a part of
CO was formed by | gas phase reaction, which did not use oxygen supplied from

electrolyte. The power outlet was thus independent of the gas flow rate. Nonetheless,

lower gas flow rate range; hoy Was' ducted due to limitation of the

equipment.
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