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Abstract

Molten carbonate fuel cells (MCFC) are the systems suitable for large-scale energy production. The cathode material used in these cells
NiO. In this study the NiO cathode was synthesized by tape-casting method and the adsorptignarfedfthe cathode feeding gases, was
investigated on it. The adsorption studies were carried out by the use of packed column and the adsorption analysis were performed usir
pulse response technique. There were two 1/4 in. diameter and 5 and 10 cm length columns prepared for the experiments and they were pack
with 3 mm average particle sized NiO. The experiments were carried out with gas chromatography using He as a carrier gas. The respon:
curves were taken after pulsing the columns with,Cthe equilibrium constants and heat of adsorption of GONIO were determined by
the use of the first absolute moment equations corresponding to retention times. It was observed that the adsorption was physical in natur
From the adsorption constants determined at different temperatures and the heat of adgorStioras found as-1299 cal mot?.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In order for a MCFC to be economically viable the life
of the cell should be above 40,0002]. The major factor,
Hydrogen fuel cells regarded as the energy converter of which decreases the life of the cell is the dissolution of the
our century started to be used in many field such as trans-NiO cathode as
port vehicles, electrical power stations, portable electronic
devices, etc. Among these fuels cells molten carbonate fuelNiO + COp, — Nit2 + CO3 2 (1)
cells (MCFC) have a great potential to be used for large scale
energy production due to their high power yield (45-60%), The resulting Ni2 deposit upon the anode and cause short
low investment per kW power of energy and elevated tem- circuits within the cell. There are two methods proposed in
perature range (600-70Q) suitable for recycling of the heat  literature to ameliorate this situation: the change of the elec-
of the waste gasd4]. In these cells the cathode is NiO, the trolyte composition and improve the properties of NiO cath-
anode is Ni and the electrolyte is carbonate compounds of theode. Motohira et al. investigated the effect of MgO ang®¢
alkaline metals (LiCOs, KoCO;, etc.). The fuels employed  upon the solubility of NiO cathode and showed that the sol-
are natural and coal gas as well as hydrogen. The conver-ubility decreased by the addition of these ag¢8fsHan et
sion of natural gas and hydrogen is possible in the cell sinceal. on the other hand coated the NiO cathode with LigoO
these cells operate at elevated temperatures. They need nuosing solution immersion methd#]. They tested this cath-

additional conversion unit. ode at three different working pressures and found that the

dissolution was decreased by 50% at lower pressures. Kuk

* Corresponding author. Fax: +90 312 230 84 34. et al. carried out the same process with sol-gel method and
E-mail addressgozkan@gazi.edu.tr (@zkan). observed that the solubility of NiO decreased by 5d%
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are very limited. These type studies are important to provide

Nomenclature necessary data for the understanding of the working princi-
ples, theoretical modeling and practical calculations of the

C concentration of the adsorbable gas in the in-  fuel cells.

terparticle space (mol cnt)
C concentration in Laplace domain
Cads  concentration of the adsorbed gas per unit 2. Dynamic analysis of adsorption

weight of adsorbent (mold)
G concentration of the adsorbable gas in the pare The transfer and kinetic parameters of a system can be

space (mol cm3) reliably determined by the use of pulse-response dynamic
Co concentration of the adsorbable gasintheingut  method. This method is particularly useful in the determina-

concentration (mol crr) tion of parameters such as diffusion coefficient, adsorption
De effective intraparticle diffusion coefficient coefficient, kinetic rate constants and mass transfer coeffi-

(cm?s™ cient[11-13] The principle of pulse-response also named
D, effective axial dispersion coefficient (érs 1) as moment technigue is making the system dynamic by an in-
AH®  heat of adsorption (cal mot) ternal or external impulse and determining its parameters. In
L pack length (cm) this method first the theoretical models defining the system
AL packed length difference (cm) are written in the light of related assumptions and the re-
ks mass transfer coefficient (cm%y sulting linear model statements are solved in Laplace plane.
Ko frequency factor The theoretical moments of the model equations, solved in
Ka adsorption equilibrium constant (ég1) Laplace plane, are taken by the use of @4)and the model
My nth degree momenn(=0, 1, 2,...) parameters are determined by the comparison of these mo-
R radius of the spherical particle of adsorbent  ments with the experimental moments.

(cm) The mass balance equations for the NiO particle packed
Ry gas constant (g cal mol#) column at constant temperature are given by E2jsand (3)
t time (s) for the bulk and the particle phase
to pulse injection time (s) ,
T temperature (K) aC 2°C aC 3De [ 3C;
Uo linear velocity in the empty column (cnTd) 8b5 - DZ@ B UOETZ -- Eb)T <8r>r=R @
Greek letters aCi 20C;  9°C; dCads
&b interparticle void fraction in the absorbentbeg P75, = Ve <r3r r2 ) LY )
&p interparticle void fraction (internal porosity) of

the adsorbent The adsorption rate in E¢3) were assumed to be linear be-
Auy  first absolute moment difference (s) cause tracer concentration is too low in experiment conditions
n nth degree absolute moment and adsorption equilibrium is given in E@)
Pp apparent density of particles (g cd)

acads_ K % (4)
a P

The boundary and initial conditions for the solution of the

NiO is widely used as MCFC cathode material. Also it is : . . .
P s wigely U equation defining system are given in E@H—(10)

used alone or together with some metal and metal oxide com-
pounds for the synthesis of some organic compoy&€g]

and widely used in methane reforming with &®,0 and

O, reaction and.removal of Nd8]. Dewqele and Fromept Ci=0 for t=0 and r>0 6)
[9] have used single pulse and alternating pulse techniques

in the adsorption of Ciion NiO and it is found that Cid The following boundary conditions (7) and (8) were em-

i - 1g-1
adsorption rate is between 0.0178 and 0.0288gn*s ™. ployed since the following current is given as a pulse in an
Similarly in some studies it was observed that the adsorp- jntarval ofto.

tion of same gases and>Hand CO fit to Elovich kinetics

C=0 for tr=0 and z>0 (5)

and adsorption rate is proportional with the square rootof ¢ — ¢, for 0<r<1t and z=0 (7)
the pressurg¢l0]. Unfortunately studies reported in the lit-
erature are not sufficient for the determination of adsorption c =0 for r>1# and z=0 (8)
parameters of C&gas.

The studies related to the physical and chemical phenom-9Ci _ 0 for =0 and r=0 )

enataking place between cathode and cathode feeding gasesr
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Between solid and gas phases diffusion limiting condition Table 1

given by Eq.(10) was employed. Physical properties of NiO
5C Color Olive green
i _ A Apparent density (g cr?) 3.76
D e(ar) r ki(C — Ci) (10) Solid density (g cm®) 6.76
= Porosity 0.44

The dynamic model given by Eq&) and (3was solved with
moment technique. According to this technique the model

equations, initial and boundary conditions were solved after The moments of experimental response curves were com-

being taken to Laplace plane. puted by the use ofith degree moment equation faxt)
) (Eq.(12)) and the Simpson method among the numerical in-
2.1. General moment equations tegration methods. The numerically calculated values were
equated to theoretically calculated moment equation to de-
The theoretical moments of the Eq&) and (3) solved  termine the adsorption equilibrium constant. Schneider and
in Laplace plane, were taken according to Efil) (ze-  smith[13] solved the adsorption of some hydrocarbons on
roth and first moments) and from these theoretical mo- gjjica gel packed column proposing a similar model. ER.
ment equations the first absolute moment equations cor-and (3)were solved in Laplace plane by the use of similar ini-
responding to tracer's average retention time were Com-tja and limiting conditions and the first theoretical moment

Eq.(13).

Thenth degree moment as a function in Laplace plane is epL 1—egp 0p 10
given by =g [ (F50) (1o )+ o
. d'(C/s)
= (—=1)" lim 11
M ( ) s—0 ds? ( )
thenth degree moment as a function in time domain is: 3. Experimental
o
My = /tnc(t) dt (12) The experiments of thig study_ were carried out in two
stages where the synthesis of NiO the cathode material of
0 MCFCs and the adsorption of G@n this material were in-
The absolute moment inth degree is given by vestigated. The first stage was the preparation of NiO and the
00 determination of its some physical properties and the sec-
m Jo " C(r) dr )
fn = — = 0C>O (13) ond stage was performance of the experiments by the use of
mo Jo C@t)de packed columns.
3
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Fig. 1. Schematic representation of the experimental set up.
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Fig. 2. Thermogravimetric analysis of Ni plate.

3.1. The preparation of NiO

with tape-casting method outlined in literat(it&]. Accord-

12 + 50°C o L1=5 cm
w0l o L2=10 cm
Qo s Aul
8 L
»
5 6 r
4 L
21 \Mﬁ
0 1 1 1
20 40 60 80
(a) Volumetric flow rate, cm®min.
8
400° o L1=5cm
© L2=10 cm
6 & Apl
»
el ;
2 L
0 1 1 1
30 50 70 90
(c) Volumetric flow rate, cm®min.
10
700°C
8 -
o 6T
=, 1
2 -
0 .
20 40

(e)

Table 2
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Adsorption equilibrium constants for the adsorption of. G NiO at three

different temperatures

Temperature“C) Adsorption equilibrium constant,
Kco, (cm3 (g—NiO)*l)
50 0.092
300 0.067
400 0.061
600 0.037
700 0.030

ing to this method first a paste of pure nickel was prepared
with organic binders and it was then sintered. There were 5g
of polyvinylalcohol (PVA), 9g glycerin and 15 cirwater
added on 50 g Ni and mixed in mechanical stirrer for 2 h. The
mixture thus obtained was spread as a thin layer in a glass
cuvette kept there for 48 h. The sample was then removed
from the cuvette and sintered for an hour at 300 and°@0
The NiO samples used in the experiments were preparedand 30 min at 700C in air atmosphere. Some of the physi-
cal properties of NiO cathode material obtained as a porous

8
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6 o Apl
(7]
=4 r
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2 L
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(b) Volumetric flow rate, cm®/min.
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Volumetric flow rate, cm®/min.
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& Al

Volumetric flow rate, cm®min.

Fig. 3. The plot of the first absolute moments and the difference of first absolute moments against the flow rates for 5, 10 cm column length.
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plate are given ifTable 1 The sample was used in adsorption of a Gow-Mac 350 gas chromatograph with 1/8 in. connector.

experiments after being grounded into 3 mm particle size. The response data were taken after pulsing the tracer gas in
to the carrier gas the flow rate of which was adjusted by the

3.2. Adsorption experiments use of rotameter and bubble flow meters. The experiments
were carried out at different flow rates (30-10Camin—1)

The schematic representation of the experimental set upand repeated at five different temperatures (50, 300, 400, 600

used for the determination of the G&dsorption NiOisgiven ~ and 700C).

in Fig. 1L The packed columns prepared by packing NiO in

two steels reactors with different lengths; (= 5¢cm, L, =

10cm) were placed in a tube oven. There was a six way 4. Results and discussion

injection valve mounted at the entrance of the reactor and the

carrier gas (He) was passed though it by the help of thisvalve.  TGA and DTA curves of Ni tape are given ig. 2 The

Again the tracer gas CQwas continuously passed from the thermogravimetric analyses were carried out in air at a heat-

0.15 cn® sample loop through another channel. Atthe instant ing rate of 5C min—1. There are four regions observed in

of the pulse 0.15 cfhCO; tracer gas was injected into the the TGA curve. There is a rapid loss of weight of by 2.5%

carrier. The outlet of the reactor was connected to TC detectorat 25-170C. This is attributed to the removal of the water
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Fig. 4. The plot of absolute moments againdt/Ug values at different temperatures.
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in the sample. This is further verified by the change of TGA 3.6
curve in endothermic direction. There is also an endothermic
weight loss at 170-23%C. The amount of loss is 6.5%. This 32 o
is due to the evaporation and removal of the glycerin in the
tape. The loss of weight observed in a temperature range of
235-420°C takes place as result of an exothermic reaction.
This is due to removal of PVA from the structure. The loss is
approximately 6.5%. The organic compounds in the structure
are observed to be exhausted when the temperature reaches °
to 420°C. From that point on the oxidation of nickel takes 20 ' '
place resulting an increase in WEight. 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035
The first absolute momentg{) and difference of first K
absolute moments obtained from the response curves of thq:ig. 5. The change of adsorption equilibrium constants with temperature
adsorption experiments carried out by the use of two different (r? = 0.968).
column lengths at three different temperatures are plotted
against the volumetric flow rates Fig. 3. other hand, selected tracer volume in the experimental stud-
In order to eliminate the pre- and post-reactor retention i€s (0.15 cmd COz) may not be sufficiently small to provide
times the difference of the moments obtained for two different that adsorption takes places in linear zone. Because at this
column lengths were taker{11) and plotted againsi L/Ug tracer volumes (under these experimental conditions) CO
in Fig. 4. The slopes of these lines passing through the origin SPill over on to the catalyst active surface may take occur
were read and the adsorption equilibrium constants of CO Place.
were computed by the use of slope function given in(&§).

AL 1-
Apg = b {1+ ( Sbebgp) (1+ 'SF’KA)] (15) Acknowledgements
p

The authors are grateful to DPT (Turkish Planning Associ-
ation) (Project 2001K120590) and Gazi University Research
t Found (Project 06/2003-63) for the financial support.

28 -

-l n(Kc02)

The adsorption equilibrium constants determined for three
different temperatures are listedTable 2

The heat of adsorption was calculated by the use of Von
Hoff equation given in Eq(16).
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