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ABSTRACT

A nickel catalyst to be used for internal steam reforming in a molten carbonate fuel cell (MCFC) must be resistant to
the alkali components (Li and K species) of the electrolyte; these components can reach the catalyst from the anode by
either transport via the vapor phase or by means of surface creep along the walls. In a series of experiments for deter-
mining the rates of transport, it was found that the amount of alkali transported by creep along a metallic wall (Au or Ni)
was much smaller than that transported via the vapor phase. The vapor transport occurred by the formation of the alka-
li hydroxides. The vapor pressure of LIOH was found to be eight times larger than that calculated from thermodynamic
data. All the Al-containing materials tested strongly took up alkali from the gas phase. The catalysts Ni/MgO and Ni/Si02
sintered strongly during exposure to gaseous LiOH and KOH.

Infroduction
The molten carbonate fuel cell (MCFC), operating at

923 K can be fed directly with natural gas instead of
hydrogen, if it is coupled with a catalytic steam-reforming
system. The highest efficiency is obtained if the catalyst is
positioned in the anode compartment of the fuel cell (i.e.,
internal reforming, IR-MCFC). The electrolyte is com-
posed of a porous LiAlO2 tile filled with a molten eutectic
mixture of Li2CO2 and K2C03 [62 mole percent (mb)
Li2CO3, 38 mb K2C03)1.'

The poisoning of the steam-reforming catalyst by alkali
from the electrolyte has been investigated at the Institute
of Gas Technology2 and by several other authors. The
rates of deactivation of reforming catalysts in the presence
of alkali, reported in 1iterature,25 vary widely according to
the experimental conditions. The transport mechanism of
alkali carbonates under MCFC conditions therefore needs

a Present address: Laboratory for Chemical Technology,
Eindhoven University of Technology, 5600 MB Eindhoven, The
Netherlands.b Present address: ECN, Materials Science, Petten, The
Netherlands.

closer attention; however, literature concerning this subject
is very scarce. From thermobalance experiments, Ong and
Claar6 concluded that loss of Li2CO3 and K2C03 in H20/C02
mixtures occurs mainly as a result of the formation and
vaporization of the corresponding alkali hydroxides.

This paper reports the results of experiments in which
the rate of transport of alkali via the vapor phase as well
as that by surface creep have been measured. It also de-
scribes the effect of alkali on the steam-reforming behav-
ior of a number of catalysts.

The two ways in which movement of alkali toward the
catalyst in the IR-MCFC can take place are illustrated in
Fig. 1. At the operation temperature of 923 K, the molten
carbonate, present in the pores of the anode, can either
evaporate as alkali hydroxide and diffuse through the
vapor phase toward the catalyst, or it can creep along the
metal wall of the anode compartment toward the catalyst.
These alkali compounds can then be taken up at various
surfaces by adsorption or absorption and can also possibly
take part in chemical reactions with the catalyst material.

For an easier interpretation of the experimental results
obtained, the following two aspects are discussed in detail:
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_____ reetI w&J

gas Phase LIOF1(g) KOH(g)

cat:Iyst _____________________

Fig. 1. Schematic representation of the two possible alkali trans-
port routes in a section of the MCFC: vapor transport and surface
creep.

(i) the influence of the partial pressures of 1120 and CO3 on
the vapor pressures of the alkali compounds according to
thermodynamics and (ii) the influence of the chemical
composition of a surface on the rate of surface creep.

Influence of the H20 and CO2 partial pressures on those
of the alkali compounds.—The rate of alkali transport via
the gas phase is proportional to the vapor pressures of any
alkali-containing compound which can be formed. The
vapor pressures of these compounds can be estimated by
using thermodynamic data. Since the gas phase can be
assumed to behave ideally, the following relation applies
at equilibrium for all possible reactions

AG,, = vj + RT v ln p

+ RT v ln y1x1 = 0 [1]

where AG,, is the total Gibbs free energy change in the
reaction, v is the stoichiometry of reaction, is the chem-
ical potential under standard conditions, p, is the partial
pressure (bar), is the activity coefficient in the fluid
phase, and x, is the mole fraction in the fluid phase.

In the following, the values of as a function of tem-
perature were taken from the thermodynamic tables of
Barin et al.7 and Chase et al.8 The values of the activity
coefficients, which depend on temperature and fluid com-
position, were calculated from the data of Ref. 9. For a
eutectic mixture at 923 or 973 K, the values of the activi-
ty coefficients for Li2CO3 were calculated to be 0.79 or
0.81, respectively, and those for K2C03 0.45, or 0.48,
respectively. Molten mixtures of alkali carbonates and
alkali hydroxides have been assumed to behave ideally.9
The calculations yielded the following conclusions.

1. Over the molten carbonate mixture present in the
MCFC and in the presence of noticeable amounts of water
vapor, vaporization of the alkali species occurs almost
exclusively as the hydroxides which are formed as

Li2CO3(l) + H20(g) = 2LiOH(g) + C02(g)

K2C03(l) + H20(g) = 2KOH(g) + C02(g)

2. Combining reactions 2a and 2b and Eq. 1, it is found
that the vapor pressures of the alkali hydroxides (PLoH and
PKOH) depend on the ratio of the partial pressures of 1120
and CO2 as follows

LiOH = l H20/1'C02

culated from: P02 = C3 F'H2O, where C3 is 1.9 iO at 923 K
and 3.2 . iO at 973 K.

Influence of the chemical composition of a surface on the
rate of surface creep.—Transport of a liquid over a surface
(creep) is encouraged if the liquid wets the surface and this
implies that there is a small angle of contact between the
liquid and the surface. If this applies to the liquid molten
carbonate on the walls in the MCFC between the anode
and the catalyst, significant surface creep of alkali car-
bonate to the catalyst is likely to occur.

In order to find MCFC anode materials with good wet-
ting properties, Fisher et al.10'2 and Weever et al.'3 have
measured contact angles of the molten carbonate eutectic
mixture on various solids. The following conclusions can
be derived from their results: (i) both Ni and Au have con-
tact angles of —60° at 923 K in a reducing atmosphere such
as that present in the MCFC anode gas compartment,
implying that the rate of creep transport along a metallic
Ni or Au wall might be expected to be small, and (ii) oxid-
Ic materials and metals having oxidic compounds on the
surface (e.g., most types of stainless steels) are wetted by
the molten carbonate (i.e., have contact angles smaller
than 20°).

We can therefore conclude that the metallic surface of a
nickel catalyst itself is not likely to be easily covered by
alkali carbonate but that oxidic material of the support
will attract alkali carbonate and that this may cause com-
plete filling of the pores of the support.

In order to confirm some of the conclusions described
above, one set of experiments was carried out in order to
measure actual rates of alkali transport via the vapor
phase and another set of experiments was carried out in
order to measure the rates by surface creep.

Experimental
Vapor transport experiments.—Figure 2 shows schemat-

ically the system used for examining vapor transport and
the affinity of the alkali for different porous materials. It
comprises a horizontal tube oven with a nonporous alumi-
na tube (internal diameter 25 mm, heated length = 60 cm)
containing two crucibles, one of them gold [10 x 2.0 x
(height) 1 cm] containing a molten mixture of Li2CO3 and
K2C03 and one of them alumina (length 12 cm) containing
various catalysts samples in smaller gold crucibles (1 X
1.5 x (height) 1 cmi. The distance between both large cru-
cibles was 1 cm. The large gold crucible was filled with
about 35 g of Li2CO3/K2C03 (eutectic mixture with a molar
ratio of 62:38) giving a fluid level about 3 mm below the
edge. The small gold crucibles were filled with samples of
about 75 mg of the catalysts and catalyst support materi-
als to be tested (0.125 < particle diameter < 0.3 mm); the
samples used are specified together with the results.

Two comparable experiments have been performed; a
gas flow of 97 cm3 (STP) min', containing 70% hydrogen
and 30% steam, was used in both experiments. LiOH and
KOH vapor were added to the gas by evaporation of alka-
li from the large gold crucible filled with molten carbon-
ate; subsequently, the vapors which formed were allowed
to be taken up by the samples in the smaller Au crucibles.
An operation temperature of 973 K, 50 K higher than that
of the MCFC, was chosen to enhance the rate of alkali
transport. After exposure to the vapor for 155 h, the sam-
ples had alkali contents of several weight percents.

[3a] Several identical y-Al2O3 samples were included among
the samples tested in order to see whether the uptake of

KOH = C2 \/H2O/CO2 [3b]

where C1 is 1.4 . 10-8 bar at 923 K and 74 . 10 bar at
973 K; and C2 is 2.0 iO bar at 923 K and 1.0 . 106 bar
at 973 K.

3. If the CO2 content of the atmosphere is very low, CO2
will be produced from the molten lithium carbonate under
formation of liquid LiOH. The equilibrium partial pres-
sure of C02, which also determines the alkali hydroxide
vapor pressures according to Eq. 3a and b, can then be cal-

30 % H,O LiOH vagot, Au crucibles70 % H, KOH vapo,L:;-1 LJL]HLJHLiLiLJL

Fig. 2. Experimental setup for testing the ability of several cata-
lysts and catalyst supports to take up LiOH and KOH from the gas
phase.

[2a]

[2b]

aIumira
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alkali by the samples significantly decreased the alkali
hydroxide vapor pressure of the gas flow during its pas-
sage over the row of small crucibles.

After the tests, the samples were analyzed chemically
for their Li and K contents. A few of the samples were fur-
ther characterized by N3 physisorption, x-ray diffraction
(XRD), and measurement of the steam-reforming activity.
Details of these characterization techniques can be found
elsewhere.14'15

Figure 3 schematically shows the system used for exam-
ining creep transport and the affinity of the alkali for dif-
ferent porous materials. The same alumina tube oven and
nonporous alumina tube as that used for the vapor trans-
port experiments was used; it now contained only the
12 cm long alumina crucible filled with small gold cru-
cibles (1 x 1.5 x (height) 1 cm] or nickel crucibles (diam-
eter 1.5 cm, height 1 cm). Most of these crucibles were
filled with the samples to be tested together with grains of
the sintered LiA1O3 used as MCFC electrolyte matrix
(mean pore diameter 0.4 rIm, pore volume 0.41 cm3 g',
0.6 <particle diameter < 1 mm). These LiA1O3 grains con-
tained 0.175 g Li2CO3 and 0.197 g K2C03 per gram of final
material, corresponding to Li and K contents of 7.4 and
7.0 w/o, respectively. (This was achieved by impregnation
of the LiA1O3 grains with the molten eutectic carbonate
mixture.) The crucibles were filled in two different ways,
one in which the impregnated LiA1O3 grains (140 mg) were
mixed up with grains of the material to be tested (100 mg,
0.125 < particle diameter < 0.3 mm) and one in which a
small free space was left between the piles of alkali-
impregnated LiAlO3 grains and the grains of the material
to be tested. The second way of filling was done in the
third, fourth, and fifth crucible in Fig. 3. By filling the cru-
cible in the first way, the rate of creep along oxide surfaces
was tested; by filling it in the second way, the rate of alka-
li creep along a metallic wall was tested.

Two comparable creep transport experiments were car-
ried out; the samples used in both tests are specified
together with the results. The experiments (duration 155 h)
were carried out at a temperature of 923 K. In both tests,
the samples were maintained in an atmosphere containing
52% H2, 30% H20, and 18% CO2 with a total flow rate of
114 cm3 (STP) min'. The presence of CO2 stabilized the
alkali carbonate and thus helped to minimize the forma-
tion and vaporization of the alkali hydroxide. By using dif-
ferent grain sizes of the LiA1O3 and the material to be test-
ed, the two materials could be separated manually after the
experiment for further analysis and characterization.

Results and Discussion
Vapor transport experiments.—The Li and K contents of

the successive samples from both vapor transport tests are
shown in Tables I and II. Two effects must be taken into
account when comparing the alkali uptakes of the materi-
als. First, the rather unexpected large difference between
the alkali uptake in the first crucible in both tests indi-
cates that the accuracy of the results is limited. Second,
the results show that there is a gradual decrease of the
alkali content going from the first to the last crucible.
(Compare the values for the different y-A12O3 crucibles.)
This indicates that a significant depletion of the gaseous
LiOH and KOH took place above the samples over the
length of the furnace.

Table I. Alkali content of the samples after vapor fransport test 1.

Crucible
Material

tested
5EET

(m2 g1)

Alkali upt
(w/o)

Li

ake

K

Monolayer
capacitya

(w/o)
Li K

1
2
3

y-A1203
1-A1203

MgAl204

196
196
182

2.5
2.1
1.0

6.8
6.8
5.3

1.9 10.8
1.9 10.8
1.8 10.1

4 y-Al203 196 0.87 3.9 1.9 10.8
5 y-LiAl02 3.9 not meas. 3.0 0.044 0.25
6 1-A1303 196 0.32 2.1 1.9 10.8
7 cs-A1203 0.28 0.21 1.6 0.003 0.018

a Li and K contents at one monolayer of LiOH and KOH,
respectively. All the values given are calculated using the mono-
layer capacity of 7-A1203 for transition metal ions havin a
valence of +2, this capacitiy being taken as 10 ions per nm2. 1

Prepared by coprecipitation of the corresponding metal
nitrates, followed by calcination at 1073 K and isostatic pressing
at 4000 atm.

Table II. Alkali contents of the samples after vapor fransport test 2.

Crucible
.Material

tested
S

(m g)

Alkali
uptake
(w/o)

Li K

Monolayer
capacitya

(w/o)
Li K

1
2

y-Al 03Ni 196
0.4

3.3 4.2
0.00 0.00

1.9 10.8
0.005 0.026

3 C-Ni3AI (723)
(79 w/o Ni)

116 1.7 2.4 1.2 6.8

4 C-NiA13 (873)
(27 w/o Ni)

140 2.2 4.2 1.4 8.0

5 7-A102 196 1.4 3.1 1.9 10.8
6 C-NiMg3 (773)

(29 w/o Ni) a
56 0.05 0.03 0.62 3.5

7 y-A1203 196 1.1 3.3 1.9 10.8
8 Ni/Si02

(9.1 w/o Ni) d
305 0.00 0.03 2.5 14.0

a See Note a of Table I.
la Prepared from nickel nitrate by calcination at 673 K and

reduction at 773 K.
a
Catalysts prepared by coprecipitation using the molar ion

ratio and calcination temperature (shown in brackets) as given,
followed by isostatic pressing at 4000 atm.

Prepared by impregnation of 5i02 (Aerosil) having a BET-sur-
face area of 336 m2 g' with nickel nitrate, followed by calcination
at 873 K and reduction at 973 K.

The results given in Tables I and II show that the
amounts of Li and K taken up are generally almost inde-
pendent of the material tested, despite the large differ-
ences in specific surface areas and the estimated monolay-
er capacities (also given in the tables). Clear exceptions to
this tendency are the pure nickel and the catalysts having
a MgO or SiO2 support (see Table II); these samples took up
much smaller amounts of Li and K. This result was only
expected for the nickel powder because of the very small
specific surface area of this sample and the fact that LiOH
and KOH are thermodynamically not expected to react
with nickel metal in a reducing atmosphere. Only in the
samples a-A12O3 and -y-LiA1O3 were the estimated mono-
layer capacities amply exceeded; this probably explains
the observation that the cx-A13O3 grains were rather sticky

Fig. 3. Experimental setup for
testing the ability of several cat-
alysts and catalyst supports to
take up Li2CO3 and K2C03 via
creep transport from LiAlO2
grains impregnated with molten
carbonate (LA/ac stands for
hAlO2 impregnated with Li2CO3
and K2C03).

52 % H2
18 % 002
30 % H20

1.6rm, 1.2rrn 2Jrrvn
Au Au Au ÷, Ni , Ni _ Au

tHba
LA/ac LA/ac + LA/ac LA/ac LA/ac LA/ac +

only y—A1203 y-Al203 y-A1203 y-AI2O3 C-NiMg3
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after the test. The affinity of all the Al-containing oxidic
materials for LiOH and KOH thus appears to have been
rather strong. A strong interaction of K with alumina and
a weak interaction of K with Ni and Si02 have also been
reported by Kesraoui et alY?

Further characterization of several samples after the
test by nitrogen physisorption and XRD analysis showed
that most samples were affected markedly by the alkali,
see Fig. 4. Part of the y-A1203 of the first crucible in vapor
transport test 1 had reacted to give 'y-LIA1O2 and, to a less-
er extent, a-LiAlO2 and a-A1203. The Brunauer, Emmett,
and Teller method (BET) surface area of this sample was
measured to be only 106 m2 g1. XRD analysis further
showed that the -Al2O3 sample had also reacted to form a
limited amount of -y-LIA1O2. The samples C-NiMg3 and
Ni/Si02 were most severely affected by the alkali: the spe-
cific surface areas had decreased to below 5 m2/g while
coarsely crystalline MgO (periclase) and Si02 (cristobalite)
had formed.

From the results it follows that a strong interaction
exists between the alkali and the pure alumina and many
of the aluminates. The observation that only y-LiA1O2 and
a-LIA1O2, but no K-containing phases, could be found by
XRD indicates that the thermodynamical driving force
and the ion mobility for Li were only sufficient to bring
about formation of bulk alkali aluminate; the K-contain-
ing phases were probably distributed over the alumina
surface as a submonolayer.

The small alkali uptake of C-NiMg3 was expected to be
due to the chemical resistance of MgO to alkali hydrox-
ides19 and the decrease of the specific surface area to a
value below 5 m2 g1 due to sintering. A large decrease of
the surface area of MgO to give values below 3 m2 g1 in the
presence of Li compounds has been reported by several

authors.2022 The small alkali uptake of the Ni/Si02 sample
can also be explained by the large decrease of surface area.

Comparable results on enhanced sintering of several
catalyst support materials in the presence of alkali com-
pounds have been reported by Perrichon and Durupty2°
who studied the stability of Si02 (aerosil), 'y-A.1203, Cr203,
and MgO after impregnation with Li, Na, and K com-
pounds. The Si02 and Cr203 sintered rapidly after addition
of Na and K; MgO was slightly less sensitive to Na and K,
but Li caused extensive sintering of this oxide. These
authors found 'y-A1203 to be clearly the most stable of the
oxides tested; it had a residual specific surface area of
about 100 m2 g' after addition of 10 mb of K and heating
at 1100 K for 8 h. Narayanan and Uma23 also found that
impregnation of -y-Al203 with Li [2 weight percent (w/o)
LiNO3] caused an enhanced decrease of the surface area
during heating at 1073 K.

The amounts of Li and K species taken up by all the
samples together were calculated in order to compare
these values with the total amounts vaporized according
to the thermodynamic calculations, Assuming that ther-
modynamic equilibrium was attained in the gas flowing
over the gold crucible containing the molten carbonate,
the values of PLIOH and PKOH were 43 10-6 bar and 7.3
10 bar, and the total amounts of alkali vaporized during
the test were 1.6' i0 moles Li and 2.7' 10 moles K. The
total amounts of alkali which were taken up by the sam-
ples in the tests, however, differed significantly from these
values. The amounts of K taken up were about one-fourth
of the estimated amount vaporized. This is likely to be due
to not reaching saturation of the gas with KOH over the
crucible filled with molten carbonate or by a loss of K to
the wall of the tube furnace. The total amount of Li taken
up, however, was about eight times larger than the esti-

C
a)4-'
C

'y-A1203
post-test

a-A1203
post-test

fresh

C-NIMg3

post-test

fresh

Ni/S102

post-test

Fig. 4. XRD results obtained
for several samples before and
after the alkali vapor transport
test.

20 30 40 50 60 70 80
Diffraction angle I 029
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Table III. Alkali contents of the samples after creep transport
test 1. The impregnated LiAIO2 grains of the materials to be tested

were mixed completely in all the crucibles. Gold crucibles have
been used in all cases.

Crucible
Material

tested S?ET(m g')
LiA1O2 a

w/oK
Materia

w/o Li
1 tested

w/o K

1 b 6.2
2
3
4

5

y-Al203
Si02

C—NiA13 (1073)
(27 w/o Ni)

C-Ni3A1 (1073)
(79 w/o Ni)

196
336
140

116

2.0
0.92
1.2

4.4

1.1
1.1
1.1

0.89

7.5
6.2
6.0

3.9

6
7
8

a-A1203
y-LiA1O2
MgA12O4

0.28
3.9

182

5.4
4.8
0.88

0.70
7.4 a
1.2

1.3
1.7
8.1

a The amount of remaining Li2CO3 could not be determined
accurately due to the large amount of Li present in the LiA1O2.

In order to measure the extent of vaporization of Li2CO3 and
K2C03, this crucible was only filled with impregnated LiA1O2, ini-
tially containing 7.4 w/o Li and 7.0 w/o K.

See Note c of Table II.

mated amount vaporized. Additional transport by creep
along the oven wall or the surface of the gold crucibles
seems to have been unlikely, the same applies to diffusion-
enhanced transport.' The reason for the accelerated Li
transport is unclear. The volatility of the hydrated lithium
hydroxide (LiOR . H20) may be higher than that of LiOll
(Ong and Claar6); furthermore, the presence of liquid
K2C03 and/or of KOH vapor may have increased the
vaporization of the LiOH in some way; finally, the ther-
modynamic data concerning one or more lithium com-
pounds may not be sufficiently accurate.

Creep transport experiments—The Li and K contents of
the successive samples and of the alkali-impregnated
LiAlO2 grains from both creep transport tests are shown in
Tables III and IV. Although little vaporization of K2C03
had occurred from the impregnated LiA1O2 grains (the K
content of the grains in the first crucible in both tests
decreased from —7 to —6 w/o), it is unlikely that signifi-
cant transport of alkali between the crucibles via the
vapor phase has taken place during the test.

With the completely mixed samples (crucibles 2-8 in
Table III and crucibles 2 and 6 in Table IV), the amounts of

With an estimated diffusion coefficient at 973 K for LiOH of
5.6 i0 m2 sfl', a value of LiOH above the molten carbonate of
4.3 10 bar, a value of LjOH above the samples of 0 bar, a total
diffusion path length of 1.5 cm and a total cross surface area of
3 cm2, the amount of LiOH transported over a period of 155 h by
diffusion alone would be 3.4 iO moles Li. Despite the large
LiOH gas concentration gradient which has been used in this esti-
mation, this is only one-third of the amount of Li transported
found by experiment.

Table V. Sample characteristics of several samples after creep
transport test 1 obtained from N2 physisorplion.

Material

Fresh Post-test
SBET

(m2 g')
Pore volume'

(cm3 g')
SDET

(m2 g')
Pore volume'

(cm' g')

y-Al,O,
MgA1,O,
SiO,
C-Ni3A1 (1073)
C-NiA13 (1073)

196
182
336
91

146

0.53
0.37
1.08
0.13
0.31

113
78

6
15
59

0.36
0.22
0.020
0.059
0.19

'Pore volume with pore radii smaller than 20 nm.

alkali taken up increased with an increase of the specific
surface area of the materials; the chemical composition of
the material was only of minor importance. The uptake of
K by the materials with (very) large surface areas, -y-Al,03,
SiO,, MgA12O4, and C-NiAI3 (1073), was so large that only
small amounts of K remained in the impregnated LiAlO,
grains. Although the K contents of most of the materials
tested were significantly higher than the Li contents, the
amounts of Li and K transported expressed in number of
moles are of the same order of magnitude.

The amounts of Li and K transported to both of the sup-
ports with small surface areas (a-Al,O, and y-LiAlO,) and
the Ni/MgO catalyst were rather small. For a-Al,O, and -y-
LiA1O2, however; they corresponded to more than one
monolayer. Although this does not apply to the Ni/MgO
catalyst, the amounts of K transported to this catalyst by
creep were much larger than that taken up from the gas
phase in vapor transport test (see Table II).

The amounts of alkali transported in the presence of
some free space between both piles (the 3rd, 4th, and 5th
crucible of creep transport test 2) were in all cases very
small (see Table IV).

Further characterization by XRD showed that forma-
tion of 7-LiAlO2 and a-LiAlO2 had taken place in all the
alumina-containing samples analyzed to an extent compa-
rable with the -y-Al,O, shown in Fig. 4. Table V shows that
the surface areas and the pore volumes of most samples
had decreased significantly during the test. There was a
drastic decrease of surface area for the nickel/alumina
catalyst with a high nickel content of 79 w/o [C-
Ni,Al(1073)] and especially for the Si02. There were rela-
tively much lower decreases for the samples with high Al
contents [-y-Al,03, MgA12O4, and C—NiA1,(1073)]; these
samples also took up the largest amounts of alkali.

Generally, the results of the creep transport tests in
which the grains were totally mixed with the impregnated
LiA1O, are quite comparable with those of the vapor
transport tests; however, the influence of the specific sur-
face area of the sample on the rate of alkali transport
seems to be stronger for creep transport than for vapor

Table IV. Alkali contents of the samples after creep transport test 2.

Crucible'
Crucible
metal Material tested Method of contact'

LiAlO, I,
w/o K

Material test
w/o Li

ed
w/o K

1 Au —' C 6.3 — —

2
3
4
5
6

Au
Au
Ni
Ni
Au

'y-Al,O,
3-Al,03
1-Al,03
1-A1,O,

C-NiMg, (773)
(29 w/o Ni)

Completed mixed
1.6 mm free spaced
1.2 mm free spaced
2.7 mm free spaced
Completed mixed

0.99
5.8
6.7
7.1
5.8

1.48
0.027
0.025
0.009
0.029

0.36
0.64
0.67
1.55

'See also Fig. 3.
See Note a of Table III.
In order to measure the extent of vaporization of Li,C03 and K,C03, this crucible was only filled with impregnated LiA1O,.
So that there was free space between the LiA1O, and the -y-Al,O, grains, less impregnated LiA1O, and y-A1,03, were used. The amounts

of previously impregnated LiA1O, in crucibles 3-5 were 85.6, 90.2, and 66.1 mg, respectively; the amounts of -y-Al,O, in these crucibles
were 51.9, 46.9, and 43.8 mg, respectively.
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Fiq. 5. Arrhenius plots of several catalysts before and after the
alkaTi transport test: (A) fresh C-Ni3Al(O73), (A) post-test C-
Ni3AI(1073), () fresh C-NIAI3(1073), (0) post-test C-NiAI3(1073).

transport. This latter conclusion follows from the larger
alkali uptakes of the Ni/SiO, and C-NiMg3 and the small-
er uptakes of the a-Al,03 and the -y-L1A1O, in the creep
transport tests,

The negligible amount of alkali transported by creep
along a metallic wall suggests that vapor transport may be
the predominant mode of transport of alkali transport
toward the catalyst in the real MCFC system, if the inter-
nal reforming catalyst is fitted on (or in) a metallic (nick-
el) plate without direct physical contact between the
anode and the catalyst. The small amounts of alkali trans-
ported in the creep transport tests were probably due
mainly to vapor transport instead of creep transport; in
comparison with Li, the somewhat larger amounts of K
transported can largely be attributed to vapor-phase dif-
fusion of KOH. This vapor transport probably also
explains the absence of a significant influence on the
amounts of alkali transported along distance between the
two piles of grains and the crucible metal used.

The steam-reforming reaction rate constants (k) of the
catalysts C-Ni,Al(1073) and C-NiAl,(1073) after creep
transport test 1 were measured at different temperatures
and the results are shown in Fig. 5. For the calculation of
k, a first reaction order with respect to CH4 was assumed,
The figure shows that the catalysts had deactivated signif-
icantly; the catalyst with the highest alumina content had
the highest post-test activity. Further, the results for the
post-test catalysts typically gave rise to very low apparent
activation energies at lower temperatures (<50 kJ/mol),
and higher values at higher temperatures. The decrease of
the activity of both catalysts is much larger than the
decrease of the specific surface areas and pore volumes of
these samples; the alkali apparently has, in particular, an
effect on the nickel crystallites. Another paper'5 addresses
the behavior of steam reforming catalysts in vapors of
alkali hydroxide in more detail and also shows that the
deactivation is accompanied by a strong decrease of the
accessible nickel surface area.

Conclusions
1. All the alumina-containing samples with high specif-

ic surface areas took up significant amounts of LiOH and
KOH from the gas phase; the samples with high Al con-
tents showed the highest residual values of SBET (50 to
100 m2 g').

2. The Ni/SiO, and Ni/MgO catalyst underwent signifi-
cant sintering in the presence of alkali, the resulting val-
ues of SBET being <5 m' g'.

3. The amounts of LiOH vaporized were about eight
times greater than those estimated from thermodynamic
data.

4. The samples with low specific surface areas took up
smaller amounts of alkali via creep than did the samples
with high surface areas; however, the amounts of alkali

per unit of surface area were much larger than those for
the samples with high specific surface areas.

5. When direct contact between the catalyst and the
anode in the MCFC was avoided, the main transport route
for Li and K appeared to be vapor transport of LiOH and
KOH. Stability tests for catalysts intended for internal
reforming in the MCFC should therefore be performed in
an atmosphere containing low concentrations of lithium
and potassium hydroxides.

6. Nickel/alumina catalysts showed low steam-reform-
ing activities after the alkali creep transport test.
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