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Description

The present invention relates to a catalyst composition and a
catalyst material produced therefrom for the steam reforming
of methane in fuel cells, in particular in molten carbonate
fuel cells. The invention further relates to a process for

producing such catalyst compositions.

Molten carbonate fuel cells ("MCFCs") are high-temperature
fuel cells in which electric power is generated by means of
electrochemical reactions between cathode and anode and an
electrolyte matrix located in between. In this type of cell, a
molten eutectic of an alkali metal carbonate mixed melt (e.g.
composed of Ilithium carbonate and potassium carbonate) with
which a support material (e.g. a support membrane composed of

LiAl02/A1,03) 1s impregnated is used as electrolyte.

The hydrogen required for operation of the fuel cell can be
produced directly in the cell by a steam reforming reaction. A
steam reforming reaction of methane may be mentioned by way of

example:

CHz + H»0 - CO + 3H» (1)
CO + H30 - COz + Hz (2)

The first reaction 1is strongly endothermic and can directly
consume the heat liberated by the electrochemical reaction.
This reaction 1s a catalytic reaction which requires a
reforming catalyst (e.g. an Ni catalyst), and it is possible
to utilize natural gas (optionally also methane, petroleum
gas, naphtha, heavy o0il or crude o0il) as starting material for

operation of the fuel cell.

Further information on steam reforming of methane may be found
in numerous literature references (see, for example,
"Catalytic Steam Reforming"” in "Catalysis" Science and
Technology, Vol. 5, Springer Verlag, Berlin, 1985 or

"Catalysis™ Vol. 3, Specialist Periodical Reports, London
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1980, The Chemical Society). Commercial nickel catalysts for
the steam reforming of methane are described, for example, in
Catalysis Science and Technology, J.R. Andersen and M.

Boudart, Vol. 5, Springer-Verlag, Berlin 1984.

Further nickel-comprising reforming catalysts are subject

matter of the following patent applications:

WO 2011/020194 Al describes a catalyst for the steam reforming
of methane which comprises an NiAl;0z spinel which has been
impregnated on a support composed of Al;0z and yttrium-
stabilized Zr0O; (YSZ).

WO 2013/068905 Al discloses the production of catalysts for
the steam reforming of methane comprising nickel-magnesium
mixed oxide, magnesium spinel and optionally aluminum oxide

hydroxide.

EP 2236204 Al describes a catalyst for the reforming of tar-
comprising gases, where the catalyst comprises NiO, MgO and
Al,0s.

US 2004/166056 describes a catalyst for the reforming of
methane in fuel cells, comprising Ni-V205-Zr0O; on an Al203

support.

CN 101829577 A discloses a catalyst comprising CaO, NiO, Zr0:

and Al;0z for the steam reforming of methane.

Part of the reforming is nowadays usually carried out in a
prereformer. This 1is advantageous since hydrogen should be
available immediately on entry into the cell. However, a
further part of the reforming should take place in the cell.
The process is also known as direct internal reforming (DIR).
Here, it is advantageous for the endothermic reforming to take
place in the direct vicinity of the electrochemical reaction,
firstly because of the available heat exchange and secondly

because of the shift in the chemical equilibrium.
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During operation of molten carbonate fuel cells at
temperatures in the range from 580°C to 675°C, vaporization of
part of the electrolyte in the form of alkali metal compounds
such as KOH, NaOH or LiOH is observed. These alkali metal ions
can deposit on the reforming catalysts mentioned at the outset

and deactivate these by undesirable poisoning.

As a solution to the problem, DE 10165033 Al proposes the use
of a potassium adsorption material on a support (e.g. paper)
between anode and catalyst. This can, firstly, quickly lead to
saturation of the adsorption material and, secondly, the
potassium is irreversibly removed from the electrolyte and a
shift in the equilibrium in the direction of renewed formation
of KOH occurs. In addition, effective K adsorption can only be
ensured in the case of a very fine-pored layer which has a
high pressure drop or a low gas exchange between the layer
comprising the catalyst and the porous current collector

layer.

In DE 102007009556 Al, a catalyst having a high pore volume of
at least 200 mm3/g for the steam reforming of methane is
proposed in order to solve the problem. Although these
catalysts have a reduced sensitivity to potassium ions, the
deactivation behavior of this type of catalyst continues to be

unsatisfactory.

It is thus an object of the present invention to provide a
system for direct internal reforming in an MCFC, by means of
which catalyst poisoning by alkali metals (e.g. potassium ions
and/or lithium ions) is effectively ©prevented and the
abovementioned problems can be alleviated. For this purpose, a
catalyst which has a low deactivation rate and at the same
time a high stability toward alkali metal dions should be

provided.

This object was achieved by a catalyst composition for the

steam reforming of methane, in particular for direct internal
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reforming in a molten carbonate fuel cell, which comprises as
component a) mixed oxides of nickel, aluminum and zirconium
and as component b) a further oxygen-comprising aluminum
compound selected from the group consisting of aluminum
hydroxide [Al(OH)z], aluminum oxide hydroxide [AlIO(OH)] and
aluminum oxide (Al»03), wherein the catalyst composition is a

physical mixture of the components a) and b).

In the context of the catalyst composition of the invention,
the term "physical mixture" refers to a heterogeneous mixture
in which the components a) and b) are present 1in clearly

separate phases and thus form a multiphase system.

To obtain such a physical mixture, the components a) and b)
are, preferably as pulverulent particles, combined and
intimately mixed, as described below. Mixing can be carried
out in any known mixer, for example in a drum hoop mixer,
powder mixer, tumble mixer or in other mixers suitable for the

purpose.

The catalytic active phase of the catalyst composition of the
invention (component a) comprises nickel, aluminum and
zirconium, but 1s not restricted to these elements/mixtures.
The highly active nickel-comprising catalysts, in particular
precipitated prereforming, reforming and hydrogenation
catalysts, which are already known from the prior art are
preferred. Examples which may be mentioned are prereforming
and reforming catalysts from BASF SE, including the catalyst
G1-85 comprising from 60 to 75% by weight of ©NiO and
additionally Al;05 and 2r0:.

The component Db) can comprise aluminum hydroxide [Al (OH)s],
aluminum oxide hydroxide [A1O(OH)] or aluminum oxide (Al03) or
mixtures thereof. The term aluminum hydroxide refers to
gibbsite [v-Al (OH) 3], bayerite [a—-Al (OH) 3] or amorphous
hydroxides from sol-gel processes. In the case of aluminum
oxide hydroxide, preference is given to using boehmite [vy-

AlIO(OH)]. In a preferred embodiment, aluminum oxide phases
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having a high surface area, for example chi-aluminum oxide (¥~
Al,03), eta-aluminum oxide (n-Al1203), rho-aluminum oxide
(p—-Al203), kappa-aluminum oxide (kK-Al;03), gamma-aluminum oxide
(y-Al203), delta-aluminum oxide (0-Alz03), or theta-aluminum
oxide (©6-Al;03) are used as component b). The aluminum oxide
phase particularly preferably comprises y-Al;03, 0-Al;03 or 6-
Al203 or a mixture of these three phases. The phase composition
of the component b) can be determined, for example, by X-ray

diffraction.

A preferred embodiment of the catalyst composition of the
invention comprises mixed oxides of nickel, aluminum and
zirconium as component a) and gamma-aluminum oxide (y-Al203),
delta-aluminum oxide (®0-Al203) or theta-aluminum oxide (6-Al1:03)

or mixtures thereof as component b).

The amount of component b) in the catalyst composition is in
the range from 1 to 60% by weight, preferably in the range
from 5 to 50% by weight and particularly preferably in the
range from 10 to 30% by weight, based on the total weight of

the catalyst composition.

Furthermore, in the catalyst composition of the invention, the
particles of the component a) have a particle size having a dsg
of from 0.5 to 1500 um, preferably from 1 to 1000 um,
particularly preferably from 1 to 500 um, very particularly
preferably from 50 to 300 um, and the particles of the
component b) have a particle sizes having a dsg of from 0.3 to
500 um, preferably from 0.5 to 250 um, particularly preferably
from 1 to 200 um, very particularly preferably from 10 to
150 pm.

The dsp means that 50% of the particles have this value
(particle diameter). The determination of the particle size
and the particle size distribution of the catalyst is carried
out by laser light scattering using a Malvern Mastersizer 2000
having a measuring range of 0.02-2000 um. Evaluation 1is

carried out by the Fraunhofer method.



10

15

20

25

30

35

DK/EP 2776158 T3

In addition, in the catalyst composition of the invention, the
BET surface area of the component a) is in the range from 20
to 300 m?/g, preferably in the range from 30 to 250 m?/g,
particularly preferably in the range from 50 to 200 m2/g, and
the component b) has a BET surface area in the range from 20
to 400 m?/g, preferably in the range from 30 to 300 m?/g,
particularly preferably in the range from 50 to 200 m?/g.

The determination of the BET surface area is carried out in
accordance with DIN 66131. Evaluation is carried out by the
multipoint method using 5 measuring points. Drying immediately
before the measurement is carried out at 200°C. The pressure

range p/po = 0.065-0.208 is measured.

The invention alsc provides a catalyst material comprising a
catalyst composition which has been processed to form pellets
or extrudates and comprises as component a) mixed oxides of
nickel, aluminum and zirconium and as component b) a further
oxygen-comprising aluminum compound selected from the group
consisting of aluminum hydroxide [Al(OH)z], aluminum oxide
hydroxide [AlO(OH)] and aluminum oxide (Al;0s3), wherein the
catalyst composition is a physical mixture of the components
a) and b).

A preferred embodiment of the catalyst material of the
invention is present in the form of pellets which comprise,
apart from binders, lubricants and other processing aids,
essentially mixed oxides of nickel, aluminum and zirconium as
component a) and gamma-aluminum oxide (y-Al;03), delta-aluminum
oxide (0-Al;03) or theta-aluminum oxide (6-Al203) or mixtures

thereof as component b).

In a molten carbonate fuel cell, use is made of pellets which
have a diameter in the range from 0.8 to 5 mm, preferably in
the range from 1 to 3 mm, particularly preferably in the range
from 1.5 to 2.5 mm, and whose height is in the range from 1 to

10 mm, preferably in the range from 1 to 5 mm, particularly
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preferably in the range from 1.5 to 4 mm.

As regards further preferred embodiments of the catalyst
material of the invention, in particular in respect of the
components a) and b), reference may be made to what has been
said above in respect of the catalyst composition of the

invention.

The invention also provides a process for producing the
catalyst composition defined above, which comprises the

following process steps in the order indicated:

a) production of a solution or dispersion of the component

a) and/or soluble starting compounds for this;

b) precipitation of a solid from this solution or dispersion

by addition of a base;

c) isoclation and drying of the solid;

d) optionally calcination of the solid;

e) optionally compaction of the solid:

f) milling of the solid to a uniform particle size and

g) homogeneous mixing of the solid with the component b).

In the first process step, step a), a solution or dispersion
of the component a) is wusually produced, for example by
dissolution or dispersion in an acid such as nitric acid. It
is optionally possible to wuse starting compounds for the
component a) instead of the component itself, for example the
nitrates, carbonates, hydroxycarbonates of the metals are
dissolved in an agueous solution which can also be acidic, for
example comprise nitric acid. The ratio of the salts in the
solution or dispersion is stoichiometrically calculated and

set according to the desired final composition of the catalyst
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composition.

In step b), a solid 1is precipitated as precursor of the
catalyst composition from this solution or dispersion. This is
carried out in a conventional way, preferably by increasing
the pH of the sclution or dispersion by addition of a base,
for instance by addition of sodium hydroxide solution or

sodium carbonate solution.

The solid precipitation product formed is generally separated
off from the supernatant solution, for instance by filtration
or decantation, and washed with water until it i1is free of
soluble constituents such as sodium nitrate before drying in
step c¢). The precipitation product is then normally dried by
conventional drying methods before further processing. In
general, treatment at slightly elevated temperature, for
instance at least 80°C, preferably at least 100°C and
particularly preferably at least 120°C, for a period of from
10 minutes to 12 hours, preferably from 20 minutes to 6 hours
and particularly preferably from 30 minutes to 2 hours, is
sufficient for this ©purpose. It is also possible and
particularly convenient to spray dry the product of the
precipitation, either directly or after washing, to convert it

into a dry powder which can be processed further.

After drying, the precipitated and dried intermediate of the
catalyst composition can optionally be subjected to a
calcination step d). The calcination temperature employed 1is
generally at least 250°C, preferably at least 300°C and
particularly preferably at least 350°C, and also generally not
more than 500°C, ©preferably not more than 450°C and
particularly preferably not more than 410°C. The calcination
time is generally at least 10 minutes, preferably at least 20
minutes and particularly preferably at least 30 minutes, and
also generally not more than 12 hours, preferably not more
than 6 hours and particularly preferably not more than 4
hours. The drying step c¢) and the calcination step d) can go

over directly into one another.
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After the drying step c¢) or the calcination step d), the
intermediate for the catalyst composition can be subjected to
a compacting step e). This can be carried out, for example, in

a roller compactor.

During the course of the production process, the component a)
of the catalyst composition is subjected to at least one of
the two process steps d) or e), optionally both. In the
calcination step, the BET surface area and the pore volume,
inter alia, are also set in the usual way; as is known, the
BET surface and the pore volume decrease with increasing

calcination time and calcination temperature.

The calcination is preferably carried out at least until the
carbonate content (calculated as CO0z?") is not more than 10% by
weight, based on the total weight of the calcination product,
and the BET surface area thereof is in the range from at least

20 to not more than 300 m?/g.

The milling of the solid of the component a) in process step
f) can be carried out in any mill, for example a hammer mill,
and the isolation of the particles having the desired particle
size can be carried out by using a cyclone. Other methods for
separating off the catalyst particles having the appropriate
size are conceivable, for example centrifugation or

sedimentation.

In the milling step, the solid of component a) is milled to a
uniform particle size which generally has a dsg of from 0.5 to
1500 pm, preferably from 1 to 1000 um, particularly preferably
from 1 to 500 um, very particularly preferably from 50 to
300 pm.

In the last step of the production of the catalyst composition
of the invention, the components a) and b) are combined and
intimately mixed. Mixing can be carried out 1in any known

mixture, for example in a drum hoop mixer, powder mixer,
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tumble mixer or other mixers suitable for the purpose.

Further additives such as Dbinders, lubricants and other
processing aids can also be added to the mixture; these can be
added before, after or simultaneously with the components a)
and Db). Lubricants, for example graphite, stearic acid,
magnesium stearate or other lubricants known in the prior art,
serve to aid the shaping of the catalyst composition of the

invention to a suitable form.

The invention further provides a process for producing the
catalyst material defined above by tableting or extrusion of a
powder or of granules of the catalyst composition which has
been comprehensively described above, with the following

steps, inter alia, being conceivable:

- precompaction and tableting of the pretreated powder to

form pellets,

- mixing with liquid, kneading/pan milling and extruding to

form rod-like extrudates.

A preferred embodiment of the process is tableting of the
pretreated powder to form pellets in eccentric or rotary

presses.

The catalyst material and the catalyst composition are
particularly suitable for use as reforming catalyst in a fuel
cell, in particular for the direct internal reforming of

methane in molten carbonate fuel cells.

The invention is illustrated below by means of examples.

Example 1 (Production of the catalyst material of the

invention)

420 g of a calcined powder comprising a homogeneous mixture of

the oxides of nickel, aluminum and zirconium (BET surface area
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= 160 m?/g; NiO = 72% by weight, Al;03 = 19% by weight, Zr0; =
9% by weight, dsg = 137 pm) were used as reforming-active phase
(component a). 180 g of an aluminum oxide powder comprising vy-
Al,03, O-Al;0s3 and ©6-Al,0s3 (BET = 126 m?/g, ds¢g = 116 um; from
Sasol Germany GmbH) were added as component b). The powder
mixture was subsequently admixed with 3% by weight of graphite
and intimately mixed by means of a drum hoop mixer (from
J. Engelsmann AG). The mixture obtained in this way was
compacted on a compactor and subsequently processed on a
hydraulic eccentric press (Kilian SP300, Kilian & Co GmbH) to
give solid pellets (diameter = 2.5 mm; height = 2.5 mm)
(overall composition of the catalyst based on oxides: 50.4% by
weight of NiO, 43.65% by weight of Al203, 5.95% by weight of
Zr02) .

Comparative example

The comparative catalyst was produced using 500 g of the same

calcined powder comprising the oxides of nickel, aluminum and

zirconium (BET surface area = 160 m?/g; NiO = 72% by weight,
Al,03 = 19% by weight, 2r0; = 9% by weight). The powder was

admixed with 3% by weight of graphite and intimately mixed by
means of a drum hoop mixer (from J. Engelsmann AG). The
mixture obtained in this way was compacted on a compactor and
subsequently processed on a hydraulic eccentric press (Kilian
SP300, Kilian & Co GmbH) to form solid pellets (diameter =
2.5 mm; height = 2.5 mm).

Catalyst tests

Testing of the reforming activity of the catalysts was carried
out using a vertical reactor having an isothermal heating zone
of about 50 cm. The catalyst to be tested was installed on one
side of the reactor in the isothermal =zone, heated to 600°C
under nitrogen and subsequently reduced by means of hydrogen
for 15 hours (overnight). The reactor temperature was then
increased to 700°C and reforming was carried out for 2.5 hours

using the following gas mixture (% by volume): 18% of CHs, 7%
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of Hy, 2% of CO2, 73% of H20, at a space velocity of 60 000 h-1.
The methane conversion determined in this way was used as
starting point in the study of the deactivation behavior of

the catalyst due to alkali metal hydroxide vapor.

For this study, the reactor was cooled to room temperature and
charged wunder inert gas (N2) from the side opposite the
catalyst with LiAl10;/aAl;0: pellets (20 x 5 mm) which had been
impregnated with a mixture of LiyCOz and KyCO3z (molar ratio
62:38; 25% by weight of Li/K-COsz). The rector was subsequently
heated and the deactivation test was commenced. The methane
conversion was metered at regular intervals during the entire

duration of the test (~ 1400 h).

The results of +the activity measurements are shown in
figure 1. It can clearly be seen that the catalyst of the
invention has a very stable methane conversion activity
remaining virtually unchanged over the entire duration of the
test. In contrast, the comparative catalyst displays a high
initial methane conversion but this decreases continually as a
result of the presence of alkali metal hydroxide or alkali
metal carbonate vapor and after about 800 hours is below the

methane conversion of the catalyst of the invention.
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Patentkrav

1. Katalysatorsammensatning til methandampreformering
indeholdende som bestanddel a) Dblandingsoxider af nikkel,
aluminium og zirkonium og som bestanddel Db) en vyderligere
oxygenholdig aluminiumsforbindelse udvalgt af gruppen
bestdende af aluminiumhydroxid [Al (OH)s3], aluminiumoxidhydroxid
[AIO(OH)] og aluminiumoxid (Al,0z2), kendetegnet ved, at det 1
forbindelse med katalysatorsammensetningen drejer sig om en

fysisk blanding af bestanddelene a) og b).

2. Katalysatorsammensatning ifelge krav 1, kendetegnet ved,
at den som bestanddel b) indeholder gamma aluminiumoxid (y-
Al;03), delta aluminiumoxid (6-Al1;03) eller theta aluminiumoxid
(B-Al203) eller blandinger heraf.

3. Katalysatorsammensatning ifelge et af kravene 1 eller 2,
kendetegnet ved, at bestanddel b) foreligger i en mengde pa 1
til 60 vegt-3, baseret pa den samlede maengde af

katalysatorsammensatningen.

4, Katalysatorsammensatning ifglge et af kravene 1 til 3,
kendetegnet ved, at bestanddelene a) og b) foreligger som

pulverformede partikler.

5. Katalysatorsammensatning ifelge krav 4, kendetegnet ved,
at partiklerne i bestanddel a) har en partikelstgrrelse med en
dso-verdi pa 0,5 til 1.500 pm, og partiklerne 1 bestanddel b)

har en partikelstorrelse med en dsp-vaerdi pa 0,3 til 500 pum.

6. Katalysatorsammensatning ifeglge krav 4, kendetegnet ved,
at BET-overfladen pa bestanddel a) ligger i1 omradet fra 20 til
300 m?/g, og BET-overfladen pa bestanddel b) ligger 1 omradet
fra 20 til 400 m?/g.

7. Katalysatormateriale omfattende en
katalysatorsammensetning, som er forarbejdet til tabletter

eller ekstrudater, defineret ifglge et af kravene 1 til 6.
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8. Katalysatormaterial ifelge krav 7 i tabletform, som
bortset fra binde-, glide- og andre forarbejdningshijaelpemidler
i det vasentlige er opbygget af a) blandingsoxider af nikkel,
aluminium og =zirkonium og b) gamma aluminiumoxid (y-Al203),
delta aluminiumoxid (5-Al203) eller theta aluminiumoxid (8-

Al1203) eller blandinger heraf.

9. Katalysatortabletten ifglge krav 8 med en diameter 1
omradet fra 0,8 til 5 mm og en hgjde i omradet fra 1 til 10

mm.

10. Fremgangsmade til fremstilling af den 1 krav 1 til 6
definerede katalysatorsammensatning omfattende de fglgende
fremgangsmadetrin i1 den nevnte rekkefglge:

a) fremstilling af en oplesning eller dispersion af bestanddel
a) og/eller af opleselige udgangsforbindelser heraf;

b) udfeldning af et fast legeme fra denne oplgsning eller
dispersion ved hjelp af tilsetning af en base;

c) fraseparation og torring af det faste legeme;

d) eventuelt en kalcinering af det faste legeme;

e) eventuelt en kompaktering af det faste legeme;

f) finmaling af det faste legeme til en ensartet
partikelsteorrelse og

g) homogen sammenblanding af det faste legeme med bestanddel
b).

11. Fremgangsmade til fremstilling af det 1 krav 7 til 9
definerede katalysatormateriale ved hijelp af tablettering
eller ekstrudering af et pulver eller et granulat af den

pagzldende katalysatorsammensatning.

12. TFremgangsmade ifglge krav 11, kendetegnet ved, at der til
fremstilling af tabletterne anvendes excenter- eller

revolverpresser.

13. Anvendelse af et katalysatormateriale defineret ifglge et

af kravene 7 til 9 som reformeringskatalysator 1 en
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brandselscelle.
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