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. of hydrocarbons, using a sulfur-tolerant catalyst comprising an
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active phase and a support phase, and optionally a promoter, which

provides substantially complete conversion of the hydrocarbon
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to a mixture of hydrogen, carbon monoxide, and carbon dioxide.
The process comprises introducing steam and a hydrocarbon feed
containing at least about 2 ppm sulfur species into the apparatus,
and reacting said steam and hydrocarbon feed in the catalyst bed.
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METHOD FOR STEAM REFORMING HYDROCARBONS
USING A SULFUR-TOLERANT CATALYST

TECHNICAL FIELD

This invention relates to steam reforming of gaseous or liquid
hydrocarbons, and more particularly to steam reforming of sulfur bearmng

hydrocarbons using a sulfur tolerant steam reforming catalyst.
BACKGROUND OF THE INVENTION

The present invention is directed to catalytic steam reforming of
hydrocarbons. More particularly, the present invention 1s directed to a method for
steam reforming of hydrocarbons, especially sulfur-containing hydrocarbons, using a

sulfur-tolerant catalyst, and an apparatus thereior.

Steam reforming is a process whereby a hydrocarbon 1s reacted with
high temperature steam to form hydrogen, carbon monoxide, and carbon dioxide.
The product gas can be reacted as a fuel or used in chemical processing.
Hydrocarbons which can be reacted according to the present invention include
methane, natural gas (including landfill gas) and heavier hydrocarbons (including

diesel and jet fuel).

Potential hydrocarbon feeds for the reforming process often contain
large quantities of sulfur. Gas oil, for example, may contain as much as 1500 ppm
sulfur. As described in greater detail below, reforming of sulfur-containing

hydrocarbons can lead to increased expense.

Typically, catalytic steam reforming of natural gas or heavier
hydrocarbon feeds is achieved by using a nickel catalyst. However, due to the
extreme sensitivity of nickel metal to sulfur-containing compounds, which are a severe

poison to the nickel catalyst, the hydrocarbon feed must generally be purified of
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sulfur, to less than 1 ppm, prior to steam reforming. This requirement results in
additional expense for the hydrocarbon steam reforming process. Furthermore,
whereas light fractions may be amenable to hydrodesulfurization, desulfurization of

heavy fractions 1s extremely difficult.

An alternative is to use the nickel catalyst for hydrocarbon steam
reforming and allow it to be poisoned by the sulfur, but to operate at higher
temperatures and with higher volumes of catalyst to counteract the loss of catalyst

activity due to poisoning. This alternative also results in additional cost and weight to

the process.

A second alternative is to use noble metal catalysts, such as platmum,
pélladium, or thodium in place of nickel. While the noble metal catalysts are very
active for steam reforming and are somewhat tolerant of sulfur-containing feeds, they

are very impractical because of their high cost.

Therefore, a clear need exists for a steam reforming apparatus

containing a catalyst which is-highly tolerant of sulfur, and which does not add

significantly to the cost of using nickel catalysts.
SUMMARY OF THE INVENTION

An object of the present invention is to provide an improved process

for steam reforming of sulfur-containing hydrocarbons.

A further object of this invention is to provide a process for steam
reforming of hydrocarbons in which sulfur-containing hydrocarbons are available as

raw materials without being desulfurized in advance.

Another object of this invention 1S to provide a process for steam

reforming of sulfur-containing hydrocarbons using a catalyst that gives stable
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performance, substantially without coking, and with substantially complete conversion

of heavy hydrocarbon feeds.

A still further object of this invention is to provide an apparatus for the

practice of the above steam reforming processes.

We have found a sulfur-tolerant catalyst, useful in the steam reforming
of hydrocarbons, comprising an active phase and a support phase, and optionally a
promoter, which provides substantially complete conversion of the hydrocarbon to a

mixture of hydrogen, carbon monoxide, and carbon dioxide.

The present invention provides a process for steam reforming a sulfur-
containing hydrocarbon feed comprising:

providing a sulfur-tolerant catalyst and contacting the catalyst with a gas

stream comprising steam and a sulfur-containing hydrocarbon feed, wherem sulfur
species are present in the hydrocarbon feed in an amount of at least 2 ppm;

the sulfur-tolerant catalyst comprising a mixed oxygen ion conducting and

electron conducting material having both an active catalytic phase and a catalyst
support phase, and optionally a promoter,

a) wherein the active catalytic phase is at least one of:

(D A metal selected from the group consisting of Ag, Co, Cr, Cu, Fe, Ru,
Rh, V, and alloys and mixtures thereof;

(II) An oxide of the general formula MyM'iyOx, wherein at least one M
element is different than at least one M' element, wherein M is selected
from Ba, Ce, Nb, Sm, Sr, and mixtures thereof, M' is selected from Ti,
Y, Sm, Nb and mixtures thereof, and wherein 0 < y < 1 and x is a number
sufficient to satisfy the valence requirements of the other elements; and

(IlH) A perovskite of the general formula (Ai-2A'a)(BoB'10)Os3<c, wherein A 1S
selected from lanthanides, La, Y, Pb and mixtures thereof, A' is selected
from alkaline earth metals such as Ba, Ca, Sr and mixtures thereof, B 1s
selected from transition elements such as Fe, Co, Cr, Ni and mixtures

thereof, and B' is selected from Al, Co, Cr, Mg, Nb, Ti, Zr and mixtures
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thereof, wherein 0.9 < (A+A"YB+B') < 1.1, preferably 0.99 <
(A+A"YB+B') < 1.01; and wherein 0 <a< 1; 0 <b < 1;andci1s a
number that renders the composition charge neutral in the absence of an

applied potential; and

5  b) wherein the catalyst support phase and the optional promoter is at least one of:

(IV) An oxide of the general formula Me:Me'1=Ox, wherein at least one Me

10

element is different than at least one Me' element, wherein Me is selected
from Group 2a and 3a (IUPAC) metals, lanthanides, Cr, Fe, In, Nb, Pb,
Si, Sn, Ta, Ti, and mixtures thereof, Me' is selected from Al, Bi, Ce, In,
Th, U, Zr and mixtures thereof, and wherein 0 < z < 1 and X 1S a number

sufficient to satisfy the valence requirements of the other elements; and

(V) A perovskite of the general formula (Di14D'd)(EeE'1<)O3, wherein D 1is

15

20

selected from lanthanides, La, Y, and mixtures thereof, D' is selected
from alkaline earth metals such as Ba, Ca, Sr and mixtures thereof, E 1s
selected from Al, Ce, Co, Mg and mixtures thereof, and E' is selected
from transition elements such as Co, Cr, Cu, Fe, N1, Zr and mixtures
thereof, wherein 0.9 < (D+D"“YW(E+E') < 1.1, preterably 0.99 <
(D+D"Y(E+E') < 1.01; and wherein 0 < d < 1; O < e < 1;and f1s a
number that renders the composition charge neutral in the absence of an

applied potential;

(VI) A fluorite structure material of the general formula Maa-emMa'sMa"vOz

25

wherein Ma is Th, Zr, Ce, or a rare earth element, Ma' 1s Sc, T1, Ta or an
alkaline earth such as Ca, Sr, Ba, or Mg, Y or a rare earth element
different from Ma, wherein 0<g<0.5, Ma" is La, Pr, Nd, or Sm, and
wherein 0 <h<0.2;

(VII) A pyrochlore structure material of the general formula Mb2Mb'ewMb"kO7

30

wherein Mb is Ga, or Gd, a rare earth element such as La, Y, or Sm, Mb'
is Zr, a transition metal element such as Mo, Ti, Fe, an alkaline earth
element such as Ca, Sr, Ba or Mg, wherein 0<k<0.5, and wherein Mb"

is a transition metal element different from Mb', such as Mo, Ti, Zr, or

Fe;
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(VIIDA Brown-Millerite material of the general formula Mc2Mc'20s wherein Mc

is an alkaline earth element such as Ba or Sr, and Mc' 1s Gd, Dy or Ga.

The present invention further provides an apparatus comprising a reaction
zone, a catalyst bed contained within the reaction zone, and wherein the above sulfur-
tolerant catalyst is included in the catalyst bed. The catalyst bed is preferably a fixed
bed.

The present invention therefore also provides a process for steam
reforming a sulfur bearing hydrocarbon feed, such as in a steam reforming apparatus
containing a bed of the sulfur-tolerant catalyst, including introducing steam and a
hydrocarbon feed containing at least about 2 ppm sulfur species into the apparatus,

and reacting said steam and hydrocarbon feed in the catalyst bed.

DETAILED DESCRIPTION OF THE INVENTION

We have found sulfur-tolerant catalysts useful in the steam reforming of
hydrocarbons, which provide stable performance, substantially without coking, and
with substantially complete conversion of hydrocarbon feeds, including heavy

hydrocarbons and distillate fuels.

By "sulfur tolerant" catalyst is intended to mean one which maintains a
substantially stable operating performance after equilibration, during and after

exposure to sulfur-bearing hydrocarbons.

In a preferred embodiment of the invention, the sulfur-tolerant catalyst
useful for the steam reforming of hydrocarbons comprises an active catalytic phase set
forth in formulas I, I, and III of Table A, and a catalyst support, and optionally a
promoter, phase set forth in formulas IV, V, bVI, VII and VIII of Table A.
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(D)

(1)

(11I)

(IV)

(V)
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Table A

Active Catalyst Phase
Metals such as Ag, Co, Cr, Cu, Fe, Ru, Rh, V, and the like, and
alloys and mixtures thereof;
Oxides of the general formula MyM'1yOx, wherein at least one M
element is different than at least one M' element, wherein M 1is
selected from Ba, Ce, Nb, Sm, Sr, and mixtures thereof, M 1s
selected from Ti, Y, Sm, Nb and mixtures thereof, and whereimn 0 <
y < 1 and x is a number sufficient to satisfy the valence
requirements of the other elements;
Perovskites of the general formula (A1-2A'a)(BeB'1-0)O3<, wherein A
is selected from lanthanides, La, Y, Pb and mixtures thereof, A' 1S
selected from alkaline earth metals such as Ba, Ca, Sr and muixtures
thereof, B is selected from transition elements such as Fe, Co, Cr,
Ni and mixtures thereof, and B' is selected from Al, Co, Cr, Mg,
Nb, Ti, Zr and mixtures thereof, wherein 0.9 < (A+A")/(B+B") _4
1.1, preferably 0.99 < (A+A")/(B+B') < 1.01; and wherein O < a
< 1; 0 £ b < 1; and c is a number that renders the composition

charge neutral in the absence of an applied potential;

Catalyst Promoters and/or Support Phase

Oxides of the general formula Me:Me'1-Ox, wherein at least one Me
element is different than at least one Me' element, wherein Me 1s
selected from Group 2a and 3a (IUPAC) metals, lanthanides, Cr,
Fe, In, Nb, Pb, Si, Sn Ta, Ti, and mixtures thereof, Me' is selected
from Al, Bi, Ce, In, Th, U, Zr and mixtures thereof, and wherein O
< z < 1 and x is a number sufficient to satisfy the valence
requirements of the other elements;

Perovskites of the general formula (Di14D'd)(EeE'1<)Os3¢, wherein D
is selected from lanthanides, La, Y, and mixtures thereof, D' 1S

selected from alkaline earth metals such as Ba, Ca, Sr and mixtures
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thereof, E is selected from Al, Ce, Co, Mg and mixtures thereof,
and E' is selected from transition elements such as Co, Cr, Cﬁ, Fe,
Ni, Zr and mixtures thereof, and, wherein 0.9 < (D+D")/(E+E") <
1.1, preferably 0.99 < (D+D")/(E+E') < 1.01; and wheremn O < d
< 1: 0 < e < 1;and f is a number that renders the composition
charge neutral in the absence of an applied potential;
(VD) A fluorite structure material of the general formula Maa-gh
Ma':Ma"O2 wherein Ma is Th, Zr, Ce, or a rare earth element,
Ma' is Sc, T1, Ta or an alkaline earth such as Ca, Sr, Ba, Mg, Y or
a rare earth element different from Ma, wherein 0<g<0.5, Ma" 1s
La, Pr, Nd, or Sm, and wherein 0<h<0.2;
(VII) A pyrochlore structure material of the general formula Mb2Mb'ew
Mb"«O7 wherein Mb is Ga, or Gd, a rare earth element such as La,
Y, or Sm, Mb' is Zr, a transition metal element such as Mo, Ti,
Fe, an alkaline earth element such as Ca, Sr, Ba or Mg, wherein
0<k<0.5, and wherein Mb" is a transition metal element different
from Mb', such as Mo, Ti, or Fe;
(VIII) A Brown-Millerite material of the general formula Mc2Mc"20s
wherein Mc is an alkaline earth element such as Ba or Sr, and Mc'

is Gd, Dy or Ga.

The rare earth of formulas (VI) and (VII) is preferably Gd, and the transition

metal element of formula (VII) is preferably Ti.

The sulfur-tolerant catalyst used in the inventive process comprises a mixed
oxygen ion conducting and electron conducting material, in addition to its having both
an active catalytic phase and a catalyst support phase. Generally, the materials set
forth in formulas (I), (II), and (III), of Table A are electronic conductors, and the
materials set forth in formulas (IV), (V), (VI), (VII), and (VIII) of Table A are 1omnic
or mixed ionic/electronic conductors. These characteristics are postulated to be
related to both the catalytic activity of the materials for hydrocarbon steam reforming

as well as their sulfur tolerance.
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The catalyst is prepared by optionally first preparing a promoter, In an
embodiment utilizing a promoter compound, preferably in powder form. A catalyst
support, also in powder form, is mixed with the promoter, if any, and calcined. The
resultant powder is then mixed with the active phase of the catalyst. Finally, the
mixture, containing the respective electron conducting and oxygen ion conducting

materials, 1S extruded and cut to an appropriate size.

It is preferred for porosity to be provided in the support as mterconnected
porosity so as to permit the flow of gas through the material. The mterconnected
porosity can be made by the preparation of a green body of precursors to the catalyst
support into which green body has been incorporated a thermoset or thermoplastic
binder and a pore former such as wax or a salt, for example calcium chloride. Adfter
the formation of the green body, the pore former is dissolved out of the green body by
heating or by immersion in a solvent for the pore former, leaving an mterconnected
pathway of voids in the material which can then be fired by conventional procedures.
A method for forming interconnected porosity in a ceramic body is disclosed in U.S.
Patent No. 5,028,036, which is incorporated herein by reference as if fully written out

below.

Alternate methods of forming the interconnected porosity within the
catalyst support include the use of woven sintered ceramic fibers, or pressed cefamic
particles. In the latter method, it is necessary to use particle sizes which are large, in
the range of about 40 mesh to 80 mesh (0.177-0.42mm), and m which there are not a
significant amount of smaller sized particles present, which could block the pores
between the larger particles. Where a particulate support is used, interconnected
porosity can still be considered to be fixed if the particle size range is such that small
particles do not block pores, and the shifting of large particles mto a pore or a
passageway between pores creates a shifted void that reestablishes an interconnection

to the same or another pore.
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In a method related to the pore forming method, a reticulated foam 1s used
as a substrate for the deposition of a catalyst support to form a precursor, and then the

foam is dissolved to form the interconnected pores.

The process of the present invention is highly flexible with respect to the
hydrocarbon feed source, as the subject catalyst is suitable for the utilization of gaseous
hydrocarbon sources such as natural gas, sometimes having sulfur species present In
amounts of up to 10 ppm (volume) or more, landfill methane gas having sulfur species
present in amounts of 25 to 75 ppm or more, hydrocarbon fuels, such as coal derived
fuel gas having sulfur present in amounts up to 1000 ppm or more, and fuel gas from
liquid fuels such as diesel and jet fuels having sulfur species present in amounts of up
to 0.5 percent by weight. Stable performance of the catalyst has been realized, even
with feeds having 2000 ppm (volume in gas feed) sulfur species. The process and
apparatus, according to the invention, may therefore utilize any of the above feeds, as

well as clean fuels, interchangeably.

One embodiment of the steam reforming apparatus for carrying out the
present invention comprises a heating jacket 11 (Fig. 1) and a reaction vessel 21 (Fig.
2). Fig. 1 is a cross section elevational view showing that the heating jacket 11
consists of a reaction zone 12, immediately surrounded by a heating zone 13 contamning
heating coils 14. The heating zone is substantially surrounded by an outer insulating
wall 15. Fig. 2 shows the reaction vessel which is positioned inside the reaction zone

12. A steam feed line 22 and a hydrocarbon feed line 23 empty into a premix zone 24.

Above the premix zone 24, separated by an orifice 25, is the catalyst bed 26 (catalyst

not shown). The catalyst bed may contain an inert material, such as alumina, in
addition to the catalyst, to contain the fine particles in the catalyst bed. The gaseous
products of the steam reforming reaction are collected from the reaction vessel by a

product outlet line 28.

The process for steam reforming sulfur bearing hydrocarbons includes

providing the sulfur-tolerant catalyst. The catalyst is positioned in the reaction vessel,
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optionally together with an inert material such as alumina. The reaction vessel is

positioned inside the heating jacket.

The premix zone is fed by liquid water or steam and by a liquid or
gaseous hydrocarbon feed. The premix zone is heated to a temperature sufficient to
completely vaporize all liquids fed. The resulting vapors and/or gases mix thoroughly

as they pass through the orifice into the catalyst chamber.

The catalyst bed is heated to a relatively high temperature where both the
catalyst activity is high and the chemical reaction equilibria for the reforming reactions
are favorable. A temperature gradient will naturally exist within the bed, with the
feed end being cooler. The height-to-diameter ratio of the bed should be sufficiently

large so that flow "channeling” does not occur.

The gaseous products leaving the catalyst bed will consist primarily of
hydrogen, steam, carbon monoxide, and carbon dioxide. The sulfur will be present
chiefly as hydrogen sulfide. Small percentages of other species (including methane)
will also be present, depending upon the bed exit pressure, temperature, and residence
time. The apparatus may be operated at various pressures (ranging from
subatmospheric to many atmospheres), exit temperatures, and residence times,
depending primarily upon the requirements for the product gas. The selection of
pressure and temperature will affect the chemical equilibria i well-known manners.
The selection of temperature and space velocity will affect the reaction kinetics and
hence the approach to equilibrium. We have used a 1000°C exit temperature for most
experimental trials but the catalysts of the present invention will perform well down to
850°C or lower. We have performed most experimental trials at exit pressures from O
to 10 psig, but the process of the present invention will also work both at lower and at

much higher pressures.

The ratio of oxidizing species (steam and carbon dioxide) to the carbon
contained in the hydrocarbon feed must be high enough to prevent solid carbon "coke”

deposition in the catalyst bed. Good reforming catalysts, such as those of the present

10
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invention, can operate at lower ratios of oxidizing species than poor catalysts,

especially in the presence of sulfur.

Example A

One preferred embodiment of the sulfur-tolerant catalyst used in the
process of the present invention includes a catalyst supported on a support compound,
promoted with a promoter compound. Examples of suitable catalysts, promoters and

supports are listed in Table B.

Table B
Catalyst L Promoter B Support
Ag Bi2Os CeO2
Co CaO Mullite
Cu La20)3 /102
Fe MgO
\Y PreéOn

To demonstrate the process of the invention, catalysts represented by
Table B were fabricated by first preparing the promoted support in powdered form. A
support compound powder was thoroughly mixed with the promoter compound
powder by ball milling, followed by calcination of the powder at 1450°C for two
hours. The resultant ceramic powder was then mixed with a powder of the catalyst by
milling. The powder of the catalyst/promoter/support were mixed with pore formers
and binders and extruded to form long strands. The extruded strands were then cut to
produce small cylinders approximately 1/16" outer diameter (O.D.) by 4 cm long.

The cylinders were then calcined at 1200-1400°C to form the final catalyst extrudates.

Catalysts of Example A were tested for steam reforming on distillate fuels,
namely JP-8 jet fuel and DF-2 diesel fuel. The catalysts exhibited stable performance

(demonstrating no increase in catalyst bed pressure) for up to 500 hours. The test

11
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fuels. No coking was observed.

Table 1

PCT/US01/00081

Reforming Test of Sulfur-Tolerant Catalyst

Reacto? Conditions o Example 1 - Example 2
Fucl DF-2 diesel fuel | JP-8 jet fuel
Fuel Flow _(inl#{-hrz _6.1 6.8 -
H20/C ratio 3.8 4.7 o
Residence'Time (ms) 1654m B i182 o
Bottom Temp. (°C) 370 o 360
—
Top Temp. (°C) 1000 1000
Exit Pressure (psig) 0 0
_Run Time (Hours) I 27-6 504
Coke None - Ijqne B
Example 3

In the reforming of DF-2 diesel fuel with the above prepared sulfur-
10 tolerant catalysts, the chemical composition of the product gas was measured and 1s
shown in Table 2. The product gas was passed through a cold trap to remove water
prior to injection into the gas chromatograph. For this example, the reaction condition
included a steam to hydrocarbon volume ratio of 3.6, residence time of 1646 ms, and
fuel flow of 6.3 ml/hr.
15

12
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Table 2
Dry Gas Analysis for Reformed Diesel Fuel*®
Compound Volume %

H> 63.2

CO 16.0

COz 19.9

CH: 0.9
5  *Normalized dry gas concentrations

A series of tests was run on the steam reforming of JP-8 jet fuel using the

inventive catalyst, and the results are reported in Table 3, below.

10

Table 3
Steam Reforming of Jet Fuel Containing 0.3 weight % Sulfur
Ex;'lple Duration HC Catalyst | Catalyst HC Space HC Total Mass l HyO/C CHg | Coking
(hr) Flow (cm?) (8) Velocity Space Velocity ratio (dry
(ml/hr) | | (mi/hr)/em3 | Velocity | g/(cm? hr) %)
o o (g/hr)lg | I
4 480 7.8 65 100 0.12 0.06 12.0 I 4:5 o light
5 l 504 I 6.8 05 100 | 0.10 0.05 10.8 I 4.71___- none
___6 “ _350 B 8.6_.}_ 65 {00 0.13 0.07 0.5 3.0 __0-._]:4 none
7 149 11.2 65 100 0.17 0.09 12.0 2.9 light
8 290 5.7 65 100 0.09 j 0.07
9 240 | 5.7 35 05 0.16 0.07
] 10_ I B 336 6.0 22 35 I 0.27 0.13
11 504 5.7 22 35 | 0.26 0.13
12 504 5.6 22
| 13 600 6.0 28
| 14 192 6.0 28
15 144 7.6 28
16 600 | 6 28
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The results shown in Tables 2 and 3 demonstrate that the sulfur-tolerant
catalysts, according to the present invention, give stable performance, substantially
without coking, and with substantially complete conversion of even heavy, sulfur-

containing hydrocarbon feeds.

Additional representative sulfur-tolerant catalysts of the present

invention include, but are not limited to, the following:

Table C

Active Catalyst Phase =~ Catalyst Promoters and/or Support Phase

Co CeYLaOx
Co CeSmLaOx
Co CeGdLaOx
Rh CeY LaOx
Rh CeSmLaOx
(LaSr)CoOx CeYLaOx
(LaSr)CoOx CeSmLaOx

The sulfur tolerant reforming catalyst used in the process of the present
invention demonstrates high activity, combined with low weight, as compared to
conventional reforming catalysts. These characteristics provide the capability of
utilizing the catalyst in the process in a relatively small, lightweight reforming
apparatus, useful for mobile operations. The inventive apparatus may be disposed
within a vehicle, to provide the reforming process product gases for use as fuel, such
as for combustion in a fuel cell capable of providing electrical power. The reforming
apparatus according to this embodiment, may advantageously have its outlet

communicating with an inlet of the fuel cell.

It should be appreciated that the present invention is not limited to the
specific embodiments described above, but includes variations, modifications and

equivalent embodiments defined by the following claims.

14
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CLAIMS
What 1s claimed 1s:

1. A process for steam reforming a sulfur-containing hydrocarbon feed
comprising:
providing a sulfur-tolerant catalyst; and,
contacting the catalyst with a gas stream comprising steam and a sulfur-
containing hydrocarbon feed, wherein sulfur species are present in the hydrocarbon
feed 1 an amount of at least 2 ppm;
the sulfur-tolerant catalyst comprising a mixed oxygen ion conducting and
electron conducting material having both an active catalytic phase and a catalyst
support phase supporting the active catalyst phase, and optionally a promoter,
a) wherein the active catalytic phase is at least one member from the selected group
consisting of:
() A metal selected from the group consisting of Ag, Co, Cr, Cu, Fe, Ru,
Rh, V, and alloys and mixtures thereof; and |
(I) An oxide of the general formula MyM'iyOx, wherein at least one M
element is different than at least one M' element, wherein M 1s selected
from the group consisting of Ba, Ce, Nb, Sm, Sr, and mixtures thereof,
M' is selected from the group comsisting of Ti, Y, Sm, Nb and mixtures
thereof, and wherein 0 < y < 1 and x is a number sufficient to satisty the
valence requirements of the other elements; and
(IIT) A perovskite of the general formula (A12A'a)(BeB'10)O3<, wherein A 1s
selected from the group consisting of lanthanides, La, Y, Pb and
mixtures thereof, A' is selected from the group consisting of alkaline
earth metals and mixtures thereof, B is selected from the group
consisting of transition elements and mixtures thereof, and B' 1s selected
from the group consisting of Al, Co, Cr, Mg, Nb, Ti1, Zr and mixturesa
thereof, wherein 0.9 < (A+A")Y/(B+B') < 1.1; and wherein 0 < a < 1; 0
< b < 1; and ¢ is a number that renders the composition charge neutral in

the absence of an applied potential; and
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b) wherein the catalyst support phase and the optional promoter, is at least one

member selected from the group consisting of:

(IV) An oxide of the general formula Me:Me'1=Ox, wherein at least one Me

(V)

element 1s different than at least one Me' element, wherein Me 1s selected
from the group consisting of Group 2a and 3a (JUPAC) metals,
lanthanides, Cr, Fe, In, Nb, Pb, Si, Sn, Ta, Ti, and mixtures thereof, Me'
is selected from the group consisting of Al, Bi, Ce, In, Th, U, Zr and
mixtures thereof, and wherein O < z < 1 and x 1S a number Sufficient to
satisfy the valence requirements of the other elements; and

A perovskite of the general formula (Di1dD'a)(EeE'1<)O3f, wherein D 1S
selected from the group consisting of lanthanides, La, Y, and mixtures
thereof, D' is selected from the group consisting of alkaline earth metals
and mixtures thereof, E is selected from the group consisting of Al, Ce,
Co, Mg and mixtures thereof, and E' is selected from the group consisting
of ftransition elements and mixtures thereof, wheremm 0.9 <
(D+D")/(E+E") < 1.1; and wherein 0 < d < 1; 0 < e < 1l;and f 15 a
number that renders the composition charge neutral in the absence of an

applied potential; and

(VI) A fluorite structure material of the general formula Maa-ewMa'eMa"nOz2

wherein Ma is selected from the group consisting of Th, Zr, Ce, rare earth
elements, and mixtures thereof, Ma' is selected from the group consisting
of Sc, Ti, Ta, alkaline earth metals, Y, a rare earth element different from
Ma, and mixtures thereof, wherein 0<g<0.5, Ma" is selected from the
group consisting of La, Pr, Nd, Sm, and mixtures thereof, and wherein

0<h<0.2; and

(VIDA pyrochlore structure material of the general formula Mb2Mb'ewMb"xO7

wherein Mb is selected from the group consisting of Ga, Gd, rare earth
elements, Y, and mixtures thereof, Mb' is selected from the group
consisting of transition metal elements, alkaline earth elements, and
mixtures thereof, wherein 0<k<0.5, and wherein Mb" 1s at least one

transition metal element different from Mb'; and
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(VIII) A Brown-Millerite material of the general formula Mc2Mc'20s wherein
Mc is at least one alkaline earth element, and Mc' 1s selected from the

group consisting of Gd, Dy, Ga, and mixtures thereof.

2. The process of claim 1 wherein the catalyst support comprises a catalytic

promoter.

3.  The process of claim 1 wherein in Formula (IIT), A' is selected from the group

consisting of Ba, Ca, Sr and mixtures thereof.

4.  The process of claim 1 wherein in Formula (III), B is selected from the group

of transition elements consisting of Fe, Co, Cr, N1 and mixtures thereof.
5. The process of claim 1 wherein 0.99 < (A+A")/(B+B') < 1.01

0. The process of claim 1 wherein, 0.99 < (D+D")/(E+E') < 1.01

7. The process of claim 1 wherein in Formula (V), D' 1s selected from the group

consisting of Ba, Ca, Sr and mixtures thereof.

8. The process of claim 1 wherein in Formula (V), E' is selected from the group

consisting of Co, Cr, Cu, Fe, Ni, Zr, and mixtures thereof.
9. The process of claim 1 wherein in Formula (VI), Ma' is selected from the
group consisting of Sc, Ti, Ta, Ca, Sr, Ba, Mg, Y, a rare earth element different from

Ma, and mixtures thereof.

10.  The process of claim 1 wherein in Formula (VII), Mb is selected from the

group consisting of Ga, Gd, La, Y, Sm, and mixtures thereof.

11.  The process of claim 1 wherein in Formula (VII), Mb' is selected from the

| group consisting of Zr, Mo, Ti, Fe, Ca, Sr, Ba, Mg, and mixtures thereof.
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12.  The process of claim 1 wherein in Formula (VII), Mb" is selected from the

eroup consisting of Mo, Ti, Fe, Zr, and mixtures thereof.

13.  The process of claim 1 wherein in Formula (VII), wherein Mc 1s selected

from the group consisting of Ba, Sr, and mixtures thereof.

14.  The process of claim 1 wherein the rare earth 1s Gd.

15.  The process of claim 1 wherein the active catalytic phase is a metal according

to Formula (I).

16. The process of claim 1, wherein contacting the catalyst with the gas stream 1s at

conditions rendering substantially complete conversion of the hydrocarbon feed.

17. The process of claim 1, wherein coking is substantially absent.

18. The process of claim 1, including communicating with an inlet of a fuel cell, for

providing reformed gases to the fuel cell as fuel.

19. The process of claim 1, wherein the lanthanides are selected from the group

consisting of La, Ce, Pr, Sm, Gd, and mixtures thereof.

20. A process for steam reforming a sulfur bearing hydrocarbon feed, in a steam
reforming apparatus comprising a reaction zone and a, catalyst bed within the reaction
zone containing a sulfur-tolerant steam reforming catalyst, the process including
introducing steam and a hydrocarbon feed containing at least about 2 ppm sulfur
species into the apparatus, and reacting said steam and hydrocarbon feed in the
catalyst bed to form reformed gases;

wherein the sulfur tolerant steam reforming catalyst comprises a mixed oxygen 1on

conducting and electron conducting material having both an active catalytic phase

18
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and a catalyst support phase supporting the active catalyst phase, and optionally a

promoter,

a) wherein the active catalytic phase is at least one member selected from the group

consisting of:

4y

(1)

(11I)

A metal selected from the group consisting of Ag, Co, Cr, Cu, Fe,
Ru, Rh, V, and alloys and mixtures thereof; and

An oxide of the general formula MyM'1yOx, wherein at least one M
element 1S different ichan at least one M' element, wherein M 1s
selected from the group consisting of Ba, Ce, Nb, Sm, Sr, and
mixtures thereof, M' is selected from the group consisting of Ti, Y,
Sm, Nb and mixtures thereof, and wherein 0 <y <1 and X 1s a
number sufficient to satisfy the valence requirements of the other
elements; and |

A perovskite of the general formula (A1A'2)(BoB'1-0)O3-c, wherein A
is selected from the group consisting of lanthanides, La, Y, Pb and
mixtures thereof, A' is selected from the group consisting of alkaline
earth metals and mixtures thereof, B is selected from the group
consisting of transition elements and mixtures thereof, and B' 1s
selected from the group consisting of Al, Co, Cr, Mg, Nb, Ti, Zr
and mixtures thereof, wherein 0.9 < (A+A")Y/(B+B') < 1.1; and

wherein 0 <a<1: 0 <b < 1; and c is a number that renders the

composition charge neutral in the absence of an applied potential; and

b) wherein the catalyst support phase and the optional promoter, is at least one

member selected from the group consisting of:

(IV)

An oxide of the general formula MezMe'1-Ox, wherein at least one
Me element is different than at least one Me' element, wherein Me 1s
selected from the group consisting of Group 2a and 3a (IUPAC)
metals, lanthanides, Cr, Fe, In, Nb, Pb, Si, Sn, Ta, Ti, and mixtures
thereof, Me' is selected from the group consisting of Al, Bi, Ce, In,
Th, U, Zr and mixtures thereof, and wherein 0 <z <1 and x 1S a
number sufficient to satisfy the valence requirements of the other

elements; and
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(V) A perovskite of the general formula (D1dD'a)(EeE'1-)O3-f, wherein D
is selected from the group consisting of lanthanides, La, Y, and
mixtures thereof, D' is selected from the group consisting of alkaline
earth metals and mixtures thereof, E is selected from the group
consisting of Al, Ce, Co, Mg and mixtures thereof, and E' 1s selected
from the group consisting of transition elements and mixtures thereof,
wherein 0.9 < (D+D"YY(E+E') < 1.1; aI{d wherein 0 <d<1;0<e<
1; and f is a number that renders the composition charge neutral in
the absence of an applied potential; and

(V) A fluorite structure material of the general formula Maa-e-
mMa'eMa"O2 wherein Ma is selected from the group consisting of
Th, Zr, Ce, rare earth elements, and mixtures thereof, Ma' 18
selected from the group consisting of Sc, Ti, Ta, alkaline earth
metals, Y, a rare earth element different from Ma, and mixtures
thereof, wherein 0<g<0.5, Ma" is selected from the group
consisting of La, Pr, Nd, Sm, and mixtures thereof, and wherein
0<h<0.2; and

(VI) A pyrochlore structure material of the general formula Mb:Mb'e-
wMb"O7 wherein Mb is selected from the group consisting of Ga,
Gd, rare earth elements, Y, and mixtures thereof, Mb' is selected
from the group consisting of transition metal elements, alkaline earth
elements, and mixtures thereof, wherein 0<k<0.5, and wherein
MDb" is at least one transition metal element different from Mb'; and

(VIII) A Brown-Millerite material of the general formula Mc2Mc'20s

wherein Mc is at least one alkaline earth element, and Mc' is selected from the

sroup consisting of Gd, Dy, Ga, and mixtures thereof.
21.  The process according to claim 20, wherein the apparatus has an outlet

communicating with an inlet of a fuel cell, including feeding the reformed gases to the

fuel cell as fuel.
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