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HIGH TEMPERATURE GAS 
DESULFURIZATION SORBENTS 

This invention Was made With United States Government 
support under Government Contract W56 HZV-05-C-0634. 
The United States government has certain rights to this inven 
tion. 

BACKGROUND OF THE INVENTION 

The major drawback to the use of fuel cells as electric 
generators and auxiliary poWer units (APUs) in commercial 
and passenger vehicles is their inability to directly use readily 
available transportation fuels. Gasoline, diesel or jet fuels are 
ideal for fuel cells because of their high energy density, ready 
availability, safety and ease of storage. These fuels must be 
converted to a synthesis gas feed using a reformer (e.g., steam 
reformer, partial oxidiZer, or catalytic partial oxidizer) for use 
in fuel cells. In addition, all fuel cells require an essentially 
sulfur-free feed stream in order to prevent poisoning of fuel 
cell anode catalyst, Which requires effective desulfuriZation 
of either the liquid fuel or the synthesis gas feed. Even the 
more robust high temperature solid oxide fuel cells (SOFCs) 
are poisoned With loW levels of sulfur contaminants. 
Although the U.S. Environmental Protection Agency (EPA) 
has neW regulations in place that mandate re?neries to reduce 
sulfur levels of transportation fuels doWn to 30 parts per 
million on Weight basis (ppmW) in gasoline and 15 ppmW in 
road diesel; even With meeting these reduction levels, sulfur 
concentrations in transportation fuels Will still exceed the 
levels tolerable by state of the art SOFCs, about 100 parts per 
billion on volume basis (ppbv), preferably 10 ppbv or less. In 
the reforming step, the organic sulfur species in the fuel (e.g., 
ranging from thiols to dimethyldibenZothiopehenes) are con 
verted mainly to hydrogen sul?de (H2S) and carbonyl sul?de 
(COS), and contaminate the reformate gas stream. Even When 
using Ultra LoW Sulfur Diesel (ULSD) fuel and With the 
dilution in the fuel reformer (due to the air intake, addition of 
steam or anode tail gas recycle), the reformate gas contains 
more than 3 parts per million on volume basis (ppmv) sulfur 
Which is Well beyond the desired range of the state-of-the-art 
fuel cells. Similar to the transportation fuels, the sulfur in 
other hydrocarbon feeds, such as natural gas and lique?ed 
petroleum gas suitable for stationary applications also must 
be reduced to loW levels (because natural gas is colorless, 
odorless, and tasteless, sulfur-bearing odorants such as mer 
captans or dimethyl sul?dorganic is added before distribution 
to give it a distinct odor that serves as a safety device by 
alloWing it to be detected in case of a leak. In being reformed 
these organic sulfur compounds also produce HZS). 

While sorbent technologies are currently available for 
removing sulfur from reformate gas, they are not suitable for 
use at the very high temperature needed for feed gas to SOFCs 
(greater than 500° C. and typically 700-8000 C.). The cur 
rently available sorbents exhibit higher sulfur capacity, 
removal rate and stability at more moderate temperatures 
beloW about 5000 C. For example, most conventional post 
reformate treatment systems use a metal oxide sorbent (e.g., 
Zinc oxide and its derivatives) that covalently binds sulfur. 
While, such sorbents can be effectively used up to 5000 C., 
sulfur slippage from these sorbents increases signi?cantly in 
the 700-8000 C. range alloWing sulfur concentration in the 
feed gas Which Well exceed the levels tolerable by the fuel 
cells. For example, the equilibrium H2S concentration over 
the ZnO sorbent is calculated as 5.6 ppmv and 15.7 ppmv at 
700 and 800° C., respectively, using a gas composition rep 
resentative of hot reformate gas. Therefore, conventional 
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2 
metal oxide sorbents Will only be useful in such applications, 
if the temperature of reformate gas is reduced to 5000 C. or 
less to carry out the desulfuriZation. For SOFC systems, after 
removal of sulfur, the desulfuriZed gas must be reheated 
before being introduced into the fuel cell (typically operating 
at 700-8000 C.). The added steps of reformate gas cooling and 
re-heating reduce the overall energy conversion ef?ciency 
and require the use of expensive heat exchangers, Which 
increases system cost, volume and complexity. 
A number of sorbents for sulfur removal are knoWn in the 

art. For example, D. A. Gribble, S. A. Rolfe and M. V. Mund 
schau (2009) International Pittsburgh Coal Conference pro 
vide a revieW of perovskite sorbents for Warm-gas removal of 
sulfur. Song, Chunshan (2003) An overvieW of neW 
approaches to deep desulfuriZation for ultra-clean gasoline, 
diesel fuel and jet fuel, Catalysis Today 861211-263 provides 
a revieW of materials for desulfuriZation. at loWer tempera 
tures. 

Wang, Z., FlytZani-Stephanopoulos, M. “Cerium Oxide 
Based Sorbents for Regenerative Hot Reformate Gas Des 
ulfuriZation” (2005) Energy & Fuels, 19: 2089-2097 reports 
cerium oxide based sorbents for regenerative hot reformate 
Gas DesulfuriZation. More speci?cally the reference relates 
to lanthanum- or copper-containing cerium oxide sorbents for 
desulfuriZation of simulated reformate at 650 and 8000 C. US 
published patent application 20080267848, published Oct. 
30, 2008 reports an apparatus and methods for non-regenera 
tive and regenerative hot gas sulfuriZation using a doped 
cerium oxide sorbent. 
A number of references relate to the use of manganese ore 

and related species as sorbents for high temperature desulfu 
riZation. Bakker, J. W., Kapteijn, H., Moulijn, J. A., “A high 
capacity manganese-based sorbent for regenerative high tem 
perature desulfuriZation With direct sulfur production: Con 
ceptual process application to coal gas cleaning,” Chemical 
Engineering Journal, 96, (2003) 223-235 reports bulk 
removal of sulfur from dry coal gas at temperatures ranging 
from 400 to 10000 C., With optimum capacity reported at 827 
to 9270 C. using a sorbent described as crystalline MnAl2O4, 
With a small amount of disperse MnO and an amorphous 
MniAl4O phase. Sulfur reduction from 1% H2S to less 
than the detection limit of 5 ppm Was reported. Ben-Slimane, 
R., HepWorth, M. T., “DesulfuriZation of Hot Coal-Derived 
Fuel Gases With Manganese-Based Regenerable Sorbents. 1. 
Loading (Sul?dation) Tests,” Energy & Fuels, 8, (1994a) 
1175-1183 and Ben-Slimane, R., HepWorth, M. T., “Desulfu 
riZation of Hot Coal-Derived Fuel Gases With Manganese 
Based Regenerable Sorbents. 2. Regeneration and Multicycle 
Tests,” Energy & Fuels, 8, (1994b) 1184-1191 report sulfur 
sorbents based on manganese ore and more speci?cally a 

combination of manganese carbonate, alundum, and bento 
nite, or a combination of manganese ore, alundum and dextrin 
for hot fuel gases at temperatures ranging from 750 to 10000 
C. Certain sorbents are said to be highly-effective, inexpen 
sive, and regenerable.Yoon,Y., Kim, M. W.,Yoon,Y. S., Kim, 
S. H., “A kinetic study on medium temperature desulfuriZa 
tion using a natural manganese ore,” Chemical Eng. Sci., 58, 
(2003) 2079-2087 reports the use of natural manganese ore at 
temperatures ranging from 400 to 8000 C. for sulfur removal. 
NiO addition Was reported to improve sul?dation capacity. 

Liang, B., Korbee, R., Gerritsen, A. W., Van den Bleek, C. 
M., “Effect of manganese content on the properties of high 
temperature regenerative H2S acceptor,” Fuel, 78, (1999) 
319-325 report Mn/Y-AlZO3 acceptor for high temperature, 
regenerative H2S removal Was prepared by repeated impreg 
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nation. For a sample With a manganese content of 34 Wt %, a 
sulfur capacity of about 22 Wt % Was reported for sul?dation 
at 850° C. 

L. Alonso, J. M. Palacios, and R. Moliner (2001) The 
Performance of Some ZnO-Based Regenerable Sorbents in 
Hot Coal Gas DesulfuriZation Long-Term Tests Using Graph 
ite as a Pore-Modi?er Additive, Energy Fuels 15(6):1396 
1402 report ZnO based sorbents for sulfur removal. 
SukYong Jung, Soo Jae Lee, Tae J in Lee, Chong Kul Ryu, 

Jae Chang Kim (2006) H2S removal and regeneration prop 
er‘ties of ZniAl-based sorbents promoted With various pro 
moters, Catal. Today 111 (3-4) 217-222 and Suk Yong Jung, 
Soo Jae Lee, Jung Je Park, Soo Chool Lee, Hee KWon Jun, 
Tae Jin Lee, Chong Kul Ryu, Jae Chang Kim (2008) The 
simultaneous removal of hydrogen sul?de and ammonia over 
Zinc-based dry sorbent supported on alumina, Separation 
Purif. Technol. 631297-302 report certain Zinc-based sulfur 
sorbents and report the use of NiO as a promoter in such 
sorbents. 

SiriWardane, R. V., Todd Gardner, James A. Poston, Jr. and 
EdWard P. Fisher, Spectroscopic Characterization of Nickel 
Containing DesulfuriZation sorbents, Ind. Eng. Chem. Res. 
39 (2000) 1106-1110 reports tests of sorbent pellets With 
simulated coal-derived hot fuel gas containing H2S at 538° C. 

In certain embodiments of the invention, the nickel phase is 
deposited by a method that is believed to generate nickel 
hydroxide and oxide nanoparticles. The folloWing references 
relate to generation of nickel hydroxide poWders or nanopar 
ticles: Akinc, M., Jongen, N., Lemaitre, J ., Hofmann, H., 
“Synthesis of nickel hydroxide poWders by urea decomposi 
tion,” J. European Ceramic Soc., 18, (11), (1998) 1559-1564; 
Jayalakshmi, M., Venugopal, N., Ramachandra Reddy, B., 
Mohan Rao, M., “Optimum conditions to prepare high yield, 
phase pure ot-Ni(OH)2 nanoparticles by urea hydrolysis and 
electrochemical ageing in alkali solutions,” Journal of PoWer 
Sources, 150, (2005) 272-275; Li, J.,Yan, R., Xiao, B., Liang, 
D. T., Lee, D. H., “Preparation of Nano-NiO Particles and 
Evaluation of Their Catalytic Activity in PyrolyZing Biomass 
Components,” Energy & Fuels, 22, (2008) 16-23; Soler-Illia, 
G. J. A. A., Jobbagy, M., RegaZZoni, A. E., Blesa, M. A., 
Argentina, “Synthesis of Nickel Hydroxide by Homogeneous 
AlkaliniZation. Precipitation Mechanism,” Chem. Mater., 11 
(11), (1999) 3140-3146; and Liang, Z. H., Zhu, J.Y, Hu, X. 
L., “-Nickel Hydroxide Nanosheets and Their Thermal 
Decomposition to Nickel Oxide Nanosheets,” J. Phys. Chem. 
B, 108, (2004) 3488-3491. 

There is a need in the art for sorbents exhibiting high 
capacity, and e?icient sulfur removal to levels preferably 
doWn to 10 ppbv or less from reformate gas at temperature 
greater than 500° C. and preferably at temperatures ranging 
from 700 to 800° C. 

SUMMARY OF THE INVENTION 

The present invention relates to gas desulfuriZation sor 
bents Which can be used to produce a sulfur-clean feed from 
readily available transportation fuels, as Well as other hydro 
carbon fuels that can be used in stationary systems (such as 
natural gas, LPG, alcohols etc.). Regardless of the selected 
fuel type, sorbents of the invention can reduce the sulfur 
concentration in reformate gas to ppbv levels over a large 
range of temperatures from ambient up to 1000° C. 

The present invention relates to sorbent materials for 
chemisorption of sulfur in high temperature gas streams con 
taining mainly hydrogen sul?de (H2S) and carbonyl sul?de 
(COS). In one embodiment, sorbent materials of this inven 
tion comprise a metallic nickel phase dispersed on a metal 
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4 
oxide support speci?cally on a support having surface area of 
10 m2/ g or higher and more speci?cally on a support having 
surface area of 100 m2/ g or higher. In preferred embodiments, 
the support has surface area of 100 m2/ g or greater at tem 
peratures betWeen 700 to 800° C. In preferred embodiments, 
the support is thermally stable to changes in phase, structure 
or morphology at the temperatures above 500° C. and pref 
erably at temperatures betWeen 700 to 800° C. In speci?c 
embodiments, the support is selected from alumina, titania or 
Zirconia. In more speci?c embodiments, the support is 
selected from 0-alumina or y-alumina. In additional embodi 
ments, particularly Where high temperature gas contains only 
loW levels of Water, the support can also be silica. 

In speci?c embodiments, nickel loading on the support 
ranges from 1 to 50 Wt %. More speci?cally, nickel loading on 
the support ranges from 5 to 30% Wt or 10-30% Wt. In a 
speci?c embodiment, the metallic nickel is dispersed on the 
support in the form of particles of average particle siZe of 50 
nm or less or in the form of particles of average particle siZe 
of 10 nm or less. 

In speci?c embodiments, the support is a rare earth- (in 
cluding lanthanum, scandium and yttrium) doped metal 
oxide, Wherein the metal oxide is alumina, titania or Zirconia. 
In a preferred embodiment, the support is a rare earth-doped 
alumina, particularly a rare earth-doped y-alumina. In spe 
ci?c embodiments, the support is alumina doped With one or 
more of lanthanum (La), yttrium (Y) or scandium (Sc). In 
more speci?c embodiments, the support is y-alumina doped 
With La, Y or Sc. In more speci?c embodiments, the support 
is doped With from 2 to 35% by Weight of the rare earth. In 
more speci?c embodiments, the support is La-doped y-alu 
mina, Where the La is present from 2 to 35% by Weight. In 
additional embodiments, the support is La-doped y-alumina 
having 2-15% by Weight La. In speci?c embodiments, the 
rare earth-doped y-alumina has surface area of 100 m2/g or 
more betWeen 700 and 800° C. In other speci?c embodi 
ments, the La-doped y-alumina has surface area of 100 m2/ g 
or more betWeen 700 and 800° C. 

In another embodiment, a stabiliZer Which is selected from 
alkali or alkaline-earth metals, manganese or combinations 
thereof is deposited on the support in addition to nickel metal. 
In a speci?c embodiment, the stabiliZer is magnesium (Mg). 
More speci?cally, 0.5 to 25% by Weight magnesium is depos 
ited on the support. In another speci?c embodiment, the sta 
biliZer is manganese (Mn). More speci?cally, 0.5 to 25% by 
Weight manganese is deposited on the support. In speci?c 
embodiments, the support is alumina With a deposited stabi 
liZer Which is selected from alkali or alkaline-earth metals, 
manganese (Mn) or combinations thereof. In a more speci?c 
embodiment, the support is y-alumina With a deposited sta 
biliZer Which is selected from alkali or alkaline-earth metals, 
manganese (Mn) or combinations thereof. More speci?cally, 
0.5 to 25% by Weight magnesium is deposited on the alumina 
support. More speci?cally, 0.5 to 25% by Weight manganese 
is deposited on the support. Preferably the level of stabiliZer 
on the support is 2 to 20% by Weight. Preferably the support 
having deposited stabiliZer is y-alumina. In another embodi 
ment, the support having deposited stabiliZer is rare earth 
doped y-alumina. More speci?cally, the support having 
deposited stabiliZer is La-doped y-alumina. Yet more speci? 
cally, the support having deposited stabiliZer is La-doped 
y-alumina Where the level of La is 2 to 35 Weight % or 
La-doped y-alumina Where the level of La is 2 to 15 Weight %. 
In more speci?c embodiments, the sorbent is a rare earth 
doped alumina or a rare earth-doped y-alumina upon Which 
stabiliZer selected from Mg, Mn or combinations thereof and 
nickel metal is deposited. More speci?cally 2 to 20% by 
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Weight of Mn or Mg and 5% to 30% of nickel metal is 
deposited on a rare earth-doped alumina or a rare earth-doped 

y-alumina. More speci?cally, 2 to 20% by Weight of Mn or 
Mg and 5% to 30% of nickel metal is deposited on La-doped 
y-alumina. In speci?c embodiments, the amount of Ni depos 
ited on the support is greater on a Weight basis than the 
amount of stabilizer, particularly greater than the amount of 
Mg and/ or Mn. 

In another embodiment, a promoter Which is selected from 
ruthenium (Ru) rhodium (Rh) or palladium (Pd) or combina 
tions thereof is deposited on the support in addition to nickel 
metal. In a speci?c embodiment, ruthenium (Ru) is deposited 
on the metal oxide support. More speci?cally, 0.1 to 10% by 
Weight ruthenium is deposited on the support. In another 
speci?c embodiment, palladium (Pd) is deposited on the sup 
port. More speci?cally, 0.1 to 10% by Weight palladium is 
deposited on the support. In speci?c embodiments, the sup 
port is alumina With deposited promoter. In a more speci?c 
embodiment, the support is y-alumina With deposited pro 
moter. More speci?cally, 0.25 to 5% by Weight of promoter is 
deposited on y-alumina. In a more speci?c embodiment, the 
support is rare earth-doped y-alumina With deposited pro 
moter. In a more speci?c embodiment, the support is La 
doped y-alumina With deposited promoter. In a speci?c 
embodiment, the sorbent is y-alumina or La-doped y-alumina 
With deposited nickel metal and a promoter selected from Ru 
or Pd. In a speci?c embodiment, the sorbent is y-alumina or 
La-doped y-alumina With deposited nickel metal (5-30% by 
Weight) and a promoter selected from Ru or Pd (0.1 to 10% by 
Weight). In another embodiment, a promoter Which is 
selected from ruthenium (Ru) rhodium (Rh) or palladium 
(Pd) or combinations thereof is deposited on the support in 
addition to nickel metal and a stabiliZer Which is selected 
from alkai or alkaline-earth metals, manganese (Mn) or com 
binations thereof. In a speci?c embodiment, the promoter is 
Ru, Pd or combinations thereof and the stabiliZer is Mg, Mn 
or combinations thereof. In a speci?c embodiment, the pro 
moter is Ru, Pd or combinations thereof, the stabiliZer is Mg, 
Mn or combinations thereof and the support is selected from 
alumina, titania or Zirconia. In a speci?c embodiment, the 
promoter is Ru, Pd or combinations thereof, the stabiliZer is 
Mg, Mn or combinations thereof and the support is selected 
from alumina, y-alumina or La-doped y-alumina. In a speci?c 
embodiment, the sorbent is a metal oxide selected from alu 
mina, titania, or Zirconia With Ru, Pd, Mg, Mn or combina 
tions thereof and nickel metal deposited thereon. In a speci?c 
embodiment, the sorbent is a high surface area metal oxide 
selected from alumina, titania, or Zirconia With Ru, Pd, Mg, 
Mn or combinations thereof and nickel metal deposited 
thereon. In a speci?c embodiment, the sorbent is alumina, 
y-alumina, rare earth-doped y-alumina or La-doped y-alu 
mina With Ru, Pd Mg, Mn or combinations thereof and nickel 
metal deposited thereon. In speci?c embodiments, the 
amount of Ni deposited on the support is greater on a Weight 
basis than the amount of promoter, particularly greater than 
the amount of Ru and/or Pd. In speci?c embodiments, the 
amount of Ni deposited on the support is greater on a Weight 
basis than the total amount of stabiliZer and promoter, par 
ticularly greater than the amount of Mg, Mn, Ru, and/ or Pd. 

In a speci?c embodiment, the support material of the sor 
bent has surface area greater than or equal to 50 m2/ g, and in 
a more speci?c embodiment, the support material has surface 
area of greater than or equal to 100 m2/ g or 200 m2/ g. More 
speci?cally, the support is high surface area y-alumina. In a 
preferred embodiment, the high surface area support is 
selected from a rare earth doped metal oxide, particularly 
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La-doped y-alumina. In speci?c embodiments, the high-sur 
face area La-doped alumina contains from 2-35 Wt % lantha 
num. 

In another embodiment, the sorbent of this invention is a 
metal nickel phase deposited on a monolith support material. 
The monolith support can be an inorganic porous substrate, a 
metal based substrate or a carbon based substrate. In speci?c 
embodiments, the monolith is cordierite, alumina, Zirconia 
toughened alumina, Zirconia, mullite (3Al2O32SiO2 or 
2Al2O3SiO2) or silicon carbide (SiC). Prior to deposition of 
the nickel phase, the monolith may be coated With a metal 
oxide, carbon or polymer coating. In speci?c embodiments, 
the monolith is ceramic and is coated at least in part With a 
metal oxide. In speci?c embodiments, the metal oxide is 
selected from alumina, titania or Zirconia. In speci?c embodi 
ments, particularly in applications Where only loW levels of 
Water are in the gases being treated, the metal oxide is silica. 
In additionally embodiments, the metal oxide is y-alumina. In 
additional embodiments, the metal oxide is a rare earth-doped 
alumina and more speci?cally a rare earth-doped y-alumina. 
In speci?c embodiments, the metal oxide is a La-doped y-alu 
mina. In speci?c embodiments, the metal oxide is a high 
surface area metal oxide selected from alumina. In speci?c 
embodiments, the monolith is at least in part coated With a 
support or doped-support as described herein. In speci?c 
embodiments, the monolith is at least in part coated With a 
support upon Which one or more stabiliZer or promoter is (as 
described herein) deposited in addition to nickel. In speci?c 
embodiments, the monolith is at least in part coated With a 
support upon Which one or more of Ru, Pd, Mn, Mg or Ca is 
deposited in addition to nickel. In speci?c embodiments, the 
level of promoter deposited on the support ranges from 0.5 to 
10% by Weight. In speci?c embodiments, the level of stabi 
liZer deposited on the support ranges from 5 to 35% by 
Weight. In all monolith embodiments herein, nickel loading 
on the support that is coated on the monolith ranges from 5% 
to 50% by Weight of the support. In more speci?c embodi 
ments, the Ni loading on such monoliths ranges from 5 to 
35% by Weight and most particularly ranges from 10 to 25% 
by Weight. In speci?c embodiments, the amount of Ni on the 
monolith support is greater on a Weight basis than the amount 
of stabiliZer or promoter, particularly greater than the amount 
of Mg and/ or Mn and greater than the amount of Ru and/ or Pd. 
In speci?c embodiments, the amount of Ni on the support is 
greater on a Weight basis than the total amount of stabiliZer 
and promoter, particularly greater than the amount of Mg, 
Mn, Ru, and/or Pd. 

In related embodiments, the sorbent is a monolith impreg 
nated With one or more metal oxides, such as alkali or alkaline 
earth metal oxides, or manganese oxides With a nickel metal 
phase deposited there upon. The monolith support can be an 
inorganic porous substrate, a metal based substrate or a car 
bon based substrate. In speci?c embodiments, the monolith is 
cordierite, alumina, Zirconia toughened alumina, Zirconia, 
mullite or silicon carbide. In related embodiments, the sor 
bent is a monolith impregnated With one or more metal oxide, 
such as alkali or alkaline earth metal oxide, or manganese 
oxide and With nickel oxide impregnated therein. In a speci?c 
embodiment, the monolith is impregnated With a calcium 
(Ca) precursor such as calcium nitrate [Ca(NO3)2] Which 
upon calcinations provides a calcium oxide (CaO) layer. In 
speci?c embodiments, the monolith is impregnated With CaO 
and NiO. In speci?c embodiments, the loading of metal 
oxide, other than NiO, by impregnation is 5% to 35%. In 
speci?c embodiments, the loading of NiO by impregnation is 
5% to 30%. In a more speci?c embodiment, the monolith is 
impregnated with 10-20% by Weight Ca and 10 to 30% by 
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Weight Ni. In more speci?c embodiments, the Ni loading by 
deposition on such monoliths ranges from 5% to 50% by 
Weight, more particularly ranges from 5 to 35% by Weight and 
most particularly ranges from 10 to 25% by Weight. In addi 
tional embodiments, one or more promoters, stabiliZers or 
both, as described herein, are deposited on the metal oxide 
impregnated monoliths in addition to the nickel phase. In 
additional embodiments, one or more of Ru, Pd, Mn or Mg, as 
described herein, can be deposited on the metal oxide impreg 
nated monoliths in addition to the nickel phase. In speci?c 
embodiments, the promoter loading on the monolith by depo 
sition ranges from 0.25 to 10% by Weight. In speci?c embodi 
ments, the stabiliZer loading on the monolith by deposition 
ranges from 5% to 35% by Weight. In speci?c embodiments, 
the amount of Ni deposited on the monolith support is greater 
on a Weight basis than the amount of stabiliZer or promoter, 
particularly greater than the amount of Mg and/or Mn and 
greater than the amount of Ru and/or Pd. In speci?c embodi 
ments, the amount of Ni deposited on the support is greater on 
a Weight basis than the total amount of stabiliZer and pro 
moter, particularly greater than the amount of Mg, Mn, Ru, 
and/ or Pd. 

In a related embodiment a particulate sorbent of this inven 
tion, particularly a sorbent prepared by the nickel deposition 
method herein, can be extruded to form a monolith. Alterna 
tively, the particulate sorbent can be applied or coated on a 
monolith as is knoWn in the art. In speci?c embodiments, the 
monolith is ceramic. 

In a speci?c embodiment of the invention, nickel metal is 
deposited on the support by contacting an aqueous solution 
containing Ni(II) ion (Ni2+) having a pH of less than 6, With 
the support and slowing raising the pH of the solution above 
6.0 to cause deposition of Ni(OH)2 on the support. In a spe 
ci?c embodiment of the invention, nickel metal is deposited 
on the support by contacting an aqueous solution containing 
Ni(II) ion (Ni2+) having a pH of less than 5.5, or more spe 
ci?cally less than 5 .2, With the support and sloWing raising the 
pH of the solution above 6.0 up to 7.0 to 8.0 to cause depo 
sition of Ni(OH)2 on the support. Preferably, the temperature 
of the solution is maintained at 80 to 95° C. during deposition. 
The deposition of the Ni(OH)2 particles causes the solution 
conductivity to decrease, hence the deposition is complete 
When no further conductivity decrease occur in the solution. 
After deposition of Ni(OH)2, the support is Washed With 
Water and dried. The dried support is then calcined at a tem 
perature of 300 to 800° C. typically for 2 to 8 hours. In a 
speci?c embodiment, deposition, drying and calcining is 
repeated one to six times to obtain the desired level of depo 
sition. The intermediate calcination steps are carried out at a 
temperature of 300 to 800° C. for 2 to 8 hours. The ?nal 
calcining step is preferably carried out at a temperature of 300 
to 800° C. for 2 to 8 hours. This deposition process is believed 
to provide deposition of Ni(OH)2 nanoparticles on the sup 
port, Which are converted into a nanoparticle nickel oxide 
phase during the calcinations steps. Prior to use as a sorbent, 
the support With the deposited nickel oxide phase is activated 
by contacting With a reducing gas containing no sulfur. For 
example, reformate gas containing no sulfur or dilute H2 in N2 
(or any inert gas) can be used for activation. 

In a speci?c embodiment, the pH is raised by addition of 
base. In speci?c embodiments, pH is raised by addition of a 
Weak base. In a more speci?c embodiment, pH is raised by 
addition of ammonia, an ammonium salt or aqueous solutions 
thereof. More speci?cally, pH is raised by addition of ammo 
nium carbonate or an aqueous solution thereof. In a preferred 
embodiment, pH is raised by thermal decomposition of urea 
to generate ammonium cation (NH4+) and hydroxyl anion 
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(OH') at temperatures betWeen 80-95° C. In a speci?c 
embodiment, pH is changed by thermal decomposition of 
ammonium compounds, including but not limited to ammo 
nium carbonate and aqueous ammonia, at temperatures rang 
ing from 80 to 95° C. at ambient pressure. In a speci?c 
embodiment, Ni is provided as an aqueous solution of 
Ni(NO3)2 hexahydrate, In a speci?c embodiment, the molar 
ratio of urea or ammonium compound to Ni(NO3)2 hexahy 
drate in the deposition solution ranges from 5:1 to 20:1. 
The present invention provides a method for removal of 

sulfur from or reduction of levels of sulfur in such high 
temperature gas stream comprising the step of contacting the 
sorbent With the gas stream to chemisorb hydrogen sul?de, 
carbonyl sul?de and other sulfur containing species. In a 
particular embodiment, the level of sulfur in the gas stream is 
reduced to levels less than or equal to 50 ppbv. In more 
particular embodiments, the level of sulfur is reduced to less 
than or equal to 10 ppbv. In additional embodiments, the level 
of sulfur is reduced to less than or equal to 1 ppbv. In embodi 
ments herein the gas stream prior to contact With the sorbent 
material contains equal to or greater than 50 ppmv sulfur. 

In a particular embodiment, the high temperature gas 
stream is reformate gas at temperatures above 5000 C. or 
more, speci?cally at temperatures above 650° C., and more 
speci?cally at temperatures from 700 to 800° C. In a particu 
lar embodiment, the gas stream contains sulfur levels pre 
dominantly as H2S and COS of 50 ppmv or more. In a par 
ticular embodiment, the gas stream contains sulfur levels of 
10 ppmv or more. In a particular embodiment, the gas stream 
contains sulfur levels of 2 ppmv or more. 

In an embodiment, the sorbent is regenerable by passage of 
a How of regeneration gas containing no sulfur or only loW 
levels of sulfur. The regeneration gas must have levels of 
sulfur loWer than the feed gas into the sorbent to carry out 
regenerations under isothermal conditions. Preferably the 
levels of sulfur in the regeneration gas are 10 times loWer in 
sulfur than the feed gas. The regeneration gas preferably has 
sulfur levels loWer than 10 ppbv. The regeneration gas pref 
erably has sulfur levels loWer than 1 ppbv. In a speci?c 
embodiment, regeneration can also comprise a step of 
increasing the temperature of the sorbent by up to 150° C. In 
a speci?c embodiment, regeneration can also comprise a step 
of increasing the temperature of the sorbent by up to 100° C. 
In a speci?c embodiment, in Which the sorbent is employed to 
provide desulfuriZed reformate gas to a SOFC, the regenera 
tion gas is anode tail gas Which exits the SOFC and contains 
no sulfur and no oxygen. 

In another embodiment, the sorbent is regenerated by pas 
sage of a gas containing oxygen, such as air or cathode tail gas 
from the fuel cell. In this case after regeneration to remove 
sulfur, the sorbent is preferably reduced, for example, by 
passage of a reducing gas, Which for example can be anode 
tail gas from the fuel cell or clean reformate gas or dilute 
hydrogen in nitrogen or inert gas. In a speci?c embodiment, 
the reducing gas is desulfuriZed reformate. Note that systems 
of the invention can be adapted for regeneration employing 
cathode tail gas and/or for reduction employing anode tail gas 
or clean reformate by provision of appropriate conduits and 
valving as needed. to achieve the gas ?oWs from the fuel cell 
cathode and/ or anode and from the exit of the sorbent element 
indicated above for regeneration and reduction of sorbent. It 
Will be appreciated by one of ordinary skill in the art With 
respect to the provision of conduits that appropriate valving 
may be needed to control gas ?oWs from one device element 
to another. Valving is not speci?cally illustrated in the system 
con?gurations illustrated herein. 
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In an embodiment, the invention provides a method for 
reducing the level of sulfur in high temperature reformate gas 
to a level suf?ciently loW that the desulfuriZed reformate gas 
can be used in a SOFC or in a molten carbonate fuel cell 

(MCFC) Which comprises the step of contacting the high 
temperature reformate gas With a sorbent as described herein. 
In a related embodiment, the invention provides a system for 
providing desulfuriZed hydrocarbon reformate gas from a 
catalytic reformer to a SOFC or MCFC) Which comprises: 

a source of hydrocarbon reformate gas containing hydro 
gen sul?de; 

one or more desulfuriZer units comprising one or more 

sorbent elements for receiving the reformate gas and reducing 
the level of sulfur (mainly H2S) in the reformate gas to pro 
vide desulfuriZed reformate gas; Wherein the sorbent is a 
sorbent as described herein; and one or more conduits for 
passage of the desulfuriZed reformate gas to a SOFC or 
MCFC. Sorbent may be provided in the sorbent element as 
particulate material or as a monolith. 

The system optionally further comprises one or more con 
duits for selective passage of a regeneration gas and, if desired 
selective passage of a reducing gas, to the one or more sorbent 

beds for selective regeneration. In a speci?c embodiment, the 
system optionally comprises one or more conduits for selec 
tive passage of anode tail gas as regeneration gas from the 
SOFC or MCFC to one or more sorbent beds. In another 

speci?c embodiment, the system comprises one or more con 
duits for selective passage of desulfuriZed reformate gas as a 
regeneration and/ or reducing gas to one or more sorbent 
elements. Such a system preferably further comprises one or 
more conduits for selective passage of the desulfuriZed refor 
mate to the SOFC. In a speci?c embodiment, the system 
further comprises one or more conduits for selective passage 
of sulfur-containing regeneration gas from one or more sor 
bent beds to a burner for combustion of H2S and optional 
venting. 

Additional aspects and embodiments of the invention Will 
be apparent on consideration of the draWing, detailed descrip 
tion and the non-limiting examples. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of an exemplary system 
for removing sulfur from a gas stream employing sorbents of 
this invention. The system is exempli?ed for removing sulfur 
from reformate gas feed to a fuel cell. In the illustrated system 
the sorbent element is not regenerated in situ. 

FIG. 2 is a schematic illustration of an exemplary system 
for removing sulfur from a gas stream employing sorbents of 
this invention. The system is exempli?ed for removing sulfur 
from reformate gas. In the illustrated system, tWo or more 
sorbent elements are provided and a system for regeneration 
of the sorbent elements in situ is provided. 

FIG. 3 shoWs the X-ray diffraction pattern of the recovered 
Ni(OH)2 phase as described in the text. 

FIG. 4 is a graph shoWing sorbent (20% Ni/y-Al2O3) per 
formance for desulfuriZation of simulated reformate gas, 
Where T:700° C., 50 ppmv H2S, H2:40% vol., H2O:2.4% 
vol., balance N2; and GHSV:l5,000 h_l, as described in 
Example 1. 

FIG. 5 is a graph shoWing sorbent (20% Ni/y-Al2O3) per 
formance for desulfuriZation of simulated reformate gas, 
Where T:750o C., 50 ppmv H2S, H2:40% vol., H2O:4.7% 
vol., balance N2, GHSVII 5,000 h_l. 

FIG. 6 is a graph shoWing sorbent 20% Ni/LaiAlzO3 
performance for desulfuriZation of simulated reformate gas, 
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Where T:700 C., 50 ppmv H2S, H2:40% vol., H2O:2.4% 
vol., balance N2, GHSV:l5,000 h_l. 

FIG. 7 is a graph shoWing performance for Mn containing 
sorbent (20% Mn 30% Ni/LaiAl2O3) for reformate gas 
desulfuriZation, Where T:700° C., 50 ppmv H2S, H2:30% 
vol., CO:30% vol., CO2:2% vol., H2O:2.4% vol., balance 
N2, GHSVII 5,000 h_l. 

FIGS. 8A and 8B are graphs shoWing the impact of Ni 
content on sorbent performance for reformate gas desulfur 
iZation. For FIG. 8A, T:750o C., 50 ppmv H2S, H2:40% vol., 
H2O:4.7% vol., balance N2, GHSV:l5,000 h_l. For FIG. 
8B, T:700° C., 50 ppmv H2S, H2:40% vol., H2O:2.4% vol., 
balance N2, GHSV:l5,000 h_l. 

FIG. 9 is a graph shoWing change in pH With time during 
deposition as described in Example 6. 

FIG. 10 is a graph illustrating the impact of particle siZe on 
sorbent (20% Mn 30% Ni/LaiAl2O3) performance for 
reformate gas desulfuriZation. T:700° C., 50 ppmv H2S, 
H2:40% vol., H2O:4.7% vol., balance N2, GHSV:l5,000 
h_l. 

FIG. 11 is a graph comparing sorbent performance of Mn 
(only) containing (20% Mn/LaiAl2O3) support and 
NiiMn containing sorbent (20% Mn 30% Ni/LaiAl2O3) 
for reformate gas desulfuriZation. T:700° C., 50 ppmv H2S, 
H2:40% vol., H2O:4.7% vol., balance N2, GHSV:l5,000 
h_l. 

FIG. 12 is a graph shoWing performance of several mono 
lith sorbents for reformate gas desulfuriZation. T:700° C., 50 
ppmv H2S, H2:40% vol., H2O:4.7% vol., balance N2, 
GHSV:3,200 h_l. 

DETAILED DESCRIPTION OF THE INVENTION 

The invention is further described by reference to the draW 
ings and the folloWing detailed description. In draWings of 
exemplary device con?gurations, the same device elements in 
different draWings are identi?ed With the same reference 
numbers. 

The invention relates to sorbents useful for removing sulfur 
from gas stream at high temperatures, temperatures over 5000 
C. and more particularly at temperatures of 700 to 8000 C. 
The invention provides a method for removing sulfur (or for 
reducing the level of sulfur) in such gas streams by contacting 
the high temperature gas stream With certain sorbents as 
described herein. The sorbents of this invention comprise a 
nickel phase Which is supported on a particulate support or on 
a monolith. The invention also provides a preferred method 
for depositing the nickel phase on the particulate support or 
on the monolith. It is believed that the method provided 
provides for deposition of nanoparticles of nickel material on 
the support or monolith Which provide improved sorbent 
properties, particularly for removal of sulfur. 

In an embodiment, the invention provides a method for 
removing sulfur from a high temperature gas stream contain 
ing sulfur Which comprises the step of contacting the gas 
stream With a sorbent comprising a nickel phase dispersed on 
a particulate or monolith support. More speci?cally the high 
temperature gas stream is at a temperature ranging from 500 
to 10000 C. or 700 to 8000 C. More speci?cally the high 
temperature gas stream is reformate gas. In a speci?c embodi 
ment the sorbent is a nickel phase dispersed on a particulate 
support having surface area greater than 100 m2/g. More 
speci?cally, the particulate support has average particle siZe 
less than 5,000 um less than 2,500 um, less than 1,600 um, 
less than 500 pm or less than 100 pm. In speci?c embodi 
ments, the particulate support is a metal oxide or a rare earth 
doped metal oxide. In speci?c embodiments, the support is 
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y-alumina, or y-alumina doped With Sc, Yt or La. In speci?c 
embodiments, the support is applied to or coated on a mono 
lith support and the nickel phase is deposited thereon. In 
speci?c embodiments, the particulate sorbent is applied or 
coated on a monolith support. In speci?c embodiments, the 
sorbent is a nickel phase dispersed on a monolith support, or 
a monolith support having a particulate metal oxide support 
applied thereto. In speci?c embodiments, the sorbent further 
comprises one or more alkali metals, alkaline earth metals, 
manganese, ruthenium or palladium Which can be impreg 
nated into or deposited upon the support. In a speci?c 
embodiment, the sorbent comprises a nickel phase and a 
manganese phase deposited on a particulate support. In a 
speci?c embodiment, this particular support is y-alumina or 
La-doped y-alumina. 

In speci?c embodiment, the nickel phase is deposited on 
the particulate support or on a monolith support by a process 
that comprises a step of deposition of nickel from an aqueous 
solution of a nickel compound or salt by changing the pH of 
the solution from beloW pH 6 to above pH 6 in a time period 
that ranges from 30 minutes to 10 hours. In a speci?c embodi 
ment, pH is changed by thermal decomposition of urea at 
temperatures ranging from 80 to 95° C. at ambient pressure, 
Wherein the molar ratio of urea to nickel in the deposition 
solution ranges from 5:1 to 20:1. 

In speci?c embodiments, the nickel phase is deposited on 
the support in the form of nanoparticles. In speci?c embodi 
ments, the siZe of the nickel oxide crystallites produced by the 
decomposition of Ni(OH)2 nanoparticles ranges from 2 to 10 
nm. In speci?c embodiments, the siZe of the nickel oxide 
crystallites produced by the decomposition of Ni(OH)2 nano 
particles ranges from 5 to 7 nm. 

In speci?c embodiments, the sorbent is a nickel phase 
dispersed on La-doped y-alumina Which is optionally applied 
to a monolith support. In other speci?c embodiments, the 
sorbent is La-doped y-alumina With a nickel phase and a 
manganese phase dispersed thereon Which is optionally 
applied to a monolith support. 

In speci?c embodiments, the nickel phase dispersed on 
La-doped y-alumina Which is optionally extruded into a 
monolith. In other speci?c embodiments, the sorbent is La 
doped y-alumina With a nickel phase and a manganese phase 
dispersed thereon Which is optionally extruded into a mono 
lith. 

Contacting as used herein most often refers to contacting a 
?oWing gas stream With the sorbent. For example, by passing 
a ?oWing stream of gas through a bed, or column of particu 
late sorbent or through one or more channels in a monolith 
having applied sorbent on channel Walls. Contact may also be 
achieved by introduction of a gas into a container containing 
a sorbent, Where the static gas is alloWed to contact the sor 
bent for a selected time period to alloW desired sulfur 
removal. 

The sorbents of the invention can be regenerated by 
removal of adsorbed and otherWise bound sulfur. Typically, 
regeneration is achieved by passage of a sulfur-free gas in 
contact With the sorbent. Regeneration can also be performed 
by passage of a gas containing loW levels of sulfur (at most 
having 10-times less sulfur than the typical gas Which is to be 
desulfuriZed). The regeneration gas may contain oxygen, 
such as air. The regeneration gas may contain no oxygen, e. g., 
dilute hydrogen in nitrogen or inert gas. In cases Where a 
regeneration gas contains oxygen it may be necessary to 
thereafter pass a reducing gas over the sorbent to activate it. 
Sorbents of the invention can be used for sulfur removal, 
regenerated and reused a number of times for sulfur removal 
Without signi?cant degradation of sorbent performance. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
In speci?c embodiments, the sorbents of this invention are 

employed for sulfur removal from gases, particularly refor 
mate gas, and more particularly reformate gas produced by 
catalytic hydrocarbon reforming, at temperatures above 5000 
C. or more speci?cally at temperatures in the range of 500 to 
10000 C. In speci?c embodiments, sorbents of this invention 
can be used to reduce sulfur levels in a gas containing 2 ppmv 
or higher levels of sulfur to 10 ppbv or less of sulfur. In 
speci?c embodiments, sorbents of this invention can be used 
to reduce sulfur levels in a gas containing 2 ppmv or higher 
levels of sulfur to 1 ppbv or less of sulfur. In speci?c embodi 
ments, sorbents of this invention can be used to remove sulfur 
doWn to levels of 10 ppbv or less or more particularly to levels 
of 1 ppbv or less from reformate gas generated from sulfur 
containing hydrocarbon fuels Which contains 2 ppmv or 
higher levels of sulfur. 

The sorbents and methods of this invention can be 
employed With any high temperature gas stream from Which 
it is desired to remove sulfur, but the sorbents and methods 
herein are particularly useful to obtain sulfur reduction to sub 
ppmv levels. A particularly important application of the sor 
bents and methods herein is the removal of sulfur from refor 
mate gas generated from transportation fuels to levels that are 
suf?ciently loW that the reformate gas can be used as feed gas 
for fuel cells, particularly solid oxide fuel cells. Components 
of solid oxide fuel cells (particularly the anodes thereof) are 
very sensitive to the presence of sulfur Which can signi? 
cantly degrade fuel cell performance. 
The sorbents and methods of the invention make the use of 

reformate gas generated from such transportation fuels prac 
tical in fuel cells. The sorbents of this invention can be 
employed to remove sulfur from any reformate gas stream 
including those generated by a steam reformer, a partial oxi 
diZer, or a catalytic partial oxidiZer. In general a reformer is a 
device that produces a hydrogen-rich gas from hydrocarbon 
fuels (reformate gas). In speci?c applications, reformate gas 
can be used in fuel cells to generate energy. As noted herein, 
the e?iciency of energy generation of fuel cells can be nega 
tively affected by the presence of sulfur in reformate gas. 
Reformate gas is a gas mixture containing hydrogen and 
Which also may contain CO, CO2 and Water. In a particular 
embodiment, reformate gas includes reformate gas contain 
ing levels of Water greater than 2.5% by volume. Certain 
sorbents, e.g., sorbents Wherein the support is silica or con 
tains silica are not preferred for sulfur removal from gases 
Which contain levels of Water greater than 1%, greater than 
2.5% or greater than 4% Water by volume. 
The invention provides a system for removal of sulfur from 

a high temperature gas stream Which comprises one or more 
sorbent elements comprising a sorbent of this invention com 
prising a nickel phase. The invention also provides a system 
for providing a desulfuriZation reformate gas to a fuel cell 
Which comprises: 

a source of reformate gas containing sulfur; 
one or more sorbent elements comprising a sorbent of the 

invention for receiving the sulfur-containing reformate gas; 
and 

at least one gas conduit for providing desulfuriZed refor 
mate to a fuel cell. 

More speci?cally the invention provides a fuel cell system 
Which comprises a reformer for generating a sulfur-contain 
ing reformate gas, a fuel cell for receiving the desulfuriZed 
reformate, one or more sorbent elements comprising a sor 
bent of the invention for receiving the sulfur-containing refor 
mate gas; and at least one gas conduit for providing desulfu 
riZed reformate to a fuel cell. In a speci?c embodiment, the 
fuel cell is a high temperature fuel cell. In a speci?c embodi 
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ment the fuel cell is a molten carbonate fuel cell. In a speci?c 
embodiment the fuel cell is a solid oxide fuel cell. 
More speci?cally, the invention provides a system in Which 

one or more of the sorbent elements is regenerable in situ. In 
this embodiment, at least one gas conduit is provided for 
directing regeneration gas to a sorbent element in Which the 
sorbent is in need of regeneration (the sorbent activity of the 
sorbent has decreases to undesirable levels or the sulfur level 
exiting the sorbent element has risen to undesirable levels.) In 
a speci?c embodiment, one or more gas conduits are provided 
for directing anode tail gas from the fuel cell to regenerate one 
or more sorbent elements. In speci?c embodiments, the sor 
bent used in the system is a nickel phase dispersed on La 
doped y-alumina or is La-doped y-alumina With a nickel phase 
and a manganese phase dispersed thereon. 

FIGS. 1 and 2 illustrate exemplary fuel cell systems of the 
invention in Which a sorbent of this invention is provided in a 
desulfuriZer (1) to remover sulfur (mainly as H2S) from a 
reformate gas stream (3) exiting a reformer (2). Clean refor 
mate gas (4) is directed to the anode compartment (6) of fuel 
cell (5). Gases exiting the anode and cathode compartments 
of the fuel cell are typically directed to burner (10) prior to 
venting. At least a portion of the anode tail gas (9) can option 
ally be recycled to the reformer. Fuel such as (diesel fuel, jet 
fuel, gasoline, natural gas, lique?ed petroleum gas and alco 
hols) and air are introduced into the reformer Which can be 
any conventional ar‘t-knoWn reformer. Air is introduced into 
the cathode compartment of the fuel cell, Which can be any 
conventional fuel cell. In speci?c embodiments, this can be a 
Molten Carbonate Fuel Cell (MCFC). In speci?c embodi 
ments this can be a solid oxide fuel cell. Again any conven 
tional art-known solid oxide fuel cell can be employed. 

FIG. 1 illustrates an embodiment in Which the sorbent 
employed is expendable Which is discarded or removed for 
disposal, recycle or regeneration. The desulfuriZer comprises 
sorbent in one or more sorbent beds or sorbent on one or more 

monolith supports. The desulfuriZer provides for contact 
betWeen the sorbent and the gas from Which sulfur is to be 
removed. 

The desulfuriZer contains sorbent of this invention Which 
may be in a variety of forms or con?gurations. The desulfu 
riZer may contain one or more sorbent elements Which may be 
or contain, for example, a sorbent bed of particles, a cartridge 
containing sorbent particles, a monolith coated With sorbent 
or a monolith made out of the sorbent. A variety of sorbent 
cartridge designs appropriate for use in such systems are 
knoWn in the art. For example, a cartridge may contain an 
inert material (e.g., a monolith) formed into a plurality of 
passageWays in Which the Walls thereof comprise sorbent 
(e. g., impregnated or coated on the Walls.) Sulfur-containing 
gas is passed through such passageWays in order to contact 
the sorbent. Sorbent may for example be provided in the form 
of a honeycomb monolith, particularly a monolith made of 
ceramic, Where sulfur-containing gas is passed through the 
passageWays of the honeycomb in contact With sorbent. 

It is noted that the system of FIG. 1 does not provide and 
does not require heat exchangers or any cooling or heating 
devices to cool the reformate gas prior to desulfuriZation or to 
reheat the clean reformate prior to passage to the fuel cell. The 
desulfuriZer Will be substantially at the temperature of the 
fuel cell. 

FIG. 2 illustrates an embodiment Where the sorbent is 
regenerated in situ comprising tWo or more sorbent elements 
(1a and 1b, tWo are shoWn) Which may, for example, be 
sorbent beds or sorbent coated or deposited on one or more 

monolith structures. In a speci?c embodiment, the sorbent is 
provided on the surface of a honeycomb monolith, particu 
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14 
larly Where the monolith is made of ceramic. This system 
con?guration can provide for continuous removal of sulfur 
from the ?oWing gas stream, e.g., reformate gas. For example, 
reformate gas (3) is directed into sorbent element (111) and 
clean reformate (4) is then directed to the anode compartment 
(6) of the fuel cell (5) as in the system in FIG. 1. Sorbent 
element (1b) is being regenerated by passage of loW-sulfur 
gas, e. g., anode tail gas 11 (as illustrated) or other appropriate 
regeneration gas. Gases exiting the fuel cell optionally pass to 
burner (10) prior to venting. 

Additionally, in the system of FIG. 2, regeneration gas 
exiting the sorbent element and containing sulfur (12) is 
preferably passed through the burner for combustion of sulfur 
species desorbed from the sorbent element being regenerated. 
The tWo sorbent elements containing sorbent are illustrated as 
tWo separate device units, hoWever, the tWo or more sorbent 
elements may be housed Within a single device unit, but be 
con?gured for gas ?oW such that one element is being regen 
erated While the other is employed for desulfuriZation. Gas 
?oWs may be recon?gured for sWitching tWo stationary sor 
bent elements betWeen sorbing and desorbing by use of 
appropriate gas conduits and valves. Alternatively, the tWo or 
more sorbent beds can be mechanically con?gured to alloW 
them to be moved into position to receive appropriate gases 
(reformate or regeneration gas) and pass desulfuriZed refor 
mate or sulfur-containing regeneration gas, respectively, to 
the fuel cell or to the burner for sulfur combustion and vent 
1ng. 

In an optional embodiment, the systems of FIG. 1 or 2 can 
be provided With a sulfur alarm Which generates a Warning 
signal When the level of sulfur in the conduit exiting the 
desulfurizer (4) is greater than a pre-selected maximum level 
to prevent damage to the fuel cell. This sulfur alarm may be 
con?gured in the system of FIG. 2 to trigger sWitching of the 
exhausted sorbent element to desorbing mode and sWitch of a 
neW or regenerated sorbent element to sorbing mode. 

It is noted that the system of FIG. 2 does not provide and 
does not require heat exchangers or any cooling or heating 
devices to cool the reformate gas prior to desulfuriZation or to 
reheat the clean reformate prior to passage to the fuel cell. The 
desulfuriZer Will be substantially at the temperature of the 
fuel cell. In an optional embodiment, the sorbent element that 
is being regenerated can be provided With a heater (not shoWn 
in FIG. 2) to raise the temperature of the regenerating sorbent 
element (up to about 150° C.) to facilitate desorption of sulfur. 
An exemplary system for continuous removal of a speci?c 

gas from a gas stream is provided in published US patent 
application 2008/ 0292923 Which is incorporated by reference 
in its entirety herein. 

In one embodiment, sorbent materials of this invention 
comprise a nickel phase dispersed on a support having surface 
area of 10 m2/ g or higher and more speci?cally on a support 
having surface area of 100 m2/ g or higher. Preferably, the 
support has surface area of 100 m2/g or greater at tempera 
tures greater than 500° C. and preferably betWeen 700 to 8000 
C. Certain supports can have surface area of 200 m2/ g or 
greater at temperatures greater than 500° C. and preferably 
betWeen 700 to 800° C. The support is preferably thermally 
stable to changes in phase, structure or morphology at the 
temperatures above 500° C. and more preferably at tempera 
tures betWeen 700 to 800° C. In a speci?c embodiment, the 
support is a metal oxide. In speci?c embodiments, the support 
is selected from alumina, titania, Zirconia or silica. In more 
speci?c embodiments, the support is selected from 0-alumina 
or y-alumina. In speci?c embodiments, the support is a high 
surface area (greater than 100 m2/ g) metal oxide. In speci?c 
embodiments, the support is a high surface area titania. In 




















