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(57) ABSTRACT 
The invention provides a process, catalyst and apparatus for 
carrying out the Water-gas shift reaction comprising employ 
ing a loW-pyrophoricity Water-gas shift reaction catalyst; 
Wherein the loW-pyrophoricity Water-gas shift reaction cata 
lyst comprises a solid high heat capacity particulate support 
impregnated With: a reducible metal oxide and (ii) a 
catalytic agent. 
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Effect of Ce and Pt loading on the activity of Pt/CeO2/Al203 catalysts 

0.5% (:0, 20% H2, +10% H2O , WHSV=24,000 h‘1 

?at 3:62 

0 O O O O 
O 1 2 3 4 

2 2 2 2 2 2 

_ _ 2 

4 m 2 0 e C % 4 2 1 2 A. v,“ A 2 0 e 

t m C 

DI 5‘ u 

% _H\ “ w 1 

w M? 

3 Z 1 0 “$63 9552 E55 

‘V O /1 4 



Patent Application Publication May 23, 2002 Sheet 5 0f 9 US 2002/0061277 A1 

' R 
. \’\ tes xv“ 

@215 

1.750 rtlcles amples ‘Q 

$\ \ 

1: 4 o \J IL. 

CeO2 extr_u 
2 

tes alyst support pa ' deviationiof 20 s 
extruda 

!: 

.868 ///%%% 23m 
‘'51: g Q‘ 
o; 0 OF] q 
9'5 5% \\ 
mil‘; ? F/ ' gv 

‘3m % £022 
.c‘” 2 mm 
2%: 
°> QQQQQQQQQQO. %, 

‘‘ asei?ewwwwo 5 
[zuysq? ql?uans qsma E 

\N 2%’ 
o o 

25 E 



Patent Application Publication May 23, 2002 Sheet 6 0f 9 US 2002/0061277 A1 

FIG. 6 



Patent Application Publication May 23, 2002 Sheet 7 0f 9 US 2002/0061277 A1 

moaugxtw m; @ moauéxa E D 

MONHO on SR. 0 6 $333 EBEQQEQH 

0mm com ,omm cow om? __ A _ _ _ u . _ u d . _ _ _ q _ _ ,xVo 

» \ o%%&% c 

u o 00 

u - ‘ 800000 Aim 

M $8 % 

£00m 

W 

W Axum“ 

m 

M 5. 5 HH........__H...?r;again,v ...>.;...2 3513...... ._.r 

M. .- E! .2: k. . ._ . . .= .. I $00? $586 qasmé mo? mo§$o5 Mo €>E< 2536 2: % E3 65 Us 80am "h 35E 

DOC) uoisaaAuo 



Patent Application Publication May 23, 2002 Sheet 8 0f 9 US 2002/0061277 A1 

mo§§§ 2w < moougéa N; a 
m N . 

o .6 :3 D 

co :w 6 83?“; EEQSQEQH 
8m 08 8m 8w 8? 

lxvo 
$8 3 

O a 0 
$8 w 

m m0 u 

x? $02 

agsmo 568m m2» m$36555 
08 @153‘ RESQU 2t so 6R5 .MQNHU (E “8am “w ?zuwm 



Patent Application Publication May 23, 2002 Sheet 9 0f 9 US 2002/0061277 A1 

A0 3333 gi?umiuh mu? moy?wouuwcauésu (B QEQ BEES 
2t no 38m oum?gm @o oocusgm 05 mo govbm 5 PEwE 



US 2002/0061277 A1 

NON-PYROPHORIC WATER-GAS SHIFT 
REACTION CATALYSTS 

[0001] This application is a continuation-in-part of US. 
Ser. No. 09/669,044, ?led Sep. 25, 2000, the disclosure of 
Which is herein incorporated by reference as if fully set forth 
herein. 

[0002] The present invention relates to loW-pyrophoricity 
Water-gas shift catalysts having a strong structural support 
and methods of their use for generating hydrogen by reac 
tion of carbon monoxide (CO) and Water (H2O) in ?uid 
media, and in particular to generating hydrogen in a gas 
stream comprising hydrogen, Water, and carbon monoxide. 
The catalysts and methods of the invention are useful, for 
example, in generating hydrogen in the gas stream supplied 
to a fuel cell, particularly to proton exchange membrane 
(PEM) fuel cells. 
[0003] Fuel cells directly convert chemical energy into 
electricity thereby eliminating the mechanical process steps 
that limit thermodynamic ef?ciency, and have been pro 
posed as a poWer source for many applications. The fuel cell 
can be 2 to 3 times as ef?cient as the internal combustion 
engine With little, if any, emission of primary pollutants such 
as carbon monoxide, hydrocarbons and nitric oxides. Fuel 
cell-poWered vehicles Which reform hydrocarbons to poWer 
the fuel cell generate less carbon dioxide (green house gas) 
and have enhanced fuel ef?ciency. 

[0004] Fuel cells, including PEM fuel cells [also called 
solid polymer electrolyte or (SPE) fuel cells], as knoWn in 
the art, generate electrical poWer in a chemical reaction 
betWeen a reducing agent (hydrogen) and an oxidiZing agent 
(oxygen) Which are fed to the fuel cells. A PEM fuel cell 
comprises an anode and a cathode separated by a membrane 
Which is usually an ion exchange resin membrane. The 
anode and cathode electrodes are typically constructed from 
?nely divided carbon particles and proton conductive resin 
intermingled With the catalytic and carbon particles. In 
typical PEM fuel cell operation, hydrogen gas is electrolyti 
cally oxidiZed to hydrogen ions at the anode composed of 
platinum reaction catalysts deposited on a conductive carbon 
electrode. The protons pass through the ion exchange resin 
membrane, Which can be a ?uoropolymer of sulfonic acid 
called a proton exchange membrane. H2O is produced When 
protons then combine With oxygen that has been electro 
lytically reduced at the cathode. The electrons ?oW through 
an external circuit in this process to do Work, for example, 
creating an electrical potential across the electrodes. 
Examples of membrane electrode assemblies and fuel cells 
are described in US. Pat. No. 5,272,017. 

[0005] Fuel cells require both oxygen and a source of 
hydrogen to function. The oxygen can be readily obtained in 
pure form (i.e., O2) or from the air. HoWever, hydrogen gas 
is not present in suf?cient quantities in the air for fuel cell 
applications. The loW volumetric energy density of isolated 
hydrogen gas compared to conventional hydrocarbon fuels 
makes the direct supply of hydrogen gas to fuel cells 
impractical for most applications because a very large vol 
ume of hydrogen gas Would be required to provide an 
equivalent amount of energy stored in a much smaller 
volume of conventional hydrocarbon fuels such as natural 
gas, alcohol, oil or gasoline. Accordingly, the conversion of 
knoWn hydrocarbon based fuel stocks to hydrogen gas is an 
attractive source of hydrogen for fuel cells and other appli 
cations. 
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[0006] Removal of impurities such as sulfur from the 
starting materials and loWering the concentration of oxida 
tive products generated in the conversion process, such as 
carbon monoxide, are major challenges in hydrogen pro 
duction. Fuel cells are generally incapacitated by the pres 
ence of even loW concentrations of CO, Which poisons that 
catalyst at the anode. Despite development of more CO 
tolerant Pt/Ru anodes, fuel cells are still susceptible to 
compromised function When used With hydrogen sources 
With a CO concentration above 5 ppm. 

[0007] Current industrial methods for producing high 
purity hydrogen gas (for example, hydrogen suf?ciently free 
of sulfur and carbon monoxide for use in fuel cell applica 
tions) are not practical for fuel cell applications. The pro 
duction of hydrogen gas from natural hydrocarbon sources 
is Widely practiced in the chemical industry, for example in 
the production of ammonia and alcohol. Avariety of reaction 
steps employing different carefully designed catalysts are 
used in the industrial production of hydrogen. A series of 
several reaction steps is typically required to reduce CO 
concentrations to beloW required levels, for example beloW 
5 ppm. Many of these reaction steps require high pressures 
(for example, in excess of 1,000 psig), high reaction tem 
peratures (for example, in excess of 800° C.) and use 
self-heating pyrophoric catalysts. The scale and Weight of 
machinery required to safely carry out such processes is too 
large for many fuel cell applications, such as automobile or 
residential applications. Furthermore, While the haZards pre 
sented by such reaction conditions can be effectively man 
aged in an industrial production setting, similar haZards 
present unacceptable levels of risk for most fuel cell appli 
cations. 

[0008] The Water-gas shift reaction is a Well knoWn cata 
lytic reaction Which is used, among other things, to generate 
hydrogen in a gas-borne stream by chemical reaction of 
carbon monoxide With Water vapor (H2O) according to the 
folloWing stoichiometry: 

[0009] Wherein the reaction requires a catalyst. Typical 
catalysts employed in this reaction are based on combina 
tions of iron oxide With chromium oxides at high tempera 
tures (about 350° C.) or mixtures of copper and Zinc 
materials at loWer temperatures (about 200° C.). 

[0010] The currently used commercial Water-gas shift 
(WGS) reaction catalysts have a number of de?ciencies 
When considered for fuel cell applications. Many commer 
cial Water-gas shift catalysts are self heating and pyrophoric 
When exposed to air. For example, high temperature iron 
chromium based WGS commercial catalysts in the reduced 
state undergo a rapid temperature increase of about 400° C. 
upon exposure to atmospheric air. Similarly, loW tempera 
ture copper-Zinc based WGS commercial catalysts in the 
reduced state undergo rapid temperature increases of about 
750° C. upon exposure to atmospheric air. Exposure of 
copper oxide WGS reaction catalysts in the reduced state 
supported on cerium oxides to atmospheric air is knoWn to 
result in a rapid temperature increase of about 500 to 600° 
C. and platinum-cerium oxide WGS reaction catalysts can 
undergo similar temperature increases of about 400° C. In 
many cases, such rapid and dramatic temperature increases 
result in the sintering of the catalyst Which can permanently 
disable the catalyst. Such temperature increases can cause 
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the reduced catalyst to ignite spontaneously When exposed 
to air. While such materials are practical for industrial 
synthesis, Where reaction conditions can be carefully moni 
tored and appropriate safety controls can be put in place to 
prevent atmospheric air exposure, many such catalysts pose 
unacceptably high levels of risk When considered for use in 
many fuel cell applications in a vehicular or residential 
setting. 

[0011] As many materials used in catalysts are expensive, 
there is also a need for catalysts With comparable or higher 
activity levels that are more cost effective. 

[0012] Water-gas shift catalysts have been extensively 
studied. For example, Jacques Barbier and Daniel DupreZ, 
Applied Catalysis B: Environmental 4 (1994) 105-140; 
“Steam effects in three Way catalysts” revieWs the Water-gas 
shift reaction using a variety of catalytic systems, including 
systems comprising an alumina support, a cerium oxide 
promoter and a variety of catalytic metals such as platinum 
(Pt), rhodium (Rh), and palladium (Pd). 

[0013] The oxides of cerium are Well knoWn promoters of 
the WGS reaction. The promotion of WGS activity of 
precious metal catalysts by CeO2 has been described in the 
literature in connection With auto exhaust catalysts includ 
ing, for example, the use of CeOZ-impregnated alumina 
poWder as a support in Barbier and DupreZ, Applied Cataly 
sis B: Environmental 3 (1993) 61-83; “Reactivity of steam 
in exhaust gas catalysis I: Steam and oxygen/steam conver 
sions of carbon monoxide and of propane over PtRh cata 
lysts”. Such commercially available ceria WGS reaction 
catalysts are typically in the form of poWders, and are used, 
for instance, in Washcoating monolith supports to form 
catalysts for treating automotive exhaust. HoWever, poWder 
based catalysts are not ideal for other types of applications 
such as fuel processors in that they lack rigidity, they do not 
permit the How of a gaseous stream of reactants through the 
catalyst and they often require large amounts of costly 
catalytically active metals. 

[0014] Pyrophoric catalysts have an additional disadvan 
tage. Lengthy and carefully controlled protocols are neces 
sary to both activate and to passivate (stabiliZe toWard 
exposure to air) the catalyst. In addition, these protocols 
typically require specialiZed equipment, such as How con 
trols, for these processes. Due to the exothermic nature of 
the reduction of the copper catalytic agent, activation of 
typical pyrophoric copper containing loW temperature shift 
catalysts, for example, requires careful control of both 
temperature and the proportion of reducing gas (usually 
hydrogen) being introduced into the carrier gas (usually 
nitrogen or natural gas). In a typical activation procedure, a 
small proportion of hydrogen in a carrier gas is initially 
introduced at loWer temperatures. The temperature of the 
catalyst bed is then raised incrementally to a higher inter 
mediate temperature. When this intermediate temperature is 
reached the proportion of hydrogen in the carrier gas is 
incrementally increased. These iterations are repeated until 
the catalyst bed is completely reduced. Appropriate precau 
tions must be taken to maintain the temperature beloW 230° 
C. as the copper catalyst begins to sinter above this tem 
perature. Likewise, appropriate controls and procedures are 
used to safely discharge a pyrophoric shift catalyst from a 
reactor, due to the fact that the oxidation of the copper 
catalytic agent is an exothermic process. The catalyst bed 

May 23, 2002 

requires a passivation step to safely discharge a reactor. In 
typical passivation procedures a carrier of an inert gas 
(typically nitrogen) is used While air is sloWly introduced to 
increase the oxygen level in the carrier gas. The sloW, 
stepWise increase in the proportion of air requires special 
iZed flow controls and monitoring equipment (Catalyst 
Handbook Second Edition; TWigg, M. V., Ed.; Wolfe Pub 
lishing, 1989). The protocols and associated equipment 
required for these activation and passivation methods add to 
the cost and inconvenience of using pyrophoric loW tem 
perature Water-gas shift catalysts. 

[0015] What is needed is a Water-gas shift reaction catalyst 
of signi?cantly loWer pyrophoricity upon exposure to atmo 
spheric air, With loWer production costs, With at least com 
parable activity When compared to existing commercial 
catalysts and in a form that is stable, durable and practical 
for use With fuel processor applications. The present inven 
tion overcomes these de?ciencies in the prior art by provid 
ing an improved Water-gas shift reaction catalyst and meth 
ods for the use thereof. 

SUMMARY OF THE INVENTION 

[0016] In one embodiment, the invention relates to a 
process for carrying out the Water-gas shift reaction employ 
ing a loW-pyrophoricity Water-gas shift reaction catalyst. 
The loW-pyrophoricity Water-gas shift reaction catalyst has 
a solid high heat capacity particulate support impregnated 
With a reducible metal oxide and a catalytic agent. In a 
preferred process, the Water-gas shift reaction catalyst has 
not more than 50% by Weight of the reducible metal oxide. 
Preferably the reducible metal oxide is in the range of 
05-35% by Weight. 

[0017] In another preferred process, the particulate sup 
port is a high strength support in a durable and rigid form. 
Preferably, the particulate support is activated alumina, more 
preferably With a BET effective surface area of at least 10 
m2/g. 
[0018] In one embodiment of the process, the reducible 
metal oxide includes one or more of the oxides of Cr, V, Mo, 
Nd, Pr, Ti, Fe, Ni, Mn, Co, or Ce. Preferably the reducible 
metal oxide includes one or more of the oxides of Ce, Cr, Fe, 
or Mn. 

[0019] In one preferred embodiment of the process, the 
reducible metal oxide consists of the oxides of Ce. 

[0020] In another embodiment of the process, the catalytic 
agent of the loW-pyrophoricity Water-gas shift reaction cata 
lyst includes one or more of Pt, Pd, Cu, Fe, Rh, or Au or an 
oxide thereof. 

[0021] In a preferred embodiment of the process, the 
catalytic agent is Cu or an oxide thereof. Preferably the 
copper or an oxide thereof is in the range of 4-20% by 
Weight, calculated as CuO. The high heat capacity support 
used in this process preferably has alumina particles With a 
mesh siZe of 12 or greater. In one preferred process, the 
reducible metal oxide consists of the oxides of Cr and Ce. In 
another preferred process, the reducible metal oxide consists 
of the oxides of Cr. In still another preferred process, the 
reducible metal oxide consists of the oxides of Ce. 

[0022] In another preferred embodiment of the process, 
the catalytic agent is Pt or an oxide thereof. Preferably the 
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high heat capacity support used in this process has alumina 
particles With a mesh siZe of 12 or greater. In a preferred 
embodiment of this process, the reducible metal oXide 
consists of the oXides of Ce. 

[0023] In one preferred process for carrying out the Water 
gas shift reaction, the loW-pyrophoricity Water-gas shift 
reaction catalyst has alumina support particles With a mesh 
siZe of 12 or greater and a BET surface area of at least 10 
m2/g. The loW-pyrophoricity Water-gas shift reaction cata 
lyst also has up to 25% by Weight of an oXide of Ce, 
calculated as CeO2, impregnated in the support particles. 
The loW-pyrophoricity Water-gas shift reaction catalyst also 
has betWeen 4 and 14% by Weight catalytic agent. The 
catalytic agent is Cu or an oXide thereof, calculated as CuO. 
The process for carrying out the Water-gas shift reaction has 
the steps of: a) providing an input gas stream comprising 
carbon monoXide and Water vapor; b) contacting the input 
gas stream With the loW-pyrophoricity Water-gas shift reac 
tion catalyst; and c) catalyZing the Water-gas shift reaction 
With the loW-pyrophoricity Water-gas shift reaction catalyst. 
The input gas stream includes: betWeen about 1% by volume 
and about 10% by volume CO, at least 10% by volume 
hydrogen, and at least 10% by volume H2O. The input gas 
stream is characteriZed by a space velocity that is at least 500 
hr-1 VHSV. 

[0024] In another preferred process for carrying out the 
Water-gas shift reaction, the loW-pyrophoricity Water-gas 
shift reaction catalyst has alumina support particles With a 
mesh siZe of 12 or greater and a BET surface area of at least 
10 m2/g. The loW-pyrophoricity Water-gas shift reaction 
catalyst also has up to 15% by Weight of an oXide of 
chromium, calculated as Cr2O3, impregnated in the support 
particles. The loW-pyrophoricity Water-gas shift reaction 
catalyst also has betWeen 4 and 14% by Weight catalytic 
agent. The catalytic agent is copper or an oXide thereof, 
calculated as CuO. The process for carrying out the Water 
gas shift reaction has the steps of: a) providing an input gas 
stream comprising carbon monoXide and Water vapor; b) 
contacting the input gas stream With the loW-pyrophoricity 
Water-gas shift reaction catalyst; and c) catalyZing the Water 
gas shift reaction With the loW-pyrophoricity Water-gas shift 
reaction catalyst. The input gas stream includes: betWeen 
about 1% by volume and about 10% by volume CO, at least 
10% by volume hydrogen, and at least 10% by volume H2O. 
The input gas stream is characteriZed by a space velocity that 
is at least 500 hr-1 VHSV. 

[0025] In another preferred process for carrying out the 
Water-gas shift reaction, the loW-pyrophoricity Water-gas 
shift reaction catalyst has alumina support particles With a 
mesh siZe of 12 or greater and a BET surface area of at least 
10 m2/g. The loW-pyrophoricity Water-gas shift reaction 
catalyst also has up to 25% by Weight of an oXide of cerium, 
calculated as CeO2 impregnated in the support particles. The 
loW-pyrophoricity Water-gas shift reaction catalyst also has 
up to 10% by Weight of an oXide of chromium, calculated as 
Cr2O3, impregnated in the support particles. The loW-pyro 
phoricity Water-gas shift reaction catalyst also has betWeen 
4 and 14% by Weight catalytic agent. The catalytic agent is 
copper or an oXide thereof, calculated as CuO. The process 
for carrying out the Water-gas shift reaction has the steps of: 
a) providing an input gas stream comprising carbon mon 
oXide and Water vapor; b) contacting the input gas stream 
With the loW-pyrophoricity Water-gas shift reaction catalyst; 
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and c) catalyZing the Water-gas shift reaction With the 
loW-pyrophoricity Water-gas shift reaction catalyst. The 
input gas stream includes: betWeen about 1% by volume and 
about 10% by volume CO, at least 10% by volume hydro 
gen, and at least 10% by volume H2O. The input gas stream 
is characteriZed by a space velocity that is at least 500 hr-1 
VHSV. 

[0026] In another preferred process for carrying out the 
Water-gas shift reaction, the catalyst has alumina support 
particles With a mesh siZe of 12 or greater and a BET surface 
area of at least 10 m2/g. The loW-pyrophoricity Water-gas 
shift reaction catalyst also has up to 25% by Weight of an 
oXide of cerium, calculated as CeO2, impregnated in the 
alumina support particles. The loW-pyrophoricity Water-gas 
shift reaction catalyst also has betWeen 0.1 and 1.0% by 
Weight of a catalytic agent. The catalytic agent is Pt or an 
oXide thereof, calculated as Pt. The process for carrying out 
the Water-gas shift reaction has the steps of: a) providing an 
input gas stream comprising carbon monoXide and Water 
vapor; b) contacting the input gas stream With the loW 
pyrophoricity Water-gas shift reaction catalyst; and c) cata 
lyZing the Water-gas shift reaction With the loW-pyrophoric 
ity Water-gas shift reaction catalyst. The input gas stream 
includes: betWeen about 0.1% by volume and about 5% by 
volume CO, at least 10% by volume hydrogen, and at least 
10% by volume H2O. The input gas stream is characteriZed 
by a space velocity that is at least 500 hr-1 VHSV. 

[0027] In another aspect, the invention relates to an appa 
ratus for carrying out the Water-gas shift reaction. The 
apparatus has a loW-pyrophoricity Water-gas shift reaction 
catalyst that has a durable, high heat capacity particulate 
support impregnated With less than 50% by Weight of an 
oXide of Ce, calculated as CeO2. The loW-pyrophoricity 
Water-gas shift reaction catalyst also has a catalytically 
effective amount of a catalytic agent. The particulate support 
has alumina particles With a mesh siZe of 12 or greater. 

[0028] In one embodiment of the apparatus, the particulate 
support of the loW-pyrophoricity Water-gas shift reaction 
catalyst is activated alumina With a BET effective surface 
area of at least 10 m2/g. In another embodiment of the 
apparatus, the catalytic agent of the loW-pyrophoricity 
Water-gas shift reaction catalyst includes one or more of Pt, 
Pd, Cu, Fe, Rh, Au or an oXide thereof. 

[0029] In one preferred apparatus, the loW-pyrophoricity 
Water-gas shift reaction catalyst has alumina support par 
ticles With a mesh siZe of 12 or greater and a BET surface 
area of at least 10 m2/g. The loW-pyrophoricity Water-gas 
shift reaction catalyst has up to 25% by Weight of an oXide 
of cerium, calculated as CeO2, impregnated in the support 
particles. The loW-pyrophoricity Water-gas shift reaction 
catalyst also has betWeen 4 and 14% by Weight catalytic 
agent. The catalytic agent is copper or an oXide thereof, 
calculated as CuO. An input gas stream contacts the loW 
pyrophoricity Water-gas shift reaction catalyst. The input gas 
stream includes: betWeen about 1% by volume and about 
10% by volume CO, at least 10% by volume hydrogen, and 
at least 10% by volume H2O. The input gas stream is 
characteriZed by a space velocity that is at least 500 hr'1 
VHSV. 

[0030] In another preferred apparatus, the loW-pyropho 
ricity Water-gas shift reaction catalyst has alumina support 
particles With a mesh siZe of 12 or greater and a BET surface 
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area of at least 10 m2/g. The loW-pyrophoricity Water-gas 
shift reaction catalyst has up to 15% by Weight of an oxide 
of chromium, calculated as Cr2O3, impregnated in the 
support particles. The loW-pyrophoricity Water-gas shift 
reaction catalyst also has betWeen 4 and 14% by Weight 
catalytic agent. The catalytic agent is copper or an oxide 
thereof, calculated as CuO. An input gas stream contacts the 
loW-pyrophoricity Water-gas shift reaction catalyst. The 
input gas stream includes: betWeen about 1% by volume and 
about 10% by volume CO, at least 10% by volume hydro 
gen, and at least 10% by volume H2O. The input gas stream 
is characteriZed by a space velocity that is at least 500 hr'1 
VHSV. 

[0031] In another preferred apparatus, the loW-pyropho 
ricity Water-gas shift reaction catalyst has alumina support 
particles With a mesh siZe of 12 or greater and a BET surface 
area of at least 10 m2/g. The loW-pyrophoricity Water-gas 
shift reaction catalyst has up to 25% by Weight of an oXide 
of cerium, calculated as CeO2 impregnated in the support 
particles. The loW-pyrophoricity Water-gas shift reaction 
catalyst also has up to 10% by Weight of an oXide of 
chromium, calculated as Cr2O3, impregnated in the support 
particles. The loW-pyrophoricity Water-gas shift reaction 
catalyst also has betWeen 4 and 14% by Weight catalytic 
agent. The catalytic agent is copper or an oXide thereof, 
calculated as CuO. An input gas stream contacts the loW 
pyrophoricity Water-gas shift reaction catalyst. The input gas 
stream includes: betWeen about 1% by volume and about 
10% by volume CO, at least 10% by volume hydrogen, and 
at least 10% by volume H2O. The input gas stream is 
characteriZed by a space velocity that is at least 500 hr'1 
VHSV. 

[0032] In another preferred apparatus, the loW-pyropho 
ricity Water-gas shift reaction catalyst has alumina support 
particles With a mesh siZe of 12 or greater and a BET surface 
area of at least 10 m2/g. The loW-pyrophoricity Water-gas 
shift reaction catalyst has up to 25% by Weight of an oXide 
of cerium, calculated as CeO2, impregnated in the alumina 
support particles. The loW-pyrophoricity Water-gas shift 
reaction catalyst also has betWeen 0.1 and 1.0% catalytic 
agent. The catalytic agent is Pt or an oXide thereof, calcu 
lated as Pt. An input gas stream contacts the loW-pyropho 
ricity Water-gas shift reaction catalyst. The input gas stream 
includes: betWeen about 0.1% by volume and about 5% by 
volume CO, at least 10% by volume hydrogen, and at least 
10% by volume H2O. The input gas stream is characteriZed 
by a space velocity that is at least 500 hr'1 VHSV. 

[0033] In another aspect, the invention relates to a loW 
pyrophoricity Water-gas shift reaction catalyst having high 
heat capacity support particles of a mesh siZe of 12 or greater 
impregnated With a reducible metal oXide and a catalytic 
agent. In one preferred embodiment of the loW-pyrophoric 
ity Water-gas shift reaction catalyst, the reducible metal 
oXide includes one or more of the oXides of Cr, V, Mo, Nd, 
Pr, Ti, Fe, Ni, Mn, Co, or Ce. Preferably the high heat 
capacity support particles of the loW-pyrophoricity Water 
gas shift reaction catalyst are activated alumina. 

[0034] In one preferred loW-pyrophoricity Water-gas shift 
reaction catalyst, the catalytic agent is Cu or an oXide 
thereof. Preferably the catalytic agent is in the range of 
4-20% by Weight, calculated as CuO. In one preferred 
embodiment the reducible metal oXide of this loW-pyropho 
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ricity Water-gas shift reaction catalyst consists of the oXides 
of Ce. In another preferred embodiment, the reducible metal 
oXide consists of the oXides of Cr. In still another preferred 
embodiment of this loW-pyrophoricity Water-gas shift reac 
tion catalyst, the reducible metal oXide consists of the oXides 
of Cr and Ce. 

[0035] In a preferred embodiment of the loW-pyrophoric 
ity Water-gas shift reaction catalyst, the reducible metal 
oXide is in the range of 05-35% by Weight. 

[0036] In another preferred loW-pyrophoricity Water-gas 
shift reaction catalyst, the catalytic agent is Pt or an oXide 
thereof. Preferably the reducible metal oXide of this loW 
pyrophoricity Water-gas shift reaction catalyst consists of the 
oXides of Ce. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] FIG. 1 is a graphic representation of test results 
obtained for the activity and pyrophoricities of various WGS 
reaction catalysts. 

[0038] FIG. 2 is a graphic representation of test results 
obtained for the activity and pyrophoricities of Pt/CeO2 
containing WGS reaction catalysts. 

[0039] FIG. 3 is a graphic representation of test results 
related to the dependence of catalytic activity of various 
WGS reaction catalysts on levels of reducible metal oXide 
and catalytic agent loadings. 

[0040] FIG. 4 shoWs a graphic representation of test 
results obtained related to the dependence of catalytic activ 
ity of Pt/CeO2-containing WGS reaction catalysts on levels 
of reducible metal oXide and catalytic agent loadings. 

[0041] FIG. 5 illustrates comparative data shoWing the 
mechanical strength of various catalytic supports. 

[0042] FIG. 6 shoWs a loW-pyrophoricity WGS reaction 
catalytic device for reducing the CO concentration in a 
hydrogen gas sample. 

[0043] FIG. 7 is a graphic representation of the effect of 
the level of Cr2O3 impregnation on the catalytic activity of 
CuO/Al2O3 loW-pyrophoricity WGS reaction catalysts. 

[0044] FIG. 8 is a graphic representation of the effect of 
the level of chromium oXide impregnation on the catalytic 
activity of CuO/CeO2/Al2O3 loW-pyrophoricity WGS reac 
tion catalysts. 

[0045] FIG. 9 illustrates the effect of the order of impreg 
nation of the reducible metal oXide and catalytic agent on the 
catalytic activity of CuO/CeO2/Al2O3 loW-pyrophoricity 
WGS reaction catalysts. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0046] De?nitions 

[0047] The de?nitions of certain terms used herein are as 
folloWs: 

[0048] “activated alumina” means a high BET surface area 
alumina, for eXample greater than 10 m2/ g, having primarily 
one or more of gamma, theta and delta aluminas. 

[0049] “BET surface area” means the Brunauer, Emmett, 
Teller method for determining surface area by N2 adsorption. 
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Unless otherwise speci?cally stated, all references herein to 
the surface area refer to the BET surface area. 

[0050] “catalytically effective amount” means that the 
amount of material present is sufficient to affect the rate of 
reaction of the Water-gas shift reaction in the sample being 
treated. 

[0051] “combination” or “combined” When used With ref 
erence to a combination of catalyst components means 
combinations attained by mixtures, impregnation, extrudates 
or blends of catalyst components, superimposed discrete 
layers of components and other suitable methods knoWn in 
the art Which can be used to synthesiZe a catalyst, for 
example by incorporation of a catalytic agent, one or more 
metals or metal oxides, and the like on top of or into a 
support. 

[0052] “DTA” means differential thermal analysis Which 
is measure of the amount of heat emitted (exotherm) or 
absorbed (endotherm) by a sample as a function of tempera 
ture and/or time. 

[0053] “gas-borne stream” means a gaseous stream Which 
may contain non-gaseous components such as solid particu 
lates and/or vapors, liquid mist or droplets, and/or solid 
particulates Wetted by a liquid. 

[0054] “high heat capacity support” means support mate 
rials With a heat capacity that is approximately equal to or, 
preferably, greater than that of the reducible metal oxide in 
the catalyst. 

[0055] “incipient Wetness impregnation” means the 
impregnation of the catalyst support With a volume of metal 
salt solution substantially equal to the pore volume of the 
support material. 

[0056] “inlet temperature” shall mean the temperature of 
the hydrogen, Water, and carbon monoxide stream, test gas, 
?uid sample or ?uid stream being treated immediately prior 
to initial contact of the hydrogen stream, test gas, ?uid 
sample or ?uid stream With a catalyst composition. 

[0057] “low-pyrophoricity” means that an exposure of a 
reduced catalyst to atmospheric air results in an oxidative 
temperature rise of not more than 200° C. 

[0058] “oxidative temperature rise” means an increase in 
temperature due to an exothermic oxidation reaction, for 
example upon exposure of some materials With air. 

[0059] “percent by volume , ‘volume percent” or “% v”, 
When used to refer to the amount of a particular gas 
component of a gas stream, unless otherWise indicated, 
means the mole percent of the gas component of the gas 
stream as expressed as a volume percent. 

[0060] “percent by Weight”, or “Weight percent” or “% 
Wt.”, unless otherWise indicated, means Weight percent 
based on the Weight of an analyte as a percentage of the total 
catalyst Weight, including the support and any catalytic 
material impregnated therein, including Without limitation 
the catalytic agent and any metal oxide material. The percent 
by Weight of a particular analyte (e.g reducible metal oxide 
or catalytic agent) of the catalyst is generally determined 
after impregnation as a speci?c oxide With a suitable pre 
cursor of the analyte folloWed by calcination, but before 
activation of the catalyst. 
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[0061] “product” means a gas or ?uid sample, for example 
a gas stream, such as a hydrogen stream, test gas, ?uid 
sample or ?uid stream, after passing through a catalytic 
region or after having completed all contact With a catalyst 
composition. 

[0062] “pyrophoric or pyrophoricity” means that a sub 
stance Will ignite almost instantaneously after coming into 
contact With air. 

[0063] “reactant”, “reactant stream” or “input stream” 
means a gas or ?uid sample, for example a gas stream, such 
as a hydrogen, Water, and carbon monoxide stream, test gas, 
?uid sample or ?uid stream, prior to passing through a 
catalytic region or prior to initial contact With a catalyst 
composition. 

[0064] T(50) means the temperature to achieve 50% con 
version of reactant using the catalyst under the speci?ed 
conditions. T(50) is recogniZed as a measure of the activity 
of a catalyst: the loWer the T(50), the higher the activity of 
the catalyst. Unless otherWise speci?ed, T(50) is measured 
at standard pressure. 

[0065] “TGA” means thermogravimetric analysis Which is 
measure of the Weight change (e.g., loss) of a sample as a 
function of temperature and/or time. 

[0066] VHSV means volume hourly space velocity; that 
is, the ?oW of a reactant gas in liter per hour per liter of 
catalyst volume at standard temperature and pressure. 

[0067] WHSV means Weight hourly space velocity; that 
is, the ?oW of a reactant gas in liter per hour per kilogram 
of catalyst. 

[0068] The present invention provides an improved Water 
gas shift reaction catalyst and methods for the use thereof, 
for example, in generating hydrogen from a gas-borne 
stream. In some embodiments, the present invention pro 
vides methods of generating hydrogen in a gas stream or a 
gas sample using the Water-gas shift (WGS) reaction, for 
instance, generating hydrogen from a gas stream of CO and 
Water in the WGS reaction. In some embodiments, the 
catalysts of the invention can be used as an intermediate step 
in a series of chemical processes to generate hydrogen from 
a gas-borne stream by using the WGS reaction. In some 
preferred embodiments, the invention provides Water-gas 
shift reaction catalysts and methods for their use, Which can 
signi?cantly reduce the pyrophoric haZard associated With 
many WGS reaction catalysts upon exposure to atmospheric 
air. The reduced pyrophoric haZard associated With the 
catalysts of the invention makes the catalysts more conve 
nient to handle, both in terms of activating and passivating 
the catalysts. The present invention, in certain embodiments, 
also provides a Water-gas shift reaction catalyst that is 
durable, and methods of use thereof. For example, the 
Water-gas shift reaction catalysts of the invention are durable 
in that the catalysts: Will typically not undergo sintering 
upon exposure to atmospheric air, (ii) can be regenerated 
subsequent to exposure to atmospheric air and (iii) are 
preferably of a structurally rigid form that is resistant to 
crumbling and breaking. 

[0069] The catalysts of the present invention comprise a 
support impregnated With a reducible metal oxide and a 
catalytic agent. It has been found, surprisingly, that both the 
pyrophoricity of a reducible metal oxide Water-gas shift 
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reaction catalyst (e.g., CeO2-alumina supported catalysts), 
and the reducible metal oxide loading (e.g., CeO2 loading) 
can be loWered While achieving comparable or improved 
catalytic activity. 
[0070] The catalysts of the invention comprise a structur 
ally strong support of any suitable durable high heat capacity 
material, such as alumina, Which can be in a particulate form 
having a longest dimension of about 1/32-inch (0.78 mm) to 
about 1/2 inch (1.25 cm) in cross section. Preferably, the 
support particle is at least l/lo-IIlCh (1.56 mm) in cross 
section or has a mesh siZe of 12 (sieve opening of 1.52 mm) 
or above. For example, the support particle preferably has a 
mesh siZe of 12, 11, 10, etc. The catalytic support can be 
impregnated With a suitable precursor of a reducible metal 
oxide such as the oxides of cerium, chromium, or a combi 
nation of both, and With a suitable catalytic agent such as Cu 
or a noble metal such as Pt (or their oxides). Preferred 
support materials have a heat capacity that is preferably 
higher than that of the reducible metal oxide. Examples of 
supports are silica, Zeolites, Zirconia, titania, Zinc oxide and 
alumina. Activated alumina is a particularly preferred sup 
port. 

[0071] The catalysts of the present invention can take the 
form of any suitable high strength support such as a particle, 
pellet, extrudate, tablet and the like. The support is prefer 
ably in a durable, rigid form. A number of supports that are 
suitable for preparing the catalysts of the invention and 
practicing the methods of the invention are readily commer 
cially available. For example, 1/s-inch diameter alumina 
particles available from ALCOA as DD-443 (With 327 m2/g 
BET surface area measured as received) can be used to 
practice the invention. Desirable characteristics for preferred 
supports include having a high mechanical strength (resis 
tance to crumbling), being readily available, the capacity for 
being impregnated to high loadings With catalytic agents, 
promoters, metals, metal oxides and the like, and possessing 
a high heat capacity. Supports With a heat capacity of at least 
the heat capacity of the reducible metal oxide are preferred. 
Supports With a heat capacity greater than the heat capacity 
of the reducible metal oxide are particularly preferred. 

[0072] Suitable reducible metal oxides include the oxides 
of Ce, Cr, V, Mo, Nd, Pr, Ti, Fe, Ni, Mn, Co and the like, as 
Well as combinations thereof. Preferred reducible metal 
oxide include the oxides of cerium. Other preferred reduc 
ible metal oxides, particularly With loW-temperature Water 
gas shift catalysts containing copper as a catalytic agent, 
include the oxides of chromium. The oxides of chromium 
can be used alone or in combination With the oxides of 
cerium in the catalysts of the invention. As is knoWn in the 
art, the composition of the reducible metal oxide in the 
catalyst cannot be precisely determined once the catalyst has 
been activated and is dependent on the reaction conditions in 
the reactor such as the temperature, pressure, the ratio 
betWeen the feed material and Whether in the presence of a 
reducing, oxidiZing or inert atmosphere. For example, after 
impregnation of a support With a suitable precursor of 
cerium oxide (such as Ce(NO3)3 and calcination, cerium 
oxide is believed to be present as CeO2. Once the catalyst is 
activated and in use in the reactor, hoWever, cerium oxide 
can be CexOy Where x is 1, 2 or betWeen 1 and 2 and y is 
2, 3 or betWeen 2 and 3. Accordingly, as used herein the 
reducible metal oxides include the reducible metal oxides in 
these various oxidation states. 
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[0073] Preferably the Water-gas shift reaction catalyst has 
not more than 50% by Weight of the reducible metal oxide. 
More preferably, the reducible metal oxide is in the range of 
05-35% Wt. 

[0074] The catalytic agent can be any suitable material 
that is active for the Water-gas shift reaction, including but 
not limited to those currently recogniZed in the art. Prefer 
ably, the catalytic agent is present in the catalyst in a 
catalytically effective amount for the Water-gas shift reac 
tion. In some embodiments, the catalytic agent is preferably 
combined With a support that has been previously impreg 
nated With a reducible metal oxide. Examples of catalytic 
agents include Fe, Mn, Co, Ni, Mo, V, Pd, Rh, Au, Os, Ir, Cu, 
Pt and oxides of these metals as Well as combinations 
thereof. Preferred catalytic agents include Cu and Group VII 
transition metal elements and certain oxides thereof, and 
particularly preferred catalytic agents are Pt, Pd and Cu. As 
understood in the art, some metal catalytic agents may exist 
in the catalyst in different oxidation states, for example as 
metal oxides, metal clusters, combinations thereof and the 
like. As is knoWn in the art, the composition of the catalytic 
agent in the catalyst cannot be precisely determined once the 
catalyst has been activated and is dependent on the reaction 
conditions in the reactor such as the temperature, pressure, 
the ratio betWeen the feed material and Whether in the 
presence of a reducing or inert atmosphere. For example, a 
support can be impregnated With a suitable copper precursor, 
such as Cu(NO3)2 and calcined to provide a CuO impreg 
nated support. Once activated and in use in a reactor, 
hoWever, the catalytic agent can be present as Cu, Cu2O, or 
CuO. Accordingly, as used herein, the catalytic agent 
includes the metal itself and all its oxides. 

[0075] The catalysts of the invention can be prepared by 
?rst impregnating the support With the reducible metal oxide 
precursor, folloWed by drying and calcination. For example, 
CeO2 impregnated alumina support particles can be pre 
pared by incipient Wetness impregnation of alumina par 
ticles. Accordingly, in a preferred preparation the 1/s-inch 
alumina support particles are ?rst dried and calcined prior to 
impregnation With the CeO2 precursor. For example, the 
alumina support particles can be ?rst dried at ambient 
temperature, then dried at about 120° C., then calcined. 
Next, the calcined 1/s-inch particles are impregnated in an 
aqueous solution of cerium nitrate (or any other suitable 
CeO2 precursor such as cerium acetate, chloride, etc.). The 
particles are then dried and calcined at 500° C. in air. 

[0076] After preparation of the solid support With the 
reducible metal oxide, the support can be impregnated With 
a precursor of the catalytic agent. For example, incipient 
Wetness impregnation can be used to impregnate a CeO2 
impregnated alumina support (or “CeO2/ alumina particles”), 
Which can be prepared as described above, With a catalytic 
agent. In some embodiments, a catalytic agent Which is Cu 
or an oxide thereof can be added to CeO2/alumina particles 
by impregnation of the CeO2/alumina particles With Cu 
nitrate solution at a Weakly acidic pH, dried and calcined to 
prepare CuO/CeO2/alumina WGS reaction catalysts. In 
some embodiments, impregnation of CeO2/alumina par 
ticles With a Pt-nitrate solution, or preferably a Water soluble 
Pt-amine salt solution, is folloWed by precipitation With 
acetic acid, drying and calcination to prepare Pt/CeO2/ 
alumina WGS reaction catalysts of the invention. 
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[0077] In some embodiments, a second reducible metal 
oxide can be added to the CeO2/alumina particles before 
impregnation With a catalytic agent. For example, copper 
containing catalysts that are Well-suited to the loW tempera 
ture Water-gas shift reaction can be prepared in this manner. 
Impregnation of a CeO2/Al2O3 precursor, With various 
amounts of a suitable Cr2O3 precursor such as a Cr(NO3)3 
solution, folloWed by drying and calcination can provide 
CeO2/Cr2O3/Al2O3 particles. These particles can be impreg 
nated With, for example, a copper nitrate solution folloWed 
by drying and calcination to provide a CuO/Cr2O3/CeO2/ 
Al2O3 catalyst. In an alternate preparation, the CeO2/Al2O3 
precursor can be impregnated With Cr(NO3)3 (Without a 
subsequent calcination step) and Cu(NO3)2 and then cal 
cined together to provide the same CuO/Cr2O3/CeO2/Al2O3 
catalyst. 

[0078] For convenience, the catalytic agents and reducible 
metal oxides of the catalysts of the invention are described 
herein as speci?c oxides to refer to a speci?c catalyst (e.g. 
CuO/Cr2O3/CeO2/Al2O3, Pt/CeO2/Al2O3, etc.). The 
descriptions are believed to re the composition of the 
catalyst after calcination but before activation. As used 
herein, the percent by Weight of the components of the 
catalyst are determined based on these assumed composi 
tions after calcination but before activation. Once activated 
and in use, hoWever, the oxidation states of both the catalytic 
agent and the reducible metal oxide cannot be precisely 
determined. 

[0079] Generally, other ingredients may be added to the 
WGS reaction catalyst of the present invention such as 
conventional thermal stabiliZers for the alumina, e.g., the 
oxides of lanthanum, barium, silica etc. Thermal stabiliZa 
tion of high surface area cerium oxides and alumina to 
militate against phase conversion to less catalytically effec 
tive loW surface area forms is Well-known in the art. Thermal 
stabiliZers may be incorporated into the bulk activated 
alumina, by impregnating the alumina particles With, e.g., a 
solution of a soluble compound of the stabiliZer metal. Such 
impregnation is then folloWed by drying and calcining the 
impregnated particles to convert the soluble stabiliZer metal 
impregnated therein into, for example, a metal oxide. 

[0080] FIG. 1 and FIG. 2 shoW graphical representations 
100 and 200 of some embodiments of the invention. Spe 
ci?cally, the graphs 100 and 200 illustrate that the methods 
of the invention signi?cantly reduce pyrophoricity of the 
Water-gas shift reaction catalysts Without signi?cant loss of 
WGS reaction catalyst performance compared to Water-gas 
shift reaction catalysts in the prior art. 

[0081] In FIG. 1 and FIG. 2, the conversion percentage 
110 and 210 of CO to CO2 by the Water-gas shift reaction is 
shoWn on the left ordinate (y-axis), temperature 120 and 220 
is shoWn on the abscissa (x-axis), and estimated temperature 
rise from DTA calculation is shoWn on the right ordinate axis 
130 and 230 in units of ° C. 

[0082] In one embodiment of the invention, the methods 
of the invention as illustrated in FIG. 1, can be practiced 
With WGS reaction catalysts comprising an alumina support 
impregnated With both a CeO2 reducible metal oxide and a 
CuO catalytic agent. A ?rst curve 111 (corresponding to 
values on the left ordinate axis 110) represents percent 
conversion of CO and Water to hydrogen and CO2 and is 
measured on CO consumed (obtained from Water-gas shift 
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reactions performed by the methods of the invention and a 
?rst column 131 (corresponding to values on the right 
ordinate axis 130) represents typical oxidative temperature 
rise associated With loW-pyrophoricity Water-gas shift reac 
tion catalysts of the invention. A ?rst comparative example 
is represented by a second curve 112 (corresponding to 
values on the left ordinate axis 110), Which represents 
percent conversion of CO to CO2 obtained from a CuO/ 
CeO2 Water-gas shift reaction catalyst, and by a second 
column 132 (corresponding to values on the right ordinate 
axis 130), Which represents typical oxidative temperature 
rise associated With pyrophoric CuO/CeO2 Water-gas shift 
reaction catalysts. Comparison of curves 111 and 112 shoWs 
that the CuO/CeO2 impregnated WGS reaction catalysts and 
methods of the invention provide slightly higher WGS 
reaction CO conversion betWeen about 150 to 250° C. When 
compared to CuO/CeO2 WGS reaction catalysts, but With 
considerably loWer pyrophoricity as measured by oxidative 
temperature rise (compare columns 131 and 132). 

[0083] The CuO/CeO2 impregnated WGS reaction cata 
lysts and methods of the invention shoW a temperature 
dependent catalytic activity that is active at loWer tempera 
tures than conventional high temperature Water-gas shift 
reaction catalysts (e.g., FeCr), but are active at higher 
temperatures than conventional loW temperature Water-gas 
shift reaction catalysts (e.g., CuO/ZnO/Al2O3). This can be 
seen, for example, in the comparative examples presented in 
FIG. 1. Speci?cally, a third curve 113 and a third column 
133 shoW the percent CO conversion and oxidative tem 
perature rise, respectively, for a typical loW temperature 
WGS reaction catalyst, namely CuO/ZnO/Al2O3. A fourth 
curve 114 and a fourth column 134 shoW the percent CO 
conversion and oxidative temperature rise, respectively, for 
a typical high temperature WGS reaction catalyst, namely 
iron-chrome catalysts. 

[0084] Preferred CuO/CeO2/Al2O3 catalysts of the inven 
tion preferably contain betWeen 4 and 20% Wt., more 
preferably betWeen 4 and 14% Wt. of the catalytic agent, 
calculated as CuO, and up to 25% Wt. of an oxide of Ce, 
calculated as CeO2. 

[0085] In another embodiment of the invention, the meth 
ods of the invention as illustrated in FIG. 2, can be practiced 
With WGS reaction catalysts comprising an alumina support, 
preferably an activated alumina support, impregnated With 
both a CeO2 reducible metal oxide and a Pt catalytic agent. 
A ?rst curve 211 (corresponding to values on the left 
ordinate axis 210) represents percent conversion of Water 
and CO to hydrogen and CO2 and measured on CO con 
sumed obtained from Water-gas shift reactions performed by 
the methods of the invention and a ?rst column 231 (cor 
responding to values on the right ordinate axis 230) repre 
sents typical oxidative temperature rise associated With 
loW-pyrophoricity Water-gas shift reaction catalysts of the 
invention. A comparative example is represented by a sec 
ond curve 212 (corresponding to values on the left ordinate 
axis 210), Which represents percent conversion of CO to 
CO2 obtained from a Pt/CeO2 Water-gas shift reaction cata 
lyst, and by a second column 232 (corresponding to values 
on the right ordinate axis 230), Which represents typical 
oxidative temperature rise associated With the pyrophoric 
Pt/CeO2 Water-gas shift reaction catalysts. The Pt/CeO2 
WGS reaction catalyst is a pyrophoric WGS reaction cata 
lyst comprising a ceria support combined With a catalytically 
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effective amount of Pt; no alumina is present in the Pt/CeO2 
catalyst. Comparison of curves 211 and 212 shoWs that these 
WGS reaction catalysts and methods of the invention pro 
vide slightly higher WGS reaction CO conversion betWeen 
about 200 and 275° C. When compared to Pt/CeO2 WGS 
reaction catalysts, but With considerably loWer pyrophoricity 
as measured by oxidative temperature rise (compare col 
umns 231 and 232). 

[0086] Preferred Pt/CeO2/Al2O3 catalysts of the invention 
preferably contain betWeen 0.1 -1.0% Wt. of the catalytic 
agent, calculated as Pt ,and up to 25% Wt. of an oxide of Ce, 
calculated as CeO2. 

[0087] To summariZe, the WGS reaction catalysts and 
methods of the invention provide comparable WGS reaction 
catalytic activity to other WGS reaction catalysts (as shoWn 
by comparing curve 111 With curves 112, 113 and 114 and 
as shoWn by comparing curves 211 and 212), but With 
considerably loWer pyrophoricity (as shoWn by comparing 
column 131 With columns 132, 133 and 134 and as shoWn 
by comparing column 231 With column 232). 

[0088] In another embodiment of the invention that is 
particularly Well-suited for the loW-temperature Water-gas 
shift reaction, the catalyst comprises alumina support par 
ticles impregnated With the reducible metal oxide, Cr2O3 
and a catalytic agent, CuO (a CuO/Cr2O3/Al2O3 catalyst). 
As represented in FIG. 7, the alumina support is impreg 
nated With 8% Wt. CuO, and variable amounts of Cr2O3, up 
to 8% Wt. The improvement in the catalytic activity at loWer 
temperatures (beloW 250° C.) With the addition of Cr2O3 is 
seen in FIG. 7. The CO conversion percentage is shoWn on 
the ordinate and the temperature is shoWn on the abscissa. In 
this example, the test gas composition used Was a nitrogen 
stream containing 8% v CO, 10% v CO2, 43% v H2 (dry 
gas), and 26% v H2O at a space velocity of 2,500 h_1. A 
curve 711, representing the CO conversion for a catalyst 
impregnated With only CuO, has a T(50) of approximately 
214° C. As represented in the curve 712, impregnation With 
2% Wt. of Cr2O3 improves (loWers) the T(50) of the copper 
catalyst to approximately 173° C. The T(50) for the copper 
catalyst impregnated With 8% Wt. Cr2O3 is approximately 
the same (168° C.), as is seen in curve 713. In summary the 
addition of a small amount of Cr2O3 results in a catalyst that 
has a better catalytic activity as is seen in the signi?cantly 
loWer T(50)’s for these catalysts of the invention. 

[0089] Preferred CuO/Cr2O3/Al2O3 catalysts of the inven 
tion preferably contain betWeen 4 and 20% Wt., more 
preferably betWeen 4 and 14% Wt. of the catalytic agent, 
calculated as CuO, and up to 15% Wt. of an oxide of 
chromium calculated as Cr2O3. 

[0090] A similar improvement in CO conversion at loWer 
temperatures (beloW 250° C.) is observed in another pre 
ferred catalyst for the loW-temperature Water-gas shift reac 
tion, a CuO/Cr2O3/CeO2/Al2O3 catalyst. In this embodi 
ment, tWo reducible metal oxides, CeO2 and Cr2O3, are 
impregnated on alumina particles. The effect of impregnat 
ing the alumina particles With Cr2O3 already impregnated 
With 15% Wt. CeO2 and 8% Wt. CuO is illustrated in FIG. 
8. The CO conversion percentage is shoWn on the ordinate 
and the temperature on the abscissa. Acurve 811, represent 
ing the CO conversion percentage using a catalyst Without 
any impregnated Cr2O3 (i.e. a CuO/CeO2/Al2O3 catalyst), 
shoWs a T(50) approximately 215° C. A curve 812, repre 
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senting the CO conversion percentage of a CuO/Cr2O3/ 
CeO2/Al2O3 catalyst impregnated With 2.1% Wt. Cr2O3, 
shoWs the improved T(50) of approximately 175° C. The 
T(50) of a CuO/Cr2O3/CeO2/Al2O3 catalyst impregnated 
With 5% Wt. Cr2O3 is approximately the same (172° C.) 
(curve 813). 
[0091] In these CuO/CeO2/Al2O3 catalysts of the inven 
tion, a loWer T(50) is observed for catalyst prepared by 
impregnation With small amount of a second metal oxide, 
Cr2O3. 
[0092] Preferred CuO/Cr2O3/CeO2/Al2O3 catalysts of the 
invention preferably contain betWeen 4 and 20% Wt., more 
preferably betWeen 4 and 14% Wt. of the catalytic agent, 
calculated as CuO, up to 10% Wt. of an oxide of chromium 
calculated as Cr2O3, and up to 25% Wt. of an oxide of Ce, 
calculated as CeO2. 

[0093] The sequence of synthetic steps to prepare these 
same CuO/Cr2O3/CeO2/Al2O3 catalysts of the invention can 
in?uence the activity of the catalysts at loW temperatures. 
The in?uence is illustrated in FIG. 9. The CO conversion 
percentage is shoWn on the ordinate and the temperature is 
shoWn on the abscissa. In this example, the test gas com 
position used Was a nitrogen stream containing 8% v CO, 
10% v CO2, 43% v H2 (dry gas), and 26% v H2O at a space 
velocity of 2,500 h_1. All the catalysts Whose CO conversion 
curves are shoWn in the graph are prepared from 1 5% Wt. 
CeO2 impregnated alumina (CeO2/Al2O3) particles. After 
calcining, all the catalysts, Whose curves are shoWn in the 
graph, contain 8% Wt. CuO. A ?rst curve 911 shoWs the CO 
conversion percentage of a catalyst prepared by: (1) impreg 
nating the CeO2/Al2O3 precursor particles With Cr(NO3)3; 
(2) calcining; (3) impregnation With Cu(NO3)2; and (4) 
calcining. The T(50) for the catalyst prepared in this manner 
is approximately 180° C. A second curve 912 shoWs the 
activity of a second catalyst prepared by: (1) impregnating 
the CeO2/Al2O3 precursor particles With Cr(NO3)3; (2) 
impregnating With Cu(NO3)2; and (3) calcining the chro 
mium-cerium impregnated particles in one step (i.e. Without 
a calcination step after Cr impregnation). The second cata 
lyst in this ?gure also has a T(50) of approximately 180° C. 
A third catalyst having the same composition but prepared 
by: (1) impregnating the CeO2/Al2O3 precursor particles 
With Cu(NO3)2; (2) calcining; (3) impregnating With 
Cr(NO3)3; and (4) calcining does not, hoWever, shoW the 
improved activity temperatures beloW 200° C. (curve 913). 
The T(50) for this third catalyst is approximately 215 ° C., or 
approximately the same as the T(50) (214° C.) for a copper 
catalyst prepared Without any impregnated Cr2O3 (i.e. a 
CuO/CeO2/Al2O3 catalyst) (see curve 914). 
[0094] As illustrated in FIGS. 7 and 8, the copper cata 
lysts of the invention containing Cr2O3 as a reducible metal 
oxide, either alone, or in combination With ceria are Well 
suited for loW temperature Water-gas shift reactions. As is 
understood in the art, loW-temperature Water-gas shift reac 
tions are generally conducted beloW 300° C., preferably 
beloW 250° C. The CuO/Cr2O3/Al2O3 catalysts of the inven 
tion shoW a comparable level of activity for the commercial 
loW temperature Cu/Zn/Al catalysts. The T(50) is about 160° 
C. as the commercial loW temperature CuO/ZnO/Al2O3 
catalysts and approximately 168-177° C. for the catalysts of 
the invention containing chromium oxides. 

[0095] The CuO/Cr2O3/Al2O3 and CuO/Cr2O3/CeO2/ 
Al2O3 catalysts of the invention do not have the pyrophoric 
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liability associated With the commercial CuO/ZnO/Al2O3 
catalysts. CuO containing catalyst of the invention exhibit a 
much loWer oxidative temperature rise compared to pyro 
phoric catalyst such as typical commercial loW-temperature 
shift catalysts (e.g. CuO/ZnO/Al2O3 catalysts). Pyrophoric 
ity can be measured using a differential scanning calorim 
eter. An oxidative temperature rise expressed in °K. can be 
calculated for a given catalyst (Table 6). Whereas the 
commercial CuO/ZnO/Al2O3 catalyst exhibits an oxidative 
temperature rise of approximately 620° K., copper contain 
ing catalysts of the invention exhibit at least ?ve fold less 
increase in temperature rise. For example, a CuO/Cr2O3/ 
CeO2/Al2O3 catalyst of the invention (containing 12% CuO, 
2% Cr2O3, and 5% CeO2), exhibits approximately 120° K. 
oxidative temperature rise. Still a more dramatic difference 
is seen With another CuO/Cr2O3/CeO2/Al2O3 catalyst of the 
invention (containing 8% CuO, 2% Cr2O3, and 15% CeO2) 
Which exhibits only an approximately 40° K. oxidative 
temperature rise. 

[0096] Copper containing catalysts of the invention pref 
erably contain copper and its oxides (calculated as CuO) in 
a range of 4-20% Wt., more preferably 4-14% Wt. Preferred 
copper containing catalysts of the invention suitable for the 
loW-temperature Water-gas shift reaction also contain oxides 
of chromium (calculated as Cr2O3), preferably in the range 
of 05-10% Wt. 

[0097] Referring noW to FIG. 3 and FIG. 4, the graphs 
300 and 400 illustrate that the methods of the invention 
retain comparable high catalytic activity of conventional 
Water-gas shift catalysts that have higher reducible metal 
oxide loadings. Even When the WGS reaction catalyst com 
prises less than 50% Wt. loading of the metal oxide and a 
catalytically effective amount of the catalytic agent, the 
catalysts of the invention do not shoW signi?cant loss of 
catalytic performance compared to Water-gas shift catalysts 
in the prior art. 

[0098] In FIG. 3 and FIG. 4, the catalytic agent loading 
310 and 410 as a Weight percent of the total WGS reaction 
catalyst (including support, reducible metal oxide and cata 
lytic agent) is shoWn on the left ordinate (y-axis), the 
reducible metal oxide loading 320 and 420 is shoWn as a 
Weight percent of the total catalyst on the abscissa (x-axis), 
and activity expressed as T(50) is shoWn on the right 
ordinate axis 330 and 430 in units of °C. 

[0099] Turning to FIG. 3, in one embodiment of the 
invention, the methods of the invention can be practiced 
With WGS reaction catalysts comprising an alumina support 
impregnated With both a CeO2 reducible metal oxide and a 
CuO catalytic agent. A ?rst series of curves 331, 332, 333, 
and 334 (corresponding to values on the right ordinate axis 
330) represent activity of the Water-gas shift reaction cata 
lyst of the methods of the invention and measured by T(50), 
for four different reducible metal oxide loadings 321, 322, 
323 and 324. Under each curve 331, 332, 333 and 334, there 
is a set of three columns corresponding to values on the left 
ordinate axis 310 and labeled With a corresponding number 
and letter (“a”, “b” or “c”) designation (speci?cally, columns 
311a, 311b, 311e, 312a, 312b, 312e, 313a, 313b, 313e, 314a, 
314b and 314c). For example columns 311a, 311b and 311c 
are under curve 331. Each column represents the catalytic 
agent loading in the catalyst as a Weight percent of the total 
catalyst, and as read on the left ordinate axis 310. Each data 
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point on each curve corresponds to the T(50) activity for the 
catalytic agent loading of the column underneath it. For 
example, in one embodiment, a WGS reaction catalyst With 
a 5% Wt. CeO2 loading 321 and a 12% CuO loading 311a in 
an alumina support corresponds to a T(50) temperature of 
about 200° C. (reading curve 331). Likewise, in one embodi 
ment, a WGS reaction catalyst With a 20% Wt. CeO2 loading 
324 and an 8% Wt. CuO loading 314b in an alumina support 
corresponds to a T(50) temperature of about 225° C. (read 
ing curve 334). 

[0100] FIG. 4 illustrates another embodiment of the 
invention Wherein the loW-pyrophoricity WGS reaction 
catalyst is an alumina support impregnated With a CeO2 
reducible metal oxide and With a Pt catalytic agent. The 
curve 431 (corresponding to values on the right ordinate axis 
430) represents the activity of the Water-gas shift reaction 
catalyst measured by T(50) for tWo different reducible metal 
oxide loadings 421 and 422. Under the curve 431, there are 
tWo columns, 411 and 412. Each column represents the 
catalytic agent loading in the WGS reaction catalyst as a 
Weight percent of the total WGS reaction catalyst, and as 
read on the left ordinate axis 410. Each data point on each 
curve corresponds to the T(50) activity for the catalytic 
agent loading of the column underneath it. For example, in 
one embodiment, a WGS reaction catalyst comprising 13% 
Wt. CeO2 loading 421 and a 0.37% Pt loading 411 in an 
alumina support corresponds to a T(50) temperature of about 
260° C. (reading curve 431). Similarly, in one embodiment, 
a WGS reaction catalyst comprising a 24% Wt. CeO2 loading 
422 and a 0.7% Pt loading 412 in an alumina support 
corresponds to a T(50) temperature of about 255° C. (read 
ing curve 431). 

[0101] For loW-pyrophoricity CuO/CeO2/Al2O3 WGS 
catalysts, one skilled in the art Would recogniZe that for the 
catalyst illustrated in FIG. 3, a catalytically effective 
amount of the catalytic agent (CuO) of betWeen about 4% 
Wt. and 12% Wt. by Weight, depending on the reducible 
metal oxide loading, is desirable to maximiZe catalytic 
activity. 
[0102] Signi?cantly, the catalytic activity for loW-pyro 
phoricity WGS reaction catalysts With reducible metal oxide 
(CeO2) loadings of less than 25% Wt. is comparable to or 
higher than the catalytic activity of pyrophoric WGS reac 
tion catalysts that contain higher amounts of reducible metal 
oxide. For example, loW-pyrophoricity WGS reaction CuO/ 
CeOZ/AlZO3 catalysts With catalytically effective loadings of 
a catalytic agent (CuO) corresponding to columns 311b, 
311e, 312a, 312b, 313b, 313c, 314b, and 314c all have 
reducible metal oxide (CeO2) loadings of less than 25% Wt. 
and retain a WGS reaction catalytic activity shoWn by curves 
331, 332, 333, and 334. 

[0103] Comparable levels of WGS catalytic activity for 
loW-pyrophoricity WGS reaction catalysts (CuO/CeO2/ 
A1203) and pyrophoric (CuO/CeO2) WGS reaction catalysts 
can be seen in FIG. 1. The catalytic activity (represented by 
curve 111) of the loW-pyrophoricity WGS catalyst, having a 
CeO2 content of 20% Wt., is about the same as the catalytic 
activity (represented by curve 112) of a CeO2 supported, 
pyrophoric CuO/CeO2 WGS reaction catalyst. 

[0104] Similarly, loW-pyrophoricity Pt/CeO2/Al2O3 WGS 
reaction catalysts containing reducible metal oxide (CeO2) 
loadings of less than 25% Wt. also shoW comparable or 
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higher catalytic activity than the catalytic activity of pyro 
phoric Pt/CeO2 WGS reaction catalysts that contain higher 
amounts of reducible metal oxide. For example, loW-pyro 
phoricity WGS reaction catalysts With catalytically effective 
loadings of a catalytic agent (Pt) corresponding to column 
412 has a reducible metal oxide loading of less than 25 % Wt. 
and retain a WGS reaction catalytic activity shoWn by curve 
431 (FIG. 4). The WGS reaction catalytic activity of the 
loW-pyrophoricity WGS reaction catalyst is comparable to 
the metal oxide (CeO2) supported, pyrophoric WGS reaction 
catalyst, the Pt/CeO2 WGS reaction catalyst of curve 212 in 
FIG. 2. The catalytic activity of the loW-pyrophoricity WGS 
reaction catalysts of the invention as measured by T(50) for 
the WGS reaction is about 225° C. in the Pt/CeO2/alumina 
embodiment shoWn in FIG. 4. By comparison, referring to 
FIG. 2, the T(50) for the pyrophoric Pt/CeO2 WGS reaction 
catalyst of curve 212 is about 225° C. 

[0105] In some embodiments of the invention, it has also 
been discovered that preparation of loW-pyrophoricity WGS 
reaction catalysts Wherein the catalytic agent is Pt or an 
thereof, are preferably prepared by impregnation of a suit 
able support using the Pt-amine salt. 

[0106] Parameters that are particularly likely to affect the 
activity of the WGS reaction catalysts of the invention 
include not only the composition of the catalyst, such as the 
loading levels of the catalytic agent and metal oxides in the 
support, but also the reaction process conditions. Conditions 
that can be varied to optimiZe the Water-gas shift (WGS) 
reaction, as understood in the art, can also include, but are 
not limited to, the composition and space velocity of the 
reactant gas stream, inlet temperature, and the temperature 
of the WGS reaction catalyst. Water-gas shift reaction cata 
lysts have been extensively studied. For example, Jacques 
Barbier and Daniel DupreZ, Applied Catalysis B: Environ 
mental 4 (1994) 105-140; “Steam effects in three Way 
catalysts” revieWs the Water-gas shift reaction using a vari 
ety of catalytic systems, including systems comprising an 
alumina support, a CeO2 promoter and a variety of catalytic 
metals such as platinum, rhodium, and palladium. Accord 
ingly, it is understood in the art from this reference and 
others that thermodynamic and kinetic considerations dic 
tate the desirability of operating the Water-gas shift reaction 
at temperatures as close to a certain threshold temperature as 
possible to maximiZe the conversion of CO to CO2. 

[0107] Preferably, the Water-gas shift reaction process is 
carried out in a continuous mode With the reactants being 
passed over a plurality of catalyst particles contained in one 
or more reaction Zones. Gaseous hourly space velocities of 
at least 500 to about 50,000 hr-1 VHSV measured on the 
basis of dry gas under standard conditions are particularly 
suitable for most fuel cell operations. HoWever, any suitable 
gaseous hourly space velocities, as recogniZed in the art, 
may be employed. 

[0108] According to the present invention, carbon mon 
oxide is reacted With steam to produce hydrogen and carbon 
dioxide. The reactant stream may contain other components 
besides CO and steam (H20). In some embodiments, the 
reactant stream can be a hydrogen containing gas stream 
mixed With CO and steam and the Water-gas shift reaction 
can be used to remove CO from the gas stream and simul 
taneously increase the hydrogen concentration in the gas 
stream. Often the reactant stream contains at least 10% by 
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volume hydrogen. In some embodiments, the reactant can be 
received from the products of other reactions Which produce 
compounds such as CO or CO2 from gas reforming reactions 
used to oxidiZe hydrocarbons. The reactant can be admixed 
With hydrogen, carbon dioxide, steam or nitrogen, as Well as 
minor amounts of ole?ns, alcohols, aldehydes and/or other 
hydrocarbons. Preferably, the reactant stream comprises not 
more than 4-5% v hydrocarbons, not more than 10% CO by 
volume and not more than 25% CO2 by volume. 

[0109] In preferred embodiments, the WGS reaction cata 
lysts and methods of the invention are suited for use With a 
gaseous sample, for example, a hydrogen gas stream com 
prising CO and steam (H2O), at a pressure of at least 1 
atmosphere and CO of up to 10% by volume. Typically, 
molar excesses of steam are used relative to the amount of 
carbon monoxide introduced into the reaction stream. Gen 
erally, H2O:CO molar ratios of betWeen 1:1 (i.e., “1.0”) and 
20:1 (i.e. “20.0”) are preferred in an inlet gas stream before 
contact With the catalyst, With higher ratios being particu 
larly preferred. 

[0110] In preferred embodiments of the present invention, 
the carbon monoxide and steam containing reactant stream 
can be passed over the Water-gas shift reaction catalyst at 
temperatures varying betWeen about 150° C. and 600° C., 
preferably at temperatures ranging from 175° C. to 350° C., 
With the temperature of the reaction mixture in contact With 
the WGS reaction catalyst being maintained above the deW 
point temperature of the reaction mixture. Reaction Zone 
pressure is maintained beloW the deW point pressure of the 
reaction mixture. It should be recogniZed that loWer or 
higher reaction Zone pressures can be used such as from 
atmospheric up to about 500 psig. As noted earlier, this 
process is particularly effective When the feed stock contains 
10% or less CO With a molar excess of Water vapor. 
Preferably, the feed stock contains betWeen 1-10% by vol 
ume CO using catalysts containing copper and its oxides as 
a catalytic agent, and betWeen about 0.1-5% by volume CO 
using catalysts containing Pt and its oxides as a catalytic 
agent. Preferably, the feed stock contains at least 10% by 
volume H20. 

[0111] As noted above, one skilled in the art Would rec 
ogniZe that loWer gas reactant flow rates favor more com 
plete CO conversion. Adding more steam or loWering the 
reaction temperature loWers the equilibrium CO value Which 
can be conceivably be reached. Accordingly, one of skill in 
the art Would be able to balance theoretical considerations 
pertaining to reaction design With practical considerations 
relevant to a particular application so as to optimiZe param 
eters to achieve the best possible desired result. 

[0112] The carbon monoxide containing reaction stream 
should preferably not contain amounts of sulfur or halogens 
such as chlorine, Which can poison and deactivate the 
catalysts of the invention. Preferably, the levels of sulfur and 
chlorine in the reactant are kept to beloW 0.1 ppm in the 
reactant stream that contacts the catalyst. 

[0113] Particularly preferred catalysts of the invention 
convert carbon monoxide to carbon dioxide, Wherein the CO 
is present in a reaction gas stream, for example, at concen 
trations of about 10% CO. Typical reaction gas streams can 
comprise about 30 to 70% hydrogen and Water vapor. Using 
preferred WGS reaction catalysts and methods of the inven 
tion, CO concentrations doWn to about 1,000 ppm or loWer 


















