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Effect of Ce and Pt loading on the activity of Pt/CeCz/Al2O3 catalysts 
0.5% CO, 20% H +10% HO, WHSV-24,000 h. 
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NON-PYROPHORC WATER-GAS SHIFT 
REACTION CATALYSTS 

0001. This application is a continuation-in-part of U.S. 
Ser. No. 09/669,044, filed 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 fluid 
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 efficiency, and have been pro 
posed as a power Source for many applications. The fuel cell 
can be 2 to 3 times as efficient 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 efficiency. 
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 
finely 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 fluoropolymer of Sulfonic acid 
called a proton exchange membrane. HO is produced when 
protons then combine with oxygen that has been electro 
lytically reduced at the cathode. The electrons flow 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 U.S. 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., O-) or from the air. However, hydrogen gas 
is not present in Sufficient 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/Ruanodes, 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 Sufficiently 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. A variety 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 deficiencies 
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. 

0.011 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 CeO-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 flow of a gaseous Stream of reactants through the 
catalyst and they often require large amounts of costly 
catalytically active metals. 

0.014 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 flow 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 
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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 Significantly 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 deficiencies 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 
0.5-35% 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 
m?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 
m/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 
hri 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 BETSurface area of at least 
10 m/g. The low-pyrophoricity water-gas shift reaction 
catalyst also has up to 15% by weight of an oxide of 
chromium, calculated as Cr2O, 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 H.O. 
The input gas Stream is characterized by a Space Velocity that 
is at least 500 hr' VHSV. 

0.025 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 BETSurface area of at least 
10 m/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 
Cr2O, 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' 
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 BETSurface 
area of at least 10 m/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 H.O. The input gas stream is characterized 
by a space velocity that is at least 500 hr' 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 m/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 m/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 H.O. The input gas stream is 
characterized by a space velocity that is at least 500 hr' 
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 BETSurface 
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area of at least 10 m/g. The low-pyrophoricity water-gas 
shift reaction catalyst has up to 15% by weight of an oxide 
of chromium, calculated as Cr2O, 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 H.O. The input gas stream 
is characterized by a space velocity that is at least 500 hr' 
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 BETSurface 
area of at least 10 m/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 Cr2O, 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 H.O. The input gas stream is 
characterized by a space velocity that is at least 500 hr' 
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 BETSurface 
area of at least 10 m/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 H.O. The input gas stream is characterized 
by a space velocity that is at least 500 hr' 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 0.5-35% 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/CeO 
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/CeO-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 CrO impregnation on the catalytic activity of 
CuO/Al2O 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/CeO/Al2O low-pyrophoricity WGS reac 
tion catalysts. 
004.5 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/CeO/Al2O low-pyrophoricity 
WGS reaction catalysts. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0046) Definitions 
0047 The definitions of certain terms used herein are as 
follows: 

0048 “activated alumina” means a high BET surface area 
alumina, for example greater than 10 m/g, having primarily 
one or more of gamma, theta and delta aluminas. 
004:9 “BET surface area” means the Brunauer, Emmett, 
Teller method for determining Surface area by Nadsorption. 
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Unless otherwise Specifically 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. 

0.052 “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. 

0.053 “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. 

0.054 “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. 

0.055 “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, 
fluid Sample or fluid Stream being treated immediately prior 
to initial contact of the hydrogen Stream, test gas, fluid 
Sample or fluid 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. 
0.058 “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 Specific 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 fluid sample, for example 
a gas Stream, Such as a hydrogen Stream, test gas, fluid 
Sample or fluid 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 fluid Sample, for example a gas Stream, Such 
as a hydrogen, water, and carbon monoxide Stream, test gas, 
fluid Sample or fluid 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 Specified 
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 specified, 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 flow 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 flow 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 
Significantly 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: (i) 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., CeO-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/32-inch (0.78 mm) to 
about 73 inch (1.25 cm) in cross section. Preferably, the 
Support particle is at least /16-inch (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, /s-inch diameter alumina 
particles available from ALCOA as DD-443 (with 327 m/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. 
0.072 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(NO) 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 
O.5-35% 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(NO) 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 
first 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 /8-inch 
alumina Support particles are first dried and calcined prior to 
impregnation with the CeO2 precursor. For example, the 
alumina Support particles can be first dried at ambient 
temperature, then dried at about 120° C., then calcined. 
Next, the calcined /s-inch particles are impregnated in an 
aqueous Solution of cerium nitrate (or any other Suitable 
CeO, 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 “CeO/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/CeO/alumina WGS reaction catalysts. In 
Some embodiments, impregnation of CeO/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 CeO/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 CeO/Al2O precursor, with various 
amounts of a Suitable Cr2O precursor Such as a Cr(NO) 
Solution, followed by drying and calcination can provide 
CeO/Cr2O/Al2O, particles. These particles can be impreg 
nated with, for example, a copper nitrate Solution followed 
by drying and calcination to provide a CuO/CrO/CeO/ 
Al-O catalyst. In an alternate preparation, the CeO/Al2O 
precursor can be impregnated with Cr(NO) (without a 
Subsequent calcination step) and Cu(NO) and then cal 
cined together to provide the Same CuO/Cr2O/CeO/Al2O 
catalyst. 

0078 For convenience, the catalytic agents and reducible 
metal oxides of the catalysts of the invention are described 
herein as specific oxides to refer to a specific catalyst (e.g. 
CuO/Cr2O/CeO/Al2O, Pt/CeO/Al2O, 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 
cifically, the graphs 100 and 200 illustrate that the methods 
of the invention significantly reduce pyrophoricity of the 
water-gas shift reaction catalysts without significant 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 CO 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 first 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 
first 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 first 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 CO obtained from a CuO/ 
CeO 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/CeO WGS reaction catalysts, but with 
considerably lower pyrophoricity as measured by oxidative 
temperature rise (compare columns 131 and 132). 
0083) The CuO/CeO 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/Al2O). This can be 
Seen, for example, in the comparative examples presented in 
FIG. 1. Specifically, 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/Al2O. 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/CeO/Al2O 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 first curve 211 (corresponding to values on the left 
ordinate axis 210) represents percent conversion of water 
and CO to hydrogen and CO and measured on CO con 
Sumed obtained from water-gas shift reactions performed by 
the methods of the invention and a first 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 
CO, obtained from a Pt/CeO. 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/CeO, water-gas shift reaction catalysts. The Pt/Ceo, 
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/CeO 
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/CeO WGS 
reaction catalysts, but with considerably lower pyrophoricity 
as measured by oxidative temperature rise (compare col 
umns 231 and 232). 
0.086 Preferred Pt/CeC)/Al-O 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. 
0.087 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, CrO. 
and a catalytic agent, CuO (a CuO/Cr2O/Al2O catalyst). 
AS represented in FIG. 7, the alumina Support is impreg 
nated with 8% wt. CuO, and variable amounts of CrO, up 
to 8% wt. The improvement in the catalytic activity at lower 
temperatures (below 250° C.) with the addition of CrO 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 CO., 43% v H (dry 
gas), and 26% v HO at a space velocity of 2,500 h". 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 CrO improves (lowers) the T(50) of the copper 
catalyst to approximately 173° C. The T(50) for the copper 
catalyst impregnated with 8% wt. Cr-O is approximately 
the same (168 C.), as is seen in curve 713. In summary the 
addition of a Small amount of Cr2O results in a catalyst that 
has a better catalytic activity as is Seen in the significantly 
lower T(50)'s for these catalysts of the invention. 
0089 Preferred CuO/CrO/Al2O 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 CrO. 
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/Cr2O/CeO/Al2O catalyst. In this embodi 
ment, two reducible metal oxides, CeO2 and CrO3, are 
impregnated on alumina particles. The effect of impregnat 
ing the alumina particles with CrO already impregnated 
with 15% wt. CeO and 8% wt. CuO is illustrated in FIG. 
8. The CO conversion percentage is shown on the ordinate 
and the temperature on the abscissa. A curve 811, represent 
ing the CO conversion percentage using a catalyst without 
any impregnated Cr2O (i.e. a CuO/CeO/Al2O catalyst), 
shows a T(50) approximately 215 C. A curve 812, repre 
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senting the CO conversion percentage of a CuO/CrO3/ 
CeO/Al2O catalyst impregnated with 2.1% wt. Cr2O, 
shows the improved T(50) of approximately 175 C. The 
T(50) of a CuO/Cr2O/CeO/Al2O catalyst impregnated 
with 5% wt. Cr2O is approximately the same (172. C.) 
(curve 813). 
0091. In these CuO/CeO/Al2O catalysts of the inven 
tion, a lower T(50) is observed for catalyst prepared by 
impregnation with Small amount of a Second metal oxide, 
Cr2O. 
0092 Preferred CuO/Cr2O/CeO/Al-O 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 Cr2O, and up to 25% wt. of an oxide of Ce, 
calculated as CeO. 
0093. The sequence of synthetic steps to prepare these 
Same CuO/Cr2O/CeO/Al2O catalysts of the invention can 
influence the activity of the catalysts at low temperatures. 
The influence 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 CO., 43% v H (dry gas), and 26% v H at a space 
velocity of 2,500h'. All the catalysts whose CO conversion 
curves are shown in the graph are prepared from 15% wt. 
CeO2 impregnated alumina (CeO/Al2O) particles. After 
calcining, all the catalysts, whose curves are shown in the 
graph, contain 8% wt. CuO. A first curve 911 shows the CO 
conversion percentage of a catalyst prepared by: (1) impreg 
nating the CeO/Al2O precursor particles with Cr(NO), 
(2) calcining; (3) impregnation with Cu(NO), 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 CeO/Al2O precursor particles with Cr(NO), (2) 
impregnating with Cu(NO), 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 figure also has a T(50) of approximately 180° C. 
A third catalyst having the same composition but prepared 
by: (1) impregnating the CeO/Al2O precursor particles 
with Cu(NO), (2) calcining; (3) impregnating with 
Cr(NO), 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 CrO (i.e. a 
CuO/CeO/Al2O, catalyst) (see curve 914). 
0094. As illustrated in FIGS. 7 and 8, the copper cata 
lysts of the invention containing CrO 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/Cr2O/Al2O catalysts of the inven 
tion show a comparable level of activity for the commercial 
low temperature Cu/Zn/Alcatalysts. The T(50) is about 160 
C. as the commercial low temperature CuO/ZnO/Al2O 
catalysts and approximately 168-177 C. for the catalysts of 
the invention containing chromium oxides. 
(0095) The CuO/Cr2O/Al2O, and CuO/CrO./CeO/ 
Al-O catalysts of the invention do not have the pyrophoric 
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liability associated with the commercial CuO/ZnO/Al2O 
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/Al2O 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/Al2O catalyst exhibits an oxidative 
temperature rise of approximately 620 K., copper contain 
ing catalysts of the invention exhibit at least five fold less 
increase in temperature rise. For example, a CuO/CrO3/ 
CeO/Al2O catalyst of the invention (containing 12% CuO, 
2% Cr-O, and 5% CeO), exhibits approximately 120 K. 
oxidative temperature rise. Still a more dramatic difference 
is seen with another CuO/Cr2O/CeO/Al2O catalyst of the 
invention (containing 8% CuO, 2% Cr-O, and 15%. CeO) 
which exhibits only an approximately 40 K. oxidative 
temperature rise. 

0.096 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 4-1.4% wt. Preferred 
copper containing catalysts of the invention Suitable for the 
low-temperature water-gas shift reaction also contain oxides 
of chromium (calculated as CrO), preferably in the range 
of 0.5-10% 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 significant 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 first 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 (specifically, columns 
3.11a, 311b, 311c, 312a, 312b, 312c, 313a, 313b, 313c, 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. CeO 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. CeO 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 CeO 
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. CeO 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. CeO 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/CeO/Al2O 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 Significantly, the catalytic activity for low-pyro 
phoricity WGS reaction catalysts with reducible metal oxide 
(CeO) 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/ 
CeO/Al2Os catalysts with catalytically effective loadings of 
a catalytic agent (CuO) corresponding to columns 311b, 
311c, 312a, 312b, 313b, 313c, 314b, and 314c all have 
reducible metal oxide (CeO) 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/CeO/ 
Al-O.) and pyrophoric (CuO/CeO) WGS reaction catalysts 
can be seen in FIG.1. The catalytic activity (represented by 
curve 111) of the low-pyrophoricity WGS catalyst, having a 
CeO 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/CeC)/Al2O 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/CeO 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 (CeO) supported, pyrophoric WGS reaction 
catalyst, the Pt/CeO 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/CeC)/alumina 
embodiment shown in FIG. 4. By comparison, referring to 
FIG. 2, the T(50) for the pyrophoric Pt/CeC), 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 
attemperatures as close to a certain threshold temperature as 
possible to maximize the conversion of CO to CO. 
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' 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 (Ho). 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 olefins, 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% CO 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 (HO), 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, HO: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 H.O. 
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 
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can be attained by optimization of the reaction proceSS 
parameters. One preferred WGS reaction catalyst composi 
tion comprises catalytic alumina Support particles impreg 
nated with about 8% CuO by weight and about 20% CeO. 
by weight. A particularly preferred catalyst, especially for 
the low temperature water-gas shift reaction, comprises 
alumina Support particles impregnated with about 8% wt. 
CuO, about 15% wt. CeO2, and about 2.5-5% wt. CrO. 
Another particularly preferred catalyst for the low tempera 
ture water-gas shift reaction comprises alumina Support 
particles impregnated with about 8% wt. CuO, and about 
2.5-5% wt. of CrO. 
0114. Another preferred WGS reaction catalyst compo 
Sition comprises catalytic alumina Support particles impreg 
nated with about 1% Pt by weight and about 25% CeO by 
weight. 

0115 Aparticular advantage of the catalysts of the inven 
tion is the ease with which the catalysts can be activated. For 
example, the catalysts can be activated by passing a reducing 
gas, Such as hydrogen or the process gas itself over the 
catalyst bed when the catalyst is heated to the operating 
temperature. Preferably, the process gas, comprising CO and 
HO, Serves as the reducing gas. Due to their low-pyropho 
ricity the activation of the catalysts of the invention does not 
require the slow, Stepwise activation techniques necessary 
for Safe activation of pyrophoric catalysts. Likewise, the 
reduced catalysts of the invention do not require lengthy 
passivation procedures prior to exposure to air or during its 
discharge from the reactor. A particularly advantageous 
feature of the invention is that unlike many previous WGS 
catalysts, the low-pyrophoricity WGS reaction catalysts of 
the invention can be regenerated Subsequent to an exposure 
to the atmosphere without loSS of catalytic activity. 

0116 Preferably, the invention is practiced using high 
strength supports. FIG. 5 shows the mechanical strength of 
the Supports of the invention as measured by crush Strength 
testing. Specifically, FIG. 5 shows a graph. 500 comprising 
an ordinate 510 (y-axis) labeled in units of crush strength 
(lbs./in) and an abscissa 520 (X-axis) showing three types of 
Supports: the Supports of the invention as exemplified by 
alumina particles 521 in a first column 511, and comparative 
data for extrudate Support preparations as exemplified in a 
second column 512 for CeO/ZrO extrudate support 522 
preparations and in a third column 513 for CeO extrudate 
preparations 523. The crush Strength measurements for 
columns 511, 512 and 513 represent an average of 20 
measurements collected by applying increasing force on a 
Support particle until it crumbles and recording the corre 
sponding force per unit area as the “crush Strength. The 
supports of the invention offer 2 to 10 times the mechanical 
Strength of the tested extrudate prepared Supports that are 
also used as catalyst Supports in the art. 

0117 The WGS reaction catalyst can be used in various 
types of process configurations. FIG. 6 illustrates one pre 
ferred embodiment wherein a system 600 comprises WGS 
reaction catalysts of the invention configured as up Stream 
catalysts in a gas process Stream for lowering the CO 
concentration in a hydrogen Stream. FIG. 6 shows a Sche 
matic diagram of a System 600 for reducing the concentra 
tion of CO in a reactant 610 gas stream. The system 
comprises a gas Stream contained in a containment Surface 
601, a first catalytic region 620, an intermediate gas Stream 
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630, a second catalytic region 640 and a product 650 gas 
Stream. The reactant 610 gas Stream can, for example, 
contain a test gas composition of about 8% v CO, about 25% 
V water vapor and about 35% v hydrogen in a nitrogen 
Stream at a total pressure of about 1 atmosphere. The 
reactant 610 gas Stream flows through the first catalytic 
region 620, where it flows through a plurality of first WGS 
reaction catalyst particles 621. In one embodiment, the first 
WGS reaction catalyst particles 621 are CuO and CeO. 
impregnated /s-inch croSS Section alumina Support particles 
which catalyze the water-gas Shift reaction. The Space 
Velocity of the reactant 610 gas Stream and temperature of 
the first catalytic region 620 can be set to optimize the 
catalysis of the water-gas shift reaction and minimize the 
concentration of CO in the intermediate gas stream 630. 
Preferably for the catalysts and apparatus of the invention, 
the space velocity is at least 500 hr'. For example, one 
skilled in the art would recognize that a temperature of about 
175° C., preferably at least 200° C., and a VHSV of about 
2,500 hr' are likely to maximize the CO conversion of a 
CuO/CeO/Al2O, WGS reaction catalyst. WGS reaction 
catalyst temperatures below about 175 C. are unlikely to 
adequately catalyze the water-gas shift reaction. In contrast, 
the CuO/Cr2O/CeO/Al2O, or CuO/Cr2O/Al2O catalysts 
of the invention, are quite active at 175 C., however. Other 
operating conditions, as recognized in the art, are of course 
also possible and even desirable for certain applications. 

0118. The intermediate gas stream 630 then enters the 
Second catalytic region 640, where it flows through a plu 
rality of Second WGS reaction catalyst particles 641. In one 
embodiment, the second WGS reaction catalyst particles 
641 are Pt and CeO2 impregnated /8-inch cross Section 
alumina particles which catalyze the water-gas shift reac 
tion. The space velocity of the intermediate gas stream 630 
gas Stream and temperature of the Second catalytic region 
640 can be set to optimize the water-gas shift reaction and 
minimize the concentration of CO in the product 650 gas 
Stream. Preferably for the catalysts and apparatus of the 
invention, the space velocity is at least 500 hr. For 
example, one skilled in the art would recognize that a 
temperature of about 200° C. and a VHSV of about 1,000 
hr are likely to maximize the CO conversion of Such a 
Pt/CeO/Al2Os catalytic system. As understood in the art, the 
optimal space velocity can be related to the level of CO in 
the reactant 610 gas Stream. For instance, at CO concentra 
tions up to 3% V, VHSV's of between 1,000 and about 6,000 
hr' across the Pt/CeO/Al2O. WGS reaction catalysts of the 
second WGS reaction catalysts 641 of the invention typi 
cally result in CO concentration in the product 650 gas 
stream of about 0.3% v. Higher space velocities through the 
System are also within this embodiment, for example Space 
velocities of about 6,000 hr' VHSVup to about 30,000hr 
VHSV may also be desired through the system. Catalyst 
temperatures below about 175 C. are unlikely to adequately 
catalyze the water-gas shift reaction for this particular cata 
lyst. Enhanced WGS reaction catalytic activity is favored by 
using a high Surface area alumina Support beads, for 
example with a BET surface area of at least 10 m/g, 
preferably at least 200 m/g. The size of the support particles 
typically affects the pressure drop acroSS catalytic regions, 
with larger particles leading to lower preSSure drop while 
potentially limiting the gas Stream conversion by the rate of 
gas diffusion, while Smaller Support particles can create 
larger backpressure thereby potentially limiting the flow of 
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a gas Stream by increasing the preSSure drop acroSS the 
catalytic region. Any appropriate method of packing or 
preparing the WGS reaction catalysts of the invention can be 
Selected by one skilled in the art to prepare a catalytic System 
to practice the invention. Other operating parameters, as 
recognized in the art, are of course also possible and even 
desirable for certain applications. 

0119) Apparatus of the invention include reactors con 
taining catalyst beds (having the low-pyrophoricity WGS 
reaction catalysts) for carrying out the water-gas shift reac 
tion. The apparatus, for example, can be used to generate 
hydrogen to power a fuel cell. The apparatus can also be 
used in other applications where hydrogen generation is 
desired. Additionally, the apparatus can be used to reduce 
CO concentrations in gas Streams. 

0120) The WGS reaction catalysts of the present inven 
tion have utility for many other uses where hydrogen 
generation is desired, including hydrogen gas generation, 
uses with alcohol or ammonia Synthesis, Fischer TropSch 
synthesis, and the like. For example, the WGS reaction 
catalysts and methods of the invention can be used to replace 
conventional high temperature iron-chromium based WGS 
reaction catalysts Such as Fe2O/Cr2O that typically operate 
at about 350° C., as well as conventional low temperature 
copper-zinc based catalysts Such as CuO/ZnO/Al2O, which 
typically operate at about 200 C. 

0121 The following examples further illustrate the 
present invention, but of course, should not be construed as 
in any way limiting its Scope. 

EXAMPLE 1. 

0122) Preparation of a CuO/CeO/alumina Low-pyro 
phoricity WGS Reaction Catalyst 

0123 To prepare a WGS reaction catalyst wherein the 
Support is alumina, the reducible metal oxide is ceria and the 
catalytic agent is CuO, ceria impregnated alumina Support 
particles were prepared by incipient wetness impregnation 
of alumina beads or particulates. 

0124 /8-inch alumina support particles (ALCOA 
DD-443) were dried for 2 hours at 200° C. and then calcined 
for 2 hours at 500 C. The calcined /s-inch particles were 
then impregnated (i.e., impregnated at 55% incipient wet 
ness to obtain about 14%. CeO2) in an aqueous Solution of 
cerium nitrate (i.e., Ce(NO), used 1.7 g/cc, 28.5% REO; 
57.8 g ceria dissolved in 22 gwater, per 100 g alumina). The 
particles were then dried at 120° C. for 8 hours and impreg 
nated a second time (i.e. impregnation at 45% incipient 
wetness to obtain about 25% CeO) in a Ce(NO), aqueous 
solution (i.e., 57.8 g. Ce(NO) in 18.5g deionized water for 
116.8 g ceria impregnated alumina). The Sample was then 
calcined at 500 C. for 2 hours. 

0.125 The ceria/alumina particles were impregnated (i.e., 
impregnated at 44% incipient wetness to obtain 8% CuO) 
with Cu-nitrate solution (i.e., 26.6 mL of 5M Cu(NO) 
solution in 32 mL deionized water) at a pH of 6, dried at 
120° C. for 8 hours and then calcined at 500 C. for 2 hours 
to prepare CuO/ceria/alumina WGS reaction catalysts. 
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EXAMPLE 2 

0.126 Preparation of a CuO/Cr2O/CeO/alumina Low 
pyrophoricity WGS Reaction Catalyst (8% wt. CuO2% wt. 
CrO3, 15% wt. CeO2) 
0127. Alcoa DD-443 alumina /s" spheres at 500° C. were 
calcined for 2 h for a total Surface area of approximately 
220-240 m/g. The incipient wetness volume was deter 
mined (i.e. 0.52 mL/g). The calcined alumina spheres were 
impregnated with cerium nitrate Solution to incipient wet 
neSS. The concentration of the cerium nitrate Solution was 
adjusted to achieve a 5% wt. loading of CeO2 after drying 
and calcination. (For example, 100 g alumina can be impreg 
nated with 10.75 mL of a solution containing 28.8% wt. 
cerium nitrate and a density of 1.7 g/mL mixed with 41.25 
mL water.) The impregnated spheres were dried at 120° C. 
for 8 h, and calcined at 500 C. for 4 h. The CeO/alumina 
Spheres were impregnated to incipient wetness with 
Cr(NO), solution. The concentration of the Cr(NO.), solu 
tion was adjusted to achieve a 6% wt. loading of Cr2O after 
drying and calcination. (For example 100 g of the Support 
material can be impregnated with 42 mL of 2 M Cr(NO) 
Solution diluted with water to the incipient wetness volume.) 
The impregnated spheres were dried at 120° C. for 8 h, and 
calcined at 500° C. for 4 h. The CrO/CeO/alumina 
spheres were impregnated with Cu(NO) Solution. The 
concentration of Cu(NO) Solution was adjusted to achieve 
a 8% wt. loading of CuO after drying and calcination. (For 
example, for 100 g of support material, 22 mL of 5 M 
Cu(NO), solution was diluted with water to the incipient 
wetness Volume of the Support.) The impregnated spheres 
were dried at 120° C. for 8 h, and calcined at 500 C. for 4 
h. 

EXAMPLE 3 

0128 Preparation of a Pt/CeO/alumina Low-pyropho 
ricity WGS Reaction Catalyst 
0129. To prepare a WGS reaction catalyst wherein the 
Support is alumina, the reducible metal oxide is ceria and the 
catalytic agent is Pt, ceria impregnated alumina Support 
particles were prepared by incipient wetness impregnation 
of alumina beads or particulates. 
0130 /8-inch alumina support particles (ALCOA 
DD-443) were dried for 2 hours at 200° C. and then calcined 
for 2 hours at 500 C. The calcined /8-inch particles were 
then impregnated (i.e., impregnated at 55% incipient wet 
ness to obtain about 14%. CeO2) in an aqueous Solution of 
cerium nitrate (i.e., Ce(NO), used 1.7 g/cc, 28.5% REO; 
57.8 g ceria dissolved in 22 g deionized water, per 100g 
alumina). The particles were then dried at 120° C. for 2 
hours and impregnated a second time (i.e. impregnation at 
45% incipient wetness to obtain about 25%. CeO) in a 
Ce(NO), aqueous solution (i.e., 57.8g Ce(NO3), in 18.5g 
deionized water for 116.5 g ceria impregnated alumina). The 
sample was then calcined at 500 C. for 2 hours. 
0131 The ceria/alumina particles were impregnated (i.e., 
impregnated at 44% incipient wetness to obtain 0.5% Pt) 
with Pt-amine solution (i.e., 3.7 g Pt-amine and 55.6 g. 
deionized water were used for 133 g ceria/alumina) at a pH 
of 6. 

0132) Impregnation of ceria/alumina particles with the 
water soluble Pt-amine salt solution, was followed by pre 
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cipitation with acetic acid, drying at 120° C. for 8 hours and 
calcination at 500 C. for 4 hours to prepare Pt/ceria/alumina 
WGS reaction catalysts of the invention. 

EXAMPLE 4 

0.133 Composition of Low-pyrophoricity CuO/CeO/ 
alumina WGS Reaction Catalysts 
0134) The experimental data for Table 1, which is illus 
trated in FIG. 3, was collected using a multi-tube reactor 
(/4-inch diameter stainless Steel tubes) and granular Samples 
(0.3 to 0.7 mm particle size, diameter) at 200 mg sample per 
tube and 0. 1 SLPM dry flow per tube. Experimental error 
caused by temperature gradients may be as large as 10%. 
Activity is expressed as the temperature needed to reach 
50% conversion (i.e., T(50)). The lower the temperature (the 
higher the data point), the better the activity of the WGS 
reaction catalyst. The reactant Stream used was a nitrogen 
stream containing 2% v 20% v hydrogen and 10% v HO at 
a VHSV of 30,000 hr'. The optimum CuO loading was at 
about 8%. The optimum CeO loading was 10-15%. 

TABLE 1. 

CeO2 loading CuO loading 
Trial (% wt.) (% wt.) T(50) in C. 

1. 5 4 350 
2 5 8 190 
3 5 12 18O 
4 1O 4 230 
5 1O 8 170 
6 10 12 18O 
7 15 4 350 
8 15 8 225 
9 15 12 225 
1O 2O 4 330 
11 2O 8 218 
12 2O 12 205 

EXAMPLE 5 

0135 Preferred Composition of CuO/CrO/Al2O and 
CuO/CrO/CeO/Al2O, WGS Reaction Catalysts 
0.136 The experimental data for the CuO/Cr2O/Al2O 
and CuO/Cr2O/CeO/Al2O WGS reaction catalysts, was 
collected using a quartz-tube (1 inch diameter) and granular 
Samples (/s inch) at 16 g of Sample per tube. Activity is 
expressed as the temperature needed to reach 50% conver 
sion (i.e., T(50)). The lower the temperature (the higher the 
data point), the better the activity of the WGS reaction 
catalyst. The reactant Stream used was a nitrogen Stream 
containing 8% v CO, 10% v CO., 43% v hydrogen (dry gas) 
and 26% v HO at a VHSV of 2,500 hr' (wet). 
0.137 The experimental data for the CuO/Cr2O/Al2O 
WGS reaction catalysts is presented Table 2. Complete 
conversion temperature curves for these WGS reaction 
catalysts are illustrated in FIG. 7. 

TABLE 2 

Composition (% wt.) T(50) (C.) 

8% CuO/Al2O. 214 
8% CuO/2% CrO/Al2O. 173 
8% CuOf8% CrO/Al2O. 168 
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(0138) The experimental data for the CuO/CrO/CeO/ 
Al-O WGS reaction catalysts is presented Table 3. Com 
plete conversion temperature curves for these WGS reaction 
catalysts are illustrated in FIG. 8. 

TABLE 3 

Composition (% wt.) T(50) (C.) 

8% Cu.Of 15%. CeO/Al2O. 215 
8% CuO/2.1% CrO/15%. CeO/Al2O. 175 
8% CuO/5% CrO./15%. CeO/AlO, 172 

EXAMPLE 6 

0.139 Effect of Sequence of Impregnation/Calcination 
Steps on Catalytic Activity of an 8% CuO/2% CrO/15% 
CeO/Al2O, Reaction Catalyst 
0140. The experimental data for the 8% CuO/2% CrO/ 
15%. CeO/Al2O WGS reaction catalysts prepared by vari 
ouS Sequences of Synthetic Steps and a comparative WGS 
reaction catalyst without Cr2O, was collected using a 
quartz-tube reactor (1 inch diameter) and granular Samples 
(/s inch) at 16 g of Sample per tube. The various Synthetic 
Sequences are described more fully in the Detailed Descrip 
tion. The data is presented in Table 4. Complete conversion 
temperature curves are illustrated in FIG. 9. Activity is 
expressed as the temperature needed to reach 50% conver 
sion (i.e., T(50)). The lower the temperature (the higher the 
data point), the better the activity of the WGS reaction 
catalyst. The reactant Stream used was a nitrogen Stream 
containing 8% v CO, 10% v CO., 43% v hydrogen (dry gas) 
and 26%v HO at a VHSV of 2,500 hr' (wet). 

TABLE 4 

Order of Addition of CrO and CuO on T(50) (C.) 
8% CuO/(2% CrO)/15%CeO/Al2O, 

no CrO. 215 
Cr2O added last 215 
Cr2O added first 18O 
CrO added before CuO, not calcined 18O 

EXAMPLE 7 

0141 Preferred Composition of Pt/CeC)/alumina WGS 
Reaction Catalysts 

0142. The experimental data for Table 5, which is illus 
trated in FIG.4, was collected using a quartz-tube reactor (1 
inch diameter) and granular Samples (/s inch) at 10 g of 
Sample per tube . Activity is expressed as the temperature 
needed to reach 50% conversion (i.e., T(50)). The lower the 
temperature (the higher the data point), the better the activity 
of the WGS reaction catalyst. The reactant stream used was 
a nitrogen stream containing 0.5% v CO, 20% v hydrogen 
and 10% v HO at a VHSV of 24,000 hr. The optimum 
CeO, loading was at about 24%. 
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TABLE 5 

CeO2 loading 
Trial (% wt) Pt loading (% wt.) T(50) in C. 

1. 13 O.37 260 
2 25 O.7 22O 

EXAMPLE 8 

0143 Pyrophoricity Measurements 
0144) Method A 
0145 Measurements were performed on a Rheometric 
Scientific instrument. The procedure is as follows: 

0146 1. Charge the sample container with 10-30 mg 
powdered catalyst Sample. 

0147 2. Heat the sample in a 7% H/N stream to 
350° C. at 10 C/min. 

0148, 3. Hold at 350° C. for 20 minutes. 
0149 4. Switch gas flow to N and cool to 100° C. 
0150) 5. Hold at 100° C. for 15 min. 
0151 6. Switch gas flow to air, hold temperature for 
another 15 minutes. 

0152) Purge with Nitrogen 
0153. The result is a number for the exotherm in units of 
LuVs/mg), which is directly related to the released heat AH 
cal/g) by an unknown conversion factor F: 

AHIcal/g=Fil Vs/mg (1) 

0154) The exotherm ATC. can be calculated from the 
released heat AH cal/g) by using the heat capacity of the 
Solid c. 
(O155 AT=AHIcal/g/c. (2) 
0156 Thus, 

AT=FIu V*s/mgl/c. (3) 

O157 Values for c, can be found in the literature. In order 
to find the factor F, literature reported values for AT and c, 
are used for the commercially available materials (CuO/ 
ZnO/Al2O; FeCr). 

0158. The calculated factor is then used for the unknown 
materials to calculate AT using equation (3). 
0159 Method B 
0160 Pyrophoricity was tested using a Differential Scan 
ning Calorimeter measurement. Measurements were per 
formed on a Rheometric Scientific instrument. The proce 
dure is as follows: 

0.161 1. Charge the sample container with 10-30 mg 
powdered catalyst Sample. 

0162 2. Heat the sample in a 7% H/N stream to 
350° C. at 10 C. ?min. 

0163. 3. Hold at 350° C. for 20 minutes. 
0164. 4. Switch gas flow to N and cool to 250° C. 
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0165 5. Hold at 250° C. for 15 min. 
0166 6. Switch gas flow to air, hold temperature for 
another 15 minutes. 

0167 Purge with Nitrogen 
0.168. The exotherm upon oxidation in step 6 is recorded 
in units of cal/g. A temperature rise is calculated from this 
number by division by CIcal/g-K). 
0169. The pyrophoricity data measurements in Table 6 
were obtained using Method B. 

TABLE 6 

AH Cp 
Composition cal/g cal/g-K ATK) 

Commercial CuZn (UCI) 124.4 O.2O1 621.5 
8% Cu.Of 15%. CeO/Al2O. 4.5 O.299 15.04 
8% CuO/2% CrO/15%. CeO/Al2O. 11.42 O.299 38.23 
8% CuO/2% Cr2O/Al2O. 12.72 O.267 47.65 
12% CuO/2% CrO/10%. CeO/Al-O, 23.0475 0.248 92.68 
12% CuO/2% CrO/5% CeO/Al2O. 31.406 O.257 122.19 
12% CuO/2% CrO/15%. CeO/Al2O, 26.97 O.239 112.68 

EXAMPLE 9 

0170 Pyrophoricity and Activity of Low-pyrophoricity 
CuO/CeO/alumina WGS Reaction Catalysts 
0171 The experimental data for Table 7, which is illus 
trated in FIG. 1, was collected using alumina particles 
(/8-inch diameter) available from Alcoa (DD-443; 327 mi/g 
BET surface area before calcination). The pyrophoricity data 
was collected using Method A of Example 8. 
0172 Catalytic activity is expressed as a CO-conversion 
temperature curve for all WGS reaction catalysts under 
identical conditions. The lower the temperature where high 
conversions are achieved, the higher the activity. The reac 
tant Stream used was a nitrogen Stream containing 2.0% V 
CO, 20% v hydrogen, 10% v HO and 5% v CO at a VHSV 
of 5,000 hr. 

TABLE 7 

DTA 
Result Est. Temp. Rise 

Catalyst puVs/mg ( C.) T(50) in C. 

8% CuO/20% CeO/Al2O. 43.04 1OO 210 

EXAMPLE 10 

0173 Pyrophoricity and Activity of Pt/CeC)/alumina 
Low-pyrophoricity WGS Catalytic Systems 
0.174. The experimental data for Table 8, which is illus 
trated in FIG. 2, was collected using alumina particles 
(/8-inch diameter) supplied by Alcoa (DD-443; 327 mi/g 
BET surface area before calcination). The pyrophoricity data 
was collected using Method A of Example 8. 
0.175 Catalytic activity is expressed as a CO-conversion 
temperature curve for all WGS reaction catalysts under 
identical conditions. The lower the temperature where high 
conversions are achieved, the higher the activity. The reac 
tant Stream used was a nitrogen Stream containing 0.5% V 
CO, 20% v hydrogen and 10% v HO at a VHSV of 24,000 
hr. 
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TABLE 8 

DTA 
Result Est. Temp. Rise 

Catalyst puVs/mg ( C.) T(50) in C. 

O.5% wt. Pt/20% wt. 8.4 50 210 
CeO.falumina 

EXAMPLE 11 

Comparative Example 

0176) Pyrophoricity and Activity of CuO/CeO WGS 
Reaction Catalyst 

0177. The experimental data for Table 9, which is illus 
trated in FIG. 1, was collected using a CuO/CeO based 
WGS reaction catalyst. The pyrophoricity data was collected 
using Method A of Example 8. 

0.178 Catalytic activity is expressed as a CO-conversion 
temperature curve for all catalysts under identical condi 
tions. The lower the temperature where high conversions are 
achieved, the higher the activity. The reactant Stream used 
was a nitrogen stream containing 2.0% v CO, 20% v 
hydrogen, 10% v HO and 5% v CO at a VHSV of 5,000 
hr. 

TABLE 9 

DTA 
Result Est. Temp. Rise 

Catalyst puVs/mg ( C.) T(50) in C. 

7.5% CuOfCeO, 103 6OO 22O 

EXAMPLE 12 

Comparative Example 

0179 Pyrophoricity and Activity of Copper/zinc Based 
Low Temperature WGS Reaction Catalyst 

0180. The experimental data for Table 10, which is 
illustrated in FIG. 1, was collected using a commercially 
available copper/zinc based low temperature WGS reaction 
catalyst from United Catalysts (UCI). Typical copper/zinc 
based low temperature WGS reaction catalysts contain about 
33% wt. CuO, about 35-55% wt. ZnO, with the balance % 
wt. being Al-O (Catalyst Handbook, Twigg, M. V., Ed., 
Wolfe Publishing, 1989, p 312). The pyrophoricity data was 
collected using method A of Example 8. 

0181 Catalytic activity is expressed as a CO-conversion 
temperature curve for all catalysts under identical condi 
tions. The lower the temperature where high conversions are 
achieved, the higher the activity. The reactant Stream used 
was a nitrogen stream containing 2.0% v CO, 20% v 
hydrogen, 10% v HO and 5% v CO at a VHSV of 5,000 
hr. 
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TABLE 10 

DTA 
Result Est. Temp. Rise 

Catalyst piVs/mg ( C.) T(50) in C. 

Cuf7n commercial 177 8OO 160 
LTS catalyst 

EXAMPLE 13 

Comparative Example 

0182 Pyrophoricity and Activity of Iron/chromium 
Based High Temperature WGS Reaction Catalyst 

0183 The experimental data for Table 11, which is illus 
trated in FIG. 1, was collected using commercially available 
iron/chromium based WGS catalyst. The pyrophoricity data 
was collected using Method A of Example 8. 

0.184 Catalytic activity is expressed as a CO-conversion 
temperature curve for all catalysts under identical condi 
tions. The lower the temperature where high conversions are 
achieved, the higher the activity. The reactant Stream used 
was a nitrogen stream containing 2.0% v CO, 20% v 
hydrogen, 10% v HO and 5% v CO at a VHSV of 5,000 
hr. 

TABLE 11 

DTA Est. Temp. 
Catalyst Result Rise ( C.) T(50) in C. 

FeCr commercial HTS catalyst 57 450 32O 
(Fe2O/Cr2O) 

EXAMPLE 1.4 

Comparative Example 

0185. Pyrophoricity and Activity of Pt/CeC), WGS Cata 
lytic Systems 

0186 The experimental data for Table 12, which is 
illustrated in FIG. 2, was collected using alumina particles 
(/8-inch diameter) supplied by Alcoa (DD-443; 327 m/g 
BET surface area before calcination). The pyrophoricity data 
was collected using Method A of Example 8. 

0187 Catalytic activity is expressed as a CO-conversion 
temperature curve for all catalysts under identical condi 
tions. The lower the temperature where high conversions are 
achieved, the higher the activity. The reactant Stream used 
was a nitrogen stream containing 0.5% v CO, 20% v 
hydrogen and 10% v HO at a VHSV of 24,000 hr. 

TABLE 12 

Catalyst DTA Result Est. Temp. Rise ( C.) 

0.5% Pt?CeO, 67 400 
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EXAMPLE 1.5 

0188 Mechanical Strength of Pt/CeC)/alumina Low 
Temperature WGS Catalytic Systems 
0189 Crush strength measurements were performed on 
an Instrom (Model No. 1123, Ser. No. 5376) instrument 
equipped with a Microcon data Station. Crosshead Speed was 
0.02 inches/second with a 100 lbs./inforce at full scale. The 
Support materials tested were Alcoa alumina Spheres 
(/8-inch diameter; DD-443), Rhodia NGL-59A (CeO/ZrO/ 
Al-O, 64/26/10) extrudates (0.11-inch diameter, 8-10 mm 
length) and Rhodia NGL-66A (CeO/Al2O, 75/25) extru 
dates (0.06-inch diameter, 6-8 mm length). All materials 
were dried at 200 C. and kept in closed containers until 
measurement. Twenty pieces of each Support were measured 
and the average value as well as the Standard deviation was 
computed. The results are shown graphically in FIG. 5. 
Alumina Sphere Supports provide about a 2-fold increase in 
crush Strength over CeO2/ZrO2 extrudate Supports and about 
a 10-fold increase in mechanical Strength over CeO2 extru 
date Supports. 

EXAMPLE 16 

Comparative Example 

0190. Mechanical Strength of Pt/CeC). Low Temperature 
WGS Catalytic Systems 
0191 Assessment of Support mechanical strength was 
made through crush Strength measurements performed on an 
Instrom (Model No. 1123, Ser. No. 5376) instrument 
equipped with a Microcon data Station. Crosshead Speed was 
0.02 inches/second with a 100 lbs./inforce at full scale. The 
support materials tested were Rhodia NGL-59A (CeO/ 
ZrO/Al2O, 64/26/10) extrudates (0.11-inch diameter, 8-10 
mm length) and Rhodia NGL-66A (CeO/Al2O, 75/25) 
extrudates (0.06-inch diameter, 6-8 mm length). All mate 
rials were dried at 200 C. and kept in closed containers until 
measurement. Twenty pieces of each Support were measured 
and the average value as well as the Standard deviation was 
computed. The results are shown graphically in FIG. 5. 
Alumina Sphere Supports provide about a 2-fold increase in 
crush Strength over CeO/ZrO extrudate Supports and about 
a 10-fold increase in mechanical Strength over CeO2 extru 
date Supports. CeO2 extrudates containing various amounts 
of binder have shown inferior Strength to alumina Spheres in 
our qualitative tests. 

What is claimed: 
1. A proceSS for carrying out the water-gas shift reaction, 

comprising employing a low-pyrophoricity water-gas shift 
reaction catalyst, wherein the low-pyrophoricity water-gas 
shift reaction catalyst comprises a Solid high heat capacity 
particulate Support impregnated with: 

(i) a reducible metal oxide and 
(ii) a catalytic agent. 
2. The process of claim 1, wherein the water-gas shift 

reaction catalyst comprises not more than 50% by weight of 
the reducible metal oxide. 

3. The process of claim 2, wherein the reducible metal 
oxide is in the range of 0.5-35% by weight. 

4. The process of claim 1, wherein the particulate Support 
is a high Strength Support in a durable and rigid form. 

May 23, 2002 

5. The process of claim 4, wherein the particulate Support 
is activated alumina. 

6. The process of claim 5, wherein the activated alumina 
has a BET effective surface area of at least 10 m/g. 

7. The process of claim 1, wherein the reducible metal 
oxide comprises one or more of the oxides of Cr, V, Mo, Nd, 
Pr, Ti, Fe, Ni, Mn, Co, or Ce. 

8. The process of claim 7, wherein the reducible metal 
oxide comprises one or more of the oxides of Ce, Cr, Fe, or 
Mn. 

9. The process of claim 1, wherein the reducible metal 
oxide consists of the oxides of Ce. 

10. The process of claim 1, wherein the catalytic agent 
comprises one or more of Pt, Pd, Cu, Fe, Rh, or Au or an 
oxide thereof. 

11. The process of claim 10, wherein the catalytic agent 
is Cu or an oxide thereof. 

12. The process of claim 11, wherein the high heat 
capacity Support comprises alumina particles with a mesh 
Size of 12 or greater. 

13. The process of claim 12, wherein the reducible metal 
oxide consists of the the oxides of Cr and Ce. 

14. The process of claim 12, wherein the reducible metal 
oxide consists of the oxides of Cr. 

15. The process of claim 12, wherein the reducible metal 
oxide consists of the oxides of Ce. 

16. The process of claim 11, wherein copper or an oxide 
thereof is in the range of 4-20% by weight, calculated as 
CuO 

17. The process of claim 10, wherein the catalytic agent 
is Pt or an oxide thereof. 

18. The process of claim 17, wherein the particulate 
Support comprises alumina particles with a mesh Size of 12 
or greater. 

19. The process of claim 18, wherein the reducible metal 
oxide consists of the oxides of Ce. 

20. The process of claim 1, wherein the low-pyrophoricity 
water-gas shift reaction catalyst comprises (i) alumina Sup 
port particles with a mesh Size of 12 or greater and a BET 
surface area of at least 10 m/g, (ii) up to 25% by weight of 
an oxide of Ce, calculated as CeO2, impregnated in the 
Support particles, and (iii) between 4 and 14% by weight 
catalytic agent wherein the catalytic agent is Cu or an oxide 
thereof, calculated as CuO; and 

wherein the process for carrying out the water-gas shift 
reaction comprises the Steps of: 
a) providing an input gas stream comprising carbon 
monoxide and water vapor; 

b) contacting the input gas Stream with the low-pyro 
phoricity water-gas shift reaction catalyst; and 

c) catalyzing the water-gas shift reaction with the 
low-pyrophoricity water-gas shift reaction catalyst; 

wherein the input gas Stream includes: 
(i) between about 1% by volume and about 10% by 
volume CO, 

(ii) at least 10% by volume hydrogen, and 
(iii) at least 10% by volume H.O; and 

wherein the input gas Stream is characterized by a Space 
velocity and wherein the space velocity is at least 500 
hri VHSV. 
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21. The process of claim 1, wherein the low-pyrophoricity 
water-gas shift reaction catalyst comprises (i) alumina Sup 
port particles with a mesh Size of 12 or greater and a BET 
surface area of at least 10 m/g, (ii) up to 15% by weight of 
an oxide of chromium, calculated as Cr2O, impregnated in 
the Support particles; and (iii) between 4 and 14% by weight 
catalytic agent, wherein the catalytic agent is copper or an 
oxide thereof, calculated as CuO; and 

wherein the proceSS for carrying out the water-gas shift 
reaction comprises the Steps of: 
a) providing an input gas stream comprising carbon 
monoxide and water vapor; 

b) contacting the input gas Stream with the low-pyro 
phoricity water-gas Shift reaction catalyst; and 

c) catalyzing the water-gas shift reaction with the 
low-pyrophoricity water-gas shift reaction catalyst; 

wherein the input gas Stream includes: 
(i) between about 1% by volume and about 10% by 
volume CO, 

(ii) at least 10% by volume hydrogen, and 
(iii) at least 10% by volume H.O; and 

wherein the input gas Stream is characterized by a Space 
velocity and wherein the space velocity is at least 500 
hri VHSV. 

22. The process of claim 1, wherein the low-pyrophoricity 
Water-gas shift reaction catalyst comprises (i) alumina Sup 
port particles with a mesh Size of 12 or greater and a BET 
surface area of at least 10 m/g, (ii) up to 25% by weight of 
an oxide of cerium, calculated as CeO2 impregnated in the 
Support particles; (iii) up to 10% by weight of an oxide of 
chromium, calculated as Cr2O, impregnated in the Support 
particles; and (iv) between 4 and 14% by weight catalytic 
agent, wherein the catalytic agent is copper or an oxide 
thereof, calculated as CuO; and 

wherein the proceSS for carrying out the water-gas shift 
reaction comprises the Steps of: 
a) providing an input gas stream comprising carbon 
monoxide and water vapor; 

b) contacting the input gas Stream with the low-pyro 
phoricity water-gas Shift reaction catalyst; and 

c) catalyzing the water-gas shift reaction with the 
low-pyrophoricity water-gas shift reaction catalyst; 

wherein the input gas Stream includes: 
(i) between about 1% by volume and about 10% by 
volume CO, 

(ii) at least 10% by volume hydrogen, and 
(iii) at least 10% by volume H.O; and 

wherein the input gas Stream is characterized by a Space 
velocity and wherein the space velocity is at least 500 
hri VHSV. 

23. The process of claim 1, wherein the catalyst comprises 
(i) alumina Support particles with a mesh size of 12 or 
greater and a BET Surface area of at least 10 m/g, (ii) up to 
25% by weight of an oxide of cerium, calculated as CeO2, 
impregnated in the alumina Support particles; and (iii) 
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between 0.1 and 1.0% by weight of a catalytic agent wherein 
the catalytic agent is Pt or an oxide thereof, calculated as Pt; 

wherein the process for carrying out the water-gas shift 
reaction comprises the Steps of: 
a) providing an input gas stream comprising carbon 
monoxide and water vapor; 

b) contacting the input gas Stream with the low-pyro 
phoricity water-gas shift reaction catalyst; and 

c) catalyzing the water-gas shift reaction with the 
low-pyrophoricity water-gas shift reaction catalyst; 

wherein the input gas Stream includes: 
(i) between about 0.1% by volume and about 5% by 
volume CO, 

(ii) at least 10% by volume hydrogen, and 
(iii) at least 10% by volume H.O; wherein the input gas 

Stream is characterized by a Space Velocity; and 
wherein the space velocity is at least 500 hr' VHSV. 
24. An apparatus for carrying out the water-gas shift 

reaction, the apparatus comprising a low-pyrophoricity 
water-gas shift reaction catalyst, wherein the low-pyropho 
ricity water-gas shift reaction catalyst comprises a durable, 
high heat capacity particulate Support impregnated with: 

(i) less than 50% by weight of an oxide of Ce, calculated 
as CeO2, and 

(ii) a catalytically effective amount of a catalytic agent; 
and 

wherein the particulate Support comprises alumina par 
ticles with a mesh Size of 12 or greater. 

25. The apparatus of claim 24, wherein the particulate 
support is activated alumina with a BET effective surface 
area of at least 10 m/g. 

26. The apparatus of claim 24, wherein the catalytic agent 
comprises one or more of Pt, Pd, Cu, Fe, Rh, Au or an oxide 
thereof. 

27. The apparatus of claim 24, wherein the low-pyropho 
ricity water-gas shift reaction catalyst comprises (i) alumina 
Support particles with a mesh Size of 12 or greater and a BET 
surface area of at least 10 m/g, (ii) up to 25% by weight of 
an oxide of cerium, calculated as CeO2, impregnated in the 
Support particles; and (iii) between 4 and 14% by weight 
catalytic agent wherein the catalytic agent is copper or an 
oxide thereof, calculated as CuO; and 

wherein an input gas Stream contacts the low-pyropho 
ricity water-gas shift reaction catalyst; 

wherein the input gas stream includes: (i) between about 
1% by volume and about 10% by volume CO, (ii) at 
least 10% by volume hydrogen, and (iii) at least 10% 
by Volume H2O, wherein the input gas Stream is 
characterized by a Space Velocity and wherein the Space 
velocity is at least 500 hr' VHSV. 

28. The apparatus of claim 24, wherein the low-pyropho 
ricity water-gas shift reaction catalyst comprises (i) alumina 
Support particles with a mesh Size of 12 or greater and a BET 
surface area of at least 10 m/g, (ii) up to 15% by weight of 
an oxide of chromium, calculated as Cr2O, impregnated in 
the Support particles; and (iii) between 4 and 14% by weight 
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catalytic agent wherein the catalytic agent is copper or an 
oxide thereof, calculated as CuO; and 

wherein an input gas Stream contacts the low-pyropho 
ricity water-gas shift reaction catalyst; 

wherein the input gas stream includes: (i) between about 
1% by volume and about 10% by volume CO, (ii) at 
least 10% by volume hydrogen, and (iii) at least 10% 
by volume H2O, wherein the input gas stream is 
characterized by a Space Velocity and wherein the Space 
velocity is at least 500 hr' VHSV. 

29. The apparatus of claim 24, wherein the low-pyropho 
ricity water-gas shift reaction catalyst comprises (i) alumina 
Support particles with a mesh Size of 12 or greater and a BET 
surface area of at least 10 m/g, (ii) up to 25% by weight of 
an oxide of cerium, calculated as CeO2 impregnated in the 
Support particles; (iii) up to 10% by weight of an oxide of 
chromium, calculated as Cr2O, impregnated in the Support 
particles; and (iv) between 4 and 14% by weight catalytic 
agent, wherein the catalytic agent is copper or an oxide 
thereof, calculated as CuO; and 

wherein an input gas Stream contacts the low-pyropho 
ricity water-gas shift reaction catalyst; 

wherein the input gas stream includes: (i) between about 
1% by volume and about 10% by volume CO, (ii) at 
least 10% by volume hydrogen, and (iii) at least 10% 
by Volume H2O, wherein the input gas Stream is 
characterized by a Space Velocity and wherein the Space 
velocity is at least 500 hr' VHSV. 

30. The apparatus of claim 24, wherein the low-pyropho 
ricity water-gas shift reaction catalyst comprises (i) alumina 
Support particles with a mesh Size of 12 or greater and a BET 
surface area of at least 10 m/g, (ii) up to 25% by weight of 
an oxide of cerium, calculated as CeO2, impregnated in the 
alumina Support particles; and (iii) between 0.1 and 1.0% 
catalytic agent wherein the catalytic agent is Pt or an oxide 
thereof, calculated as Pt; and 

wherein an input gas Stream contacts the low-pyropho 
ricity water-gas shift reaction catalyst; 

wherein the input gas stream includes: (i) between about 
0.1% by volume and about 5% by volume CO, (ii) at 
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least 10% by volume hydrogen, and (iii) at least 10% 
by Volume H2O, wherein the input gas Stream is 
characterized by a Space Velocity and wherein the Space 
velocity is at least 500 hr' VHSV. 

31. A low-pyrophoricity water-gas shift reaction catalyst, 
comprising high heat capacity Support particles of a mesh 
Size of 12 or greater impregnated with: 

(i) a reducible metal oxide; and 
(ii) a catalytic agent. 
32. The low-pyrophoricity water-gas shift reaction cata 

lyst of claim 31, wherein the reducible metal oxide com 
prises one or more of the oxides of Cr, V, Mo, Nd, Pr, Ti, Fe, 
Ni, Mn, Co, or Ce. 

33. The low-pyrophoricity water-gas shift reaction cata 
lyst of claim 32, wherein the high heat capacity Support 
particles are activated alumina. 

34. The low-pyrophoricity water-gas shift reaction cata 
lyst of claim 33, wherein the catalytic agent is Cu or an oxide 
thereof. 

35. The low-pyrophoricity water-gas shift reaction cata 
lyst of claim 34, wherein the reducible metal oxide consists 
of the oxides of Ce. 

36. The low-pyrophoricity water-gas shift reaction cata 
lyst of claim 34, wherein the reducible metal oxide consists 
of the oxides of Cr. 

37. The low-pyrophoricity water-gas shift reaction cata 
lyst of claim 34, wherein the reducible metal oxide consists 
of the oxides of Cr and Ce. 

38. The low-pyrophoricity water-gas shift reaction cata 
lyst of claim 34, wherein the catalytic agent is in the range 
of 4-20% by weight, calculated as CuO. 

39. The low-pyrophoricity water-gas shift catalyst of 
claim 31, wherein the reducible metal oxide is in the range 
of 0.5-35% by weight. 

40. The low-pyrophoricity water-gas shift reaction cata 
lyst of claim 33, wherein the catalytic agent is Pt or an oxide 
thereof. 

41. The low-pyrophoricity water-gas shift reaction cata 
lyst of claim 40, wherein the reducible metal oxide consists 
of the oxides of Ce. 


