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(57) ABSTRACT 

A process for converting carbon monoxide and water in a 
reformate Stream into carbon dioxide and hydrogen com 
prising: generating a reformate by reacting a hydrocarbon 
via partial oxidation, Steam reforming, or both, including 
autothermal reforming, and promoting a water gas shift in 
the reformate in the presence of a platinum group metal 
Selected from the group consisting of platinum, palladium, 
iridium, osmium, rhodium and mixtures thereof, Supported 
on Zirconium oxide. The platinum group metal advanta 
geously may be Supported directly on a monolithic Substrate 
composed of Zirconium oxide. 
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PROCESS FOR CONVERTING CARBON 
MONOXDE AND WATER IN A REFORMATE 
STREAM AND APPARATUS THEREFORE 

RELATED APPLICATIONS 

0001. This application relies on the priority of U.S. Serial 
No. 60/132,183 filed May 3, 1999, and U.S. Serial No. 
60/158,626 filed Oct. 6, 1999. 

TECHNICAL FIELD 

0002 The present invention relates to methods for pro 
ducing hydrogen from hydrocarbon fuels and reactors for 
carrying out the methods, and more particularly to methods, 
apparatus, and catalysts for conducting water gas shift 
reactions on a reactant Stream of hydrocarbon fuels having 
been previously reformed by partial oxidation, Steam 
reforming, or both. 

BACKGROUND OF THE INVENTION 

0.003 Reforming of hydrocarbon fuels to make hydrogen 
is well known in the art. Conventionally, hydrocarbons are 
reformed predominately in large-scale industrial facilities 
providing hydrogen for bulk Storage and redistribution, or 
producing hydrogen as an on-line, upstream reagent for 
another large-scale chemical process. For the most part, 
these prior processes operate continuously and at Steady 
State conditions. 

0004 More recently, however, a strong interest has 
developed in providing hydrocarbon-reforming reactors 
integrated with an end use of the hydrogen. Also, there is a 
Strong interest to develop a low-cost, Small-Scale Source for 
hydrogen that can replace the need for Storing hydrogen gas 
on Site or on board. More particularly, a great interest has 
developed in providing reactors for producing hydrogen, 
which can be integrated with a fuel cell which uses hydrogen 
as a fuel Source to generate electricity. Such hydrogen 
generator/fuel cell Systems are being pursued for Stationary 
uses Such as providing electrical power to a Stationary 
facility (home or business), for portable electric power uses, 
and for transportation. 
0005 There are many technical requirements for reactors 
used in Such applications, which are not required of tradi 
tional large or Small-scale hydrogen generating reactors. For 
example, it is of particular interest to have Such a System 
where the fuel cell can provide “power on demand.” Hence, 
hydrogen must be produced at required variable levels on 
demand. In other words, the hydrogen producing reactors 
must be sufficiently dynamic to follow the load. It is also of 
interest that Such Systems perform well upon Start up and 
shutdown cycling. In particular, it is desirable to have these 
integrated Systems be stable through repeated on-off cycling, 
including being ready to come back on-line in a relatively 
Short time after periods of non-use. 
0006 Another marked difference between proposed inte 
grated Systems and traditional reactorS is that there must be 
Sufficient processing in the integrated System itself, and of 
the hydrocarbon feed Stock So as to not only give a yield of 
hydrogen Sufficient to meet the demand, but also to mini 
mize byproducts of reaction including contaminants. In 
large-scale reactor Systems, which produce enormous Vol 
umes and run continuously, Space, weight, and cost of 
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auxiliary Systems is not So critical as in the integrated, 
Smaller-Scale reformers, especially those proposed for por 
table power or transportation applications. For example, 
carbon monoxide may be considered an undesirable reaction 
product on board a fuel cell powered automobile. However, 
in a steady State conventional process, the carbon monoxide 
can easily be handled by auxiliary Separation Systems, and 
may in fact be welcomed for its use in a Synthesis gas to 
make acetic acid, dimethyl ether and alcohols. 
0007. In short, the challenge for the smaller-scale, 
dynamic, integrated processors is the idea that what goes in 
the reformer must come out at the Same end as the desired 
hydrogen gas. Accordingly, processing has to be more 
complete and more efficient, while cost effective, light 
weight, and durable. The processing must be Sufficient to 
reduce or eliminate Species in the product gas which are 
harmful to the end use (for example, fuel cells) or other 
down Stream components. 
0008 Another challenge exists for the proposed inte 
grated Systems with respect to the hydrocarbon feed Stock. 
To be of maximum benefit, the proposed integrated Systems 
should be able to use existing infrastructure fuels. Such as 
gasoline or diesel fuels. These fuels were not designed as a 
feed Stock for generating hydrogen. Because of this, inte 
grated Systems are challenged to be able to handle the wide 
variety of hydrocarbons in the feed Stock. For example, 
certain reforming byproducts Such as olefins, benzene, 
methyl amide, and higher molecular weight aromatics can 
cause harm to catalysts used in reforming or purifying Steps 
and may harm the fuel cell itself. Impurities in these fuels 
Such as Sulfur and chlorine can also be harmful to reactor 
catalysts and to the fuel cell. 
0009. It is also important to note that a natural byproduct 
of hydrocarbon reforming is carbon monoxide. Carbon 
monoxide can poison proton exchange membrane (“PEM”) 
fuel cells, even at very low concentrations, e.g., leSS than 
100 PPM. This poses a problem for an integrated reactor 
System that is not faced by traditional reforming processes 
where Significant carbon monoxide concentrations are either 
a useful co-product, or can be separated from the product gas 
without undue burden on the System economics as a whole. 
0010 Also, as noted above, integrated systems proposed 
to date are expected to transfer the total of the reformate to 
a fuel cell. Accordingly, techniques which Separate carbon 
monoxide from hydrogen, Such as pressure Swing adsorption 
(“PSA") or hydrogen permeable membrane separation, have 
the deficit of having to provide an alternate means for 
disposal or Storage of the carbon monoxide. Both of the 
aforementioned techniques also Suffer in efficiency as nei 
ther converts the carbon monoxide (in the presence of water) 
to maximize hydrogen production. PSA also suffers from 
high cost and Space requirements. Most notably, PSA pre 
Sents a likely unacceptable parasitic power burden for por 
table power or transportation applications. At the Same time, 
hydrogen permeable membranes are expensive, are Sensitive 
to fouling from impurities in the reformate, and reduce the 
total volume of hydrogen provided to the fuel cell. 
0011. At the levels of carbon monoxide present in the 
reformate Stream after partial oxidation, Steam reforming or 
ATR (for example, less than or equal to about 20% carbon 
monoxide), catalytic techniques Such as preferential oxida 
tion (“PROX") or selective methanation are not efficient 
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options. Although it should be noted that PROX and selec 
tive methanation may both be appropriate as a Secondary, or 
clean up, process at Suitably low carbon monoxide levels. 
For example, PROX appears to be suitable for oxidizing 
carbon monoxide at residuals of 20,000 PPM or less. 
0012. On the other hand, implementing and using water 
gas shift reactions does not present the impairments of the 
above-discussed techniques. Hence use of a water gas shift 
reactor is highly preferred. 
0013 Reformation of hydrocarbons (for example, alco 
hols, methane, propane, butane, pentane, hexane, and Vari 
ous other gaseous and liquid petroleum fractions Saturated 
and unsaturated, cyclic compounds, aromatic compounds, 
etc.) may be subjected to Some form of partial oxidation to 
create a reformate enriched in hydrogen. This partial oxi 
dation can be accomplished by a flame-type gas-phase 
reaction or can be catalytically promoted, for example by a 
nickel-containing catalyst. Water in the form of Steam may 
be added to prevent coking of the hydrocarbons during 
oxidation. Reformate composition varies widely with the 
type of hydrocarbon fuel or feed stock and with the efficacy 
of the particular partial oxidation proceSS employed. How 
ever, reformate generated in this way generally includes 
varying amounts of carbon monoxide, carbon dioxide, 
water, nitrogen, trace amounts of hydrogen Sulfide, and in 
the case of partial oxidation, ammonia. Beyond these chemi 
cals, the remainder of the reformate being methane, ethane 
and depending on the fuel, other higher molecular weight 
hydrocarbons including: unsaturated and aromatic Species, 
oxygenated Species Such as ethers, esthers, alcohols, alde 
hydes, etc. 
0.014 Steam reforming may also be used to produce 
hydrogen by promoting the following reaction Equation 1, 
with a catalyst Such as a nickel Supported on a refractory 
material: 

0.015 where n=an integer of 1 or greater and m=an 
integer of 2 or greater, for example, Equation 2: 

0016 Again, reformate composition resulting from the 
Steam reforming proceSS Varies widely with the type of 
hydrocarbon fuel or feed stock and with the efficacy of the 
particular catalyst and proceSS parameters employed. Again, 
however, the reformate generated in this way generally 
includes (in addition to hydrogen) varying amounts of 
carbon monoxide, carbon dioxide, and water, with the 
remainder being methane, ethane and potentially higher 
molecular weight hydrocarbons including unsaturated and 
aromatic Species, ethers, esthers, alcohols, aldehydes, etc. 
Depending on the Sulfur content of the fuel used, the 
reformate can include trace amounts of hydrogen Sulfide. 
0.017. It has been proposed to use partial oxidation in 
combination with Steam reforming with the former being 
upstream of and providing methane-rich reactant feed to the 
steam reforming step, for example see e.g. WO 98/08771, 
published Mar. 5, 1998, assigned to Applicant. The coupling 
of an exothermic partial oxidation reaction with an endot 
hermic Steam reforming reaction is Sometimes referred to as 
“autothermal reforming,” or “ATR.” 
0.018 Carbon monoxide produced from either partial 
oxidation or Steam reforming can react with water (present 
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from the prior oxidation proceSS or intentionally added to the 
system) according to the following water-gas-shift (WGS) 
reaction of Equation 3 to generate more hydrogen: 

0019. However, the extent of the WGS reaction is limited 
by equilibrium concerns. At the elevated temperatures 
required for steam reformation (typically between 650 
C.-980 C.), the purity or yield of hydrogen is limited by the 
equilibrium. Hence, it has been proposed to Subject the feed 
Stream emanating from the Steam reforming Step to one or 
more catalytically promoted shift steps. As disclosed in WO 
98/08771, such an integrated system provides for a high 
temperature shift reaction promoted by an iron-containing 
catalyst, followed by a low temperature shift process pro 
moted by a copper-containing catalyst. In that System, the 
high temperature shift process takes advantage of relatively 
higher kinetics at the higher temperature, while Sacrificing 
desired equilibrium. The relatively lower temperature shift 
process can then take advantage of a more favorable WGS 
equilibrium to provide a higher yield of hydrogen, while it 
benefits from the preliminary level of conversion in the high 
temperature shift. 
0020 Problems exist with conventional WGS catalysts, 
particularly the copper-based and zinc-based catalysts used 
for So-called “low temperature shift,” in an integrated fuel 
reformer. These catalysts are adversely affected by many of 
the common reformate Species discussed above Such as 
unsaturated and aromatic compounds. These catalysts are 
also adversely affected by contaminants in the feed Stock 
such as Sulfur and halogen compounds, all of which can 
routinely exist in the reaction gas Stream as it enters the “low 
temperature' shift catalyst down Stream of the aforemen 
tioned reformer processes in an integrated System. 
0021. During startup and shutdown of a dynamic reactor, 
the frailties of these catalysts are even more pronounced. At 
Start up, the upstream reactors are not up to peak efficiency 
temperatures and hence there are higher concentrations of 
(and perhaps more) harmful reactant species produced, Such 
as unsaturated and aromatic compounds, which can poison 
these catalysts. After shutdown, Steam in the System can 
condense on the catalyst. This condensed Steam deactivates 
these conventional catalysts prematurely by permitting the 
copper and Zinc to mobilize in the liquid phase condensate 
(i.e., water). 
0022. Also, these conventional copper and Zinc catalysts 
must be reduced (usually in situ) by a controlled atmosphere 
artificially being fed into the reactor to control the rate of 
reduction to avoid excessive heat which can spoil the 
catalyst. Once reduced, further burdensome care during 
manufacture and maintenance of the reactor is needed to 
avoid contact with oxygen in the air, because these catalysts 
Spontaneously oxidize in the presence of air and release heat 
during the process. When this happens, the catalyst needs to 
be reduced again. The Subsequent reduction of the catalyst 
is also exothermic. Ultimately, the heat from exothermic 
reduction and/or oxidation reduces the catalyst life. 
0023 The present invention addresses the above men 
tioned deficiencies in the art and provides additional advan 
tages as will be disclosed more fully below. 

SUMMARY OF THE INVENTION 

0024. The present invention is directed to processes and 
reactors for converting carbon monoxide and Steam in a 
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reformate Stream into carbon dioxide and hydrogen while 
employing an improved catalyst. The process includes gen 
erating a reformate by reacting a hydrocarbon fuel via partial 
oxidation, Steam reforming, or both. The reformate is then 
reacted in the presence of a platinum group metal Selected 
from the group consisting of platinum, palladium, iridium, 
oSmium, rhodium or mixtures thereof. According to another 
aspect of the invention, the platinum group metal is Sup 
ported on a material Selected from the group consisting of an 
oxide of Zirconium, titanium and mixtures thereof. The 
preferable catalyst and Support is Pt/ZrO2. According to 
another aspect of the invention, a water gas shift reaction can 
be accomplished in a reformate over a wide range of 
temperatures (for example, between about 200° C. to about 
650° C) using a single shift catalyst. 
0.025 According to another aspect of the invention, an 
advantageous process enhancement includes the Step of 
introducing a predetermined amount of oxygen into the 
reformate for a desired period of time, oxidizing hydrocar 
bons, carbon monoxide and hydrogen, in the presence of the 
catalyst to generate heat to produce a desired temperature in 
the catalyst. This takes advantage of the heating value of the 
reformate at Start up, when the reformate may not yet be 
acceptably pure for delivery to the fuel cell. 
0026. A reactor according to the invention includes a first 
reactor Section configured to produce reformate by a proceSS 
Selected from the group of partial oxidation, Steam reform 
ing, or a combination thereof. A Second reactor Section is put 
in communication with the first reactor Section So as to 
receive the reformate. A catalyst is located in the Second 
reactor Section. The catalyst comprises a platinum group 
metal Selected from the group consisting of platinum, pal 
ladium, iridium, osmium, rhodium and mixtures thereof, and 
a Support material, for the platinum group metal, Selected 
from the group consisting of an oxide of Zirconium, titanium 
and mixtures thereof. 

0.027 Use of this process and apparatus provides a num 
ber of advantages over prior art water gas shift catalysts. For 
example, the catalyst of the invention can be operated at 
higher temperatures than conventional “high temperature' 
shift catalysts containing iron. Catalysts according to the 
invention are also expected to have a higher activity than 
iron-containing catalysts. Also, as noted above, commercial 
Cu/ZnO catalysts or so called “low temperature shift” cata 
lysts can undergo exothermic oxidation and reduction reac 
tions, which in turn, can cause the catalyst temperature to 
rise to undesirable levels. This is not the case for the catalyst 
of the invention, because it can be used at relatively lower 
metal loading due to its activity. The low metal content in the 
Pt/ZrO2 catalyst, for example, minimizes any temperature 
Sc. 

0028. Also it is believed that a strong metal support 
interaction (“SMSI) occurs between the platinum group 
metals (“PGM’s”) and the Supports disclosed which aids in 
Structural integrity. Cu/ZnO catalysts are not known to have 
the added integrity provided by an SMSI interaction. 
0029 Apart from the lack of an SMSI structural attribute, 
Cu/ZnO catalysts are also Susceptible to Sintering promoted 
by chlorine and other halogens. The Pt/ZrO catalyst should 
be resistant to this form of deactivation because the melting 
point of PtCl2 is much higher than the melting point of 
CuCl. 
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0030. According to another broad aspect of the invention, 
the metal catalyst is deployed on the Support without the use 
a halide Salt. The preparation method eliminates the possi 
bility of any leftover halogen on the catalyst. This will 
prevent any possible problems to the WGS catalyst or any 
downstream processes caused by halogens. Platinum on 
ZrO, (as discussed below) has been tested to date, but other 
Platinum Group Metals are also expected to work. Transi 
tion metals may also benefit from the ZrO Support and 
result in a more cost-efficient Solution (e.g., Cu/ZrO2). 
0031. Notably, the catalyst of the invention does not need 
a special controlled reducing atmosphere for initial reduc 
tion as do the Cu/Zn catalysts. The catalysts of the invention 
can be reduced (if needed) by the constituents in the refor 
mate Stream during normal operation. 
0032. It is also believed that other supports capable of 
producing SMSI effects may be good supports for WGS 
catalysts according to the invention (e.g., TiO, etc.). 

BRIEF DESCRIPTION OF THE DRAWINGS 

0033 FIG. 1 is a schematic view of a reactor and process 
according to the present invention; 

0034 FIG. 2 is a schematic view of another reactor and 
process according to the present invention; 

0035 FIG. 3 is a schematic view of another reactor and 
process according to the present invention; 

0036 FIG. 4 is a schematic view of another reactor and 
process according to the present invention; 

0037 FIG. 5 is a schematic view of another reactor and 
process according to the present invention; 

0038 FIG. 6 is a schematic view of another reactor and 
process according to the present invention; 

0039 FIG. 7 is a schematic view of another reactor and 
process according to the present invention; 

0040 FIG. 8 is a schematic view of another reactor and 
process according to the present invention; 

0041 FIG. 9 is a schematic view of another reactor and 
process according to the present invention; and, 
0042 FIG. 10 is a chart disclosing activity of a catalyst 
according to the invention at different metal loadings on a 
Support, 

0043 FIG. 11 is a chart disclosing the effect of ethylene 
on the activity of a catalyst according to the invention; 

0044 FIG. 12 is a chart disclosing the effect of Sulfur on 
the activity of a catalyst according to the invention; and, 

004.5 FIG. 13 is a chart disclosing the effect of benzene 
on the activity of a catalyst according to the invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0046 While this invention is susceptible of embodiment 
in many different forms, there are shown in the drawings and 
will herein be described in detail, preferred embodiments of 
the invention with the understanding that the present dis 
closure is to be considered as an exemplification of the 
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principles of the invention and is not intended to limit the 
broad aspect of the invention to the embodiments illustrated. 

0047 Preparation of a Test Catalyst 

0.048. A test catalyst of 1%Pt/ZrO was prepared by 
incipient wetness impregnation. According to one aspect of 
the invention, the platinum Salt used in preparing catalysts of 
the invention would preferably be generally free of halo 
gens, Sulfur, arsenic, etc. as these species will not be 
completely removed by calcination and could cause prob 
lems in a fuel processor. Hence, tetra-ammine platinum (II) 
nitrate, Pt(NH) (NO)(“TAPN”), was proposed. Tradi 
tional platinum compounds used for catalyst Synthesis are 
hexachloroplatinic acid hexahydrate and platinum(II) chlo 
ride. These are relatively inexpensive Sources of platinum 
and are more readily available than TAPN. However, these 
also contain chlorine which could cause System problems. 

0049. The TAPN was acquired and is commercially 
available from Aldrich Chemical Company, U.S.A. The 
ZrO, is available from Norton CPPC (Chemical Process 
Product Corp.) in 3 mm pellets (Part No. XZ16075). Table 
1 provides physical properties of the Zirconium oxide used. 

TABLE 1. 

hz.1/32 Physical Properties of Zirconium. Oxide Used in Test 
Surface Area -50 m./g. 
Pore Volume ~0.3 cm./g. 
Median Pore Diameter >15 nm. 
Crush Strength 
Packing Density 

~25 lbs. (11 kgs.) 
78.4 lbs./ft. (1250 kg/m.) 

0050. The 3 mm. spheres of the zirconium oxide were 
broken into Tyler 12-14 mesh particles. These particles were 
then calcined overnight at 400 C. to remove the moisture 
and other volatile impurities. The water Saturation capacity 
of the pellets was determined as follows. To 3.91 g. of ZrO. 
pellets, water was added drop-wise until no more water was 
adsorbed by the pellets. A total of 2.76 g. of water was 
absorbed. Thus, the water Saturation capacity of the ZrO. 
was found to be 0.706 g. per g. of ZrO2. The surface area, 
pore Volume, and median pore diameter are important to 
allow an optimum amount of Pt to be accessible to reactant 
molecules. 

0051) To prepare a 1% Pt/ZrO, 0.043 g of TAPN salt 
was dissolved in 1.5 g water in a PyrexTM beaker. The 
Solution was warmed on a hot plate until no Solid residue 
was visible at the bottom of the beaker (1-3 mins.) To this 
solution, 2.13 g of pre-dried Pt/ZrO particles of the Tyler 
12-14 mesh were added with constant Stirring. All Solution 
was absorbed by the particles. These particles were then 
dried at room temperature overnight. The particles or gran 
ules were then transferred into a flat tray and calcined in an 
oven using the following sequence: (1) ramp from room 
temperature to 150 C. at 2 C./min.; (2) held isothermally at 
150 C. for 4hrs.; (3) ramp from 150 C. to 500 C. at 
2 C./min.; (4) held at 500 C. for 8hrs., and (5) furnace 
shut-down and catalyst permitted to cool within. 

0.052 Test samples with 0.5%, and 5.0% platinum load 
ing were also prepared in the same manner although the 
proceSS was Scaled appropriately for each metal loading. 
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0.053 Test Reformer 
0054 The WGS catalyst testing was performed in a 
single pass tubular reactor. The reactor itself was a %" OD 
(10 mm ID) quartz tube. A quartz frit centered in the tube 
held the catalyst in place. Catalyst particles were crushed to 
an average particle diameter of 1.3 mm. A bed Volume of 
approximately 0.75 cm. was used, corresponding to a 
catalyst mass of 0.98 g. The reactor tube was located and 
controlled within a shell oven. The location of the catalyst 
bed allowed 6 inches of the tube to provide a preheat for the 
reactant gases. 
0.055 Test Reformate 
0056 Mass flow controllers set a dry composition and 
flow rate of the reactant mixture. The gas passed through a 
humidifier, where humidity level was Set by Saturating the 
gas with water at a set temperature. At the reactor exit, a 
water dropout trap maintained at 0° C. removed moisture 
from the product Stream before entering the gas chromato 
graph for analysis. A gas chromatograph gave continuous 
TCD analysis of the product Stream, at two-minute intervals. 
The average concentrations of constituents comprising the 
test reformate used in the tests described below are disclosed 
TABLE 2 as volume percent. 

TABLE 2 

Test Reformate by Volume Percent 

% CO % H, % CO, % N, % HO 

2.O 29.0 14.3 31.7 23.0 

0057 Test for Metal Loading 
0058. The catalyst used in these tests contained 0.5%, 
1.0%, and 5% Pt on ZrO by weight. Three tests were 
conducted to find the optimal precious metal loading. The 
percentage of carbon monoxide conversion for each metal 
loading is graphically depicted in FIG. 10. The percentage 
conversion at 215 C. is tabulated in TABLE 3 for compari 
SO. 

TABLE 3 

% Pt % CO conversion Normalized Activity 

0.5% 18% 1. 
1% 33% O.9 
5% 61% O.3 

0059 Normalized activity was calculated by choosing 
215 C. as a temperature that is not in the equilibrium 
controlled regime and ShowS Significant differences in con 
version. Values shown are in units of (% conversion) per 
(weight 9% Pt). The data show a preferred effective range of 
loading exists between 0.5% and 5.0%. An even better range 
with a higher ratio of carbon monoxide conversion to weight 
of platinum appears to be between 0.5% to 1% platinum. It 
was also noted that a Small amount of methane was detected 
above 260 C. during the 5% Pt runs, where DGHSV was 
8,000. 
0060 Test for Cycling Stability and Resistance to Poi 
Soning 
0061 A0.5% Pt/ZrO2 catalyst was made according to the 
above-described process. Tests were run on the catalyst to 
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determine if: (1) the catalyst would be stable upon cycling 
between run and shutdown cycles, where water condenses 
on the catalyst upon cooling after shutdown; and, (2) 
whether the catalyst would be stable in a reformate stream 
containing certain species which can routinely appear and 
are known to be harmful to conventional water-gas-shift 
catalysts, namely ethylene, benzene, and Sulfur. 
0062. After four cycles, no measurable activity loss (or 
deactivation) was seen when the catalyst was cycled 
between exposure to air and exposure to process conditions. 
Also, no measurable activity loSS was seen during cycles 
having condensation of water on the catalyst at shutdown. 
0.063. The 0.5% platinum catalyst was then run in the test 
reactor Separately with each of ethylene, benzene, and 
hydrogen sulfide. The results are shown in FIGS. 11, 12 and 
13. 

0.064 FIG. 11 graphically shows that exposure to ethyl 
ene did not lower catalyst activity, as is seen with conven 
tional WGS catalysts. It was determined by chromato 
graphic analysis that the WGS catalyst hydrogenated the 
ethylene to ethane, which is less detrimental to downstream 
proceSSeS. 

0065. As seen in FIG. 12, the addition of hydrogen 
Sulfide to the reactant Stream causes a transient in CO 
conversion, but also shows that the System Stabilizes with no 
activity loss. When the hydrogen sulfide is removed from the 
feed Stream, the System again Stabilizes to the original 
activity level. 
0.066 As seen in FIG. 13, no deactivation of the catalyst 
occurs due to exposure to benzene. 
0067 Reactors According to the Invention 
0068. In view of the stability and performance of the 
platinum Zirconia catalyst as demonstrated above, the fol 
lowing hydrocarbon reformer reactors disclosed in FIGS. 
1-9 are proposed as exemplary configurations according to 
the invention. In the following FIGS., a reactor section 
containing a separate POX reactor Section followed by a 
Stream reforming reactor Section can be interchanged with 
one So-called “auto-thermal reforming reactor Section. 
0069 FIG. 1 discloses a reactor 10 having a first reactor 
Section 12 configured to produce reformate first by partial 
oxidation of the hydrocarbon (“POX”) in a subsection 14 
and next a Steam reforming of the resultant reaction Stream 
in SubSection 16. A Second reactor Section 18 is in commu 
nication with the first reactor Section 12 So as to receive the 
resulting reformats. 
0070 FIG. 2 discloses another exemplary reformer reac 
tor 20. Reactor 20 includes a first reactor section 22 con 
figured to produce reformate first by partial oxidation of the 
hydrocarbon(s). A second reactor Section 24 is in commu 
nication with the first reactor Section 22 So as to receive the 
resulting reformate. 
0071 FIG. 3 discloses a reactor 26 having a first reactor 
Section 28 configured to produce reformate by Steam reform 
ing of the hydrocarbon feedstock. A Second reactor Section 
30 is in communication with the first reactor section 28 so 
as to receive the resulting reformats. 
0.072 FIG. 4 discloses a reactor 32 having a first reactor 
section 37 configured to produce reformate first by partial 
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oxidation of the hydrocarbon in a subsection 36 and next a 
Steam reforming of the resultant reaction Stream in SubSec 
tion 38. A second reactor section 40 is in communication 
with a third reactor section 42 which is in turn in commu 
nication with the first reactor section 37 So as to receive the 
resulting reformate. 
0073 FIG. 5 discloses a reactor 44 having a first reactor 
Section 46 configured to produce reformate by partial oxi 
dation of the hydrocarbons. A second reactor section 48 is in 
communication with a third reactor section 50 which is in 
turn in communication with the first reactor Section 46 So as 
to receive the resulting reformate. 
0074 FIG. 6 discloses a reactor 52 having a first reactor 
Section 54 configured to produce reformate by Steam reform 
ing of the hydrocarbons. A Second reactor Section 56 is in 
communication with a third reactor section 58 which is in 
turn in communication with the first reactor Section 54 So as 
to receive the resulting reformate. 
0075 FIG. 7 discloses a reactor 60 having a first reactor 
Section 62 configured to produce reformate first by partial 
oxidation of hydrocarbons in a SubSection 64 and next a 
Steam reforming of the resultant reaction Stream (reformate) 
in SubSection 66. A Second reactor Section 68 is in commu 
nication with a third reactor section 70 which is in turn in 
communication with the first reactor Section 62 So as to 
receive the resulting reformate. 
0.076 FIG. 8 discloses a reactor 78 having a first reactor 
Section 80 configured to produce reformate by partial oxi 
dation of the hydrocarbons. A second reactor section 82 is in 
communication with a third reactor section 84 which is in 
turn in communication with the first reactor section 80 so as 
to receive the resulting reformate. 
0.077 FIG. 9 discloses a reactor 92 having a first reactor 
Section 94 configured to produce reformate by Steam reform 
ing of the hydrocarbons. A Second reactor Section 96 is in 
communication with the first reactor section 94 So as to 
receive the resulting reformate. 
0078. According to the invention, a catalyst is disposed in 
the second reactor sections 18, 24, 30, 40, 48,56, 68, 82 and 
96. The catalyst is a platinum group metal (“PGM”) selected 
from the group consisting of platinum, palladium, iridium, 
osmium, rhodium and mixtures thereof (but preferably is 
platinum). The PGM is supported on a support material 
Selected from the group consisting of an oxide of Zirconium, 
titanium and mixtures thereof, but preferably Zirconium 
oxide. For Pt/ZrO, the metal loading is preferably between 
0.5% to 1.0%, platinum. The catalyst and Support in reactor 
sections 18, 24, 30, 40, 48, 56, 68, 82 and 96 may be 
dispersed upon a monolithic base, or may be deployed on, or 
in, any other well accepted form of Support or base Such as 
a powder, granules, pellets, foam, coated heat eXchanger, 
etc. For Stationary uses, granules appear to be preferable. 
However, for uses of reactor in transportation or portable 
applications, a monolithic base is thought to be preferable. 
Preferable monoliths are believed to include: foam or reticu 
late type, cellular or Straight channel honeycomb type 
(rolled corrugated sheet); and, extruded channel-type. 
0079 According to another aspect of the invention, a 
monolithic Substrate may be fabricated of Zirconium oxide. 
In such a case, the PGM may be support directly on the 
Substrate. 
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0080 A monolithic base may be wash-coated with Zir 
conium oxide upon which the metal is then dispersed. The 
metal may be dispersed by any known method Such as an 
incipient wetness method. Regardless of the form in which 
the catalyst (PGM and Support) are deployed (granules, 
powder, monolith, etc.) the aggregate of the catalyst defines 
a “body of catalyst” to which reformate can be exposed. 
0081. During the heating stage of the incipient wetness 
method another advantage according to the invention is 
provided by the use of TAPN versus a halogenated salt. This 
is because the amines will burn off more easily than halo 
gens bonded to the platinum. It is preferable that the catalyst 
in any form will be prepared from a non-halogenated Salt of 
the PGM in question. 
0082 Preferably, the zirconium Support of the preferred 
embodiment has a Surface area approximately about 50 
m./g., a pore volume of approximately about 0.3 cm./g., 
and a median pore diameter greater than about 15 nm. Also, 
according to one aspect of the invention a catalyst employed 
in the Second reactor Section is resistant to poisoning by 
Sulfur, hydrogen Sulfide, ethylene, benzene, air and con 
densed water. The catalyst is stable and active at converting 
carbon monoxide to carbon dioxide, at temperatures 
between about 200° C. and 650 C. 

0083) The third reactor sections 42, 50, and 58, (FIGS. 
4-6) each contain a catalyst other than the catalyst disclosed 
herein, Such as a conventional catalyst Suitable for promot 
ing a water gas shift reaction in the reformate. A preferable 
example of Such a catalyst is an iron-containing catalyst, 
capable of effective carbon monoxide conversion in the 
temperature range of about 300° C. and 650 C. 
0084. According to another aspect of the invention, the 
Second and third reactor sections 42, 50, 58 and 40, 48, 56 
can be used cooperatively in a two-part shift process. The 
reformate can be exposed to the iron-containing catalyst in 
the third reactor sections 42, 50, and 58 at a relatively high 
temperature, preferably between 300° C. and 650 C., more 
preferably between 350° C. and 540° C., and even more 
preferably between 370° C. and 480° C. In so doing, the 
proceSS can take advantage of relatively high temperature 
reaction kinetics as the reformate passes through the "high 
temperature shift reactor Section. The reactor thus takes 
advantage of the lower cost of the iron-containing catalysts 
which are relatively less expensive than the PGM catalysts 
disclosed. 

0085) Next, the reformate can be exposed to a PGM 
catalyst of the invention in the Second reaction Sections at 
relatively a lower temperature range, preferably between 
150° C. and 320°C., more preferably between 200° C. and 
320° C., and even more preferably between 230-290° C. at 
an inlet of the second reactor section and 200-240 C. at an 
outlet end of the Second reactor Section. In So doing, a more 
favorable water gas shift reaction equilibrium can be 
obtained at the lower temperatures, hence providing a lower 
level of carbon monoxide. Also the PGM catalysts of the 
invention will have the advantages discussed herein over 
conventional “low temperature shift' catalysts Such as those 
containing copper or zinc. 

0.086 FIGS. 7-9 disclose alternate reformer reactors 
according to other aspects of the invention. In particular, 
both the second and third reactor sections 68, 82 and 70, 84 
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(FIGS. 7 and 8) contain a catalyst comprising a platinum 
group metal (“PGM”) selected from the group consisting of 
platinum, palladium, iridium, osmium, rhodium and mix 
tures thereof (but preferably is platinum). The PGM is 
Supported on a Support material Selected from the group 
consisting of an oxide of Zirconium, titanium and mixtures 
thereof, but preferably zirconium oxide (ZrO2). The respec 
tive reactor Sections can then take advantage of the Superior 
water gas shift catalysts of the invention in a two-stage 
relatively high, then relatively low temperature shift to again 
first take advantage of relatively higher kinetics and then a 
relatively more favorable equilibrium at the lower tempera 
ture. This is possible because the catalysts posses catalytic 
effectiveness and stability over a wide range of effective 
temperatures and fuels, unlike conventional copper/zinc 
catalysts. FIGS. 7 and 8 also disclose optional heat 
exchange tubes 76 and 90 with inlets 72, 88 and outlets 74, 
86, respectively, for reactors 60 and 78 to provide for active 
cooling in the Second reactor Section. This is to provide a 
means for controlling the temperature of the catalyst and 
reformate to a desired range. It should be understood that the 
third reactor Sections could also deploy Such heat eXchang 
ers for the same purpose. It will also be understood by those 
in the art that depending on the desired effect, the coolant 
can be routed co-current with the reformate flow or counter 
flow, depending on the desired control or conditions. 
0087 FIG. 9 discloses another exemplary embodiment 
according to the invention. The Second reactor Section 96 
includes a helical heat eXchange tube 102 throughout a 
major extent of the PGM catalyst bed. The essential distinc 
tion from the other disclosed reactors is that the reactor 
Section 96 is configured as necessary (i.e. the form of 
catalyst (granules, monolith, etc.), the direction of coolant 
flow (co-current, counter-current), flow rates of reformate 
and coolant, etc.) to provide a relatively continuous gradient 
of temperature from an inlet end 103 of the second reactor 
Section to the end 104 near the outlet 106 of the second 
reactor Section. This is again to take advantage of the wide 
temperature range of the catalysts of the invention. The 
continuous gradient will be most advantageous to the extent 
it tracks a carbon monoxide concentration gradient through 
the Second reactor Section to give the optimal reaction 
kinetics/favorable equilibrium balance at all times. 
0088. The catalysts of the invention are stable in the 
presence of air. Thus, it is proposed that the PGM catalysts, 
in particular platinum, can also be used to oxidize hydro 
carbons, carbon monoxide, and the hydrogen enriched 
Stream, upon Start-up of a reactor to speed the process of 
bringing the WGS catalyst to an effective operating tem 
perature through the exothermic oxidation reaction. Signifi 
cant hydrogen is produced at Startup in a partial oxidation 
reaction, a Steam reforming reaction or ATR. Since the 
hydrogen produced in the reformate during Startup can not 
be used while carbon monoxide levels are still high, it is 
advantageous to use the heating value of that hydrogen-rich 
stream to directly heat the WGS catalyst bed responsible for 
reducing carbon monoxide levels. 
0089 FIG. 1 discloses such an arrangement. An inlet 19 
is provided to the second reactor section 18 to permit a flow 
of an oxygen containing gas, Such as air. The air can be 
added to the reformate stream through the inlet 19 for a 
predetermined time until a desired temperature is achieved 
in the catalyst and/or the reformate during Start up. Such a 
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reactor configuration would be particularly useful in trans 
portation applications where Speed to full power delivery is 
important. In Such applications it would be advantageous to 
be able to provide comparable speed to full power delivery 
now provided by internal combustion engines. 
0090 While the specific embodiments have been illus 
trated and described, numerous modifications come to mind 
without Significantly departing from the Spirit of the inven 
tion and the Scope of protection is only limited by the Scope 
of the accompanying Claims. 
0.091 For example, the reactors described herein are 
described in terms of “reactor Sections.” It is contemplated 
that these Sections will provide benefits according to the 
invention whether or not these Sections are incorporated into 
integrated unitary Structures having multiple Sections or are 
configured as Stand alone, modular Sections as is desired. 
The inventions disclosed and claimed wherein are concerned 
with providing reactor configurations and Structures wherein 
“reactor Sections,” are coordinated and arranged to provide 
the Sequencing of reactions necessary to accommodate the 
processes contemplated. 

We claim: 
1. A process for converting carbon monoxide and water in 

a reformate Stream into carbon dioxide and hydrogen com 
prising: 

generating a reformate by reacting a hydrocarbon via 
partial oxidation, Steam reforming, or both, including 
autothermal reforming; and 

reacting the reformate in the presence of a platinum group 
metal Selected from the group consisting of platinum, 
palladium, iridium, OSmium, rhodium and mixtures 
thereof. 

2. The process of claim 1 wherein the platinum group 
metal is Supported on a material Selected from the group 
consisting of an oxide of Zirconium, titanium and mixtures 
thereof. 

3. The process of claim 1 wherein the reacting the 
reformate Step includes maintaining the reaction at a tem 
perature between about 200° C. to about 650° C. 

4. The process of claim 2 wherein the reacting the 
reformate Step includes maintaining the reaction at a tem 
perature between about 200° C. to about 650° C. 

5. The process of claim 1 wherein the reacting the 
reformate Step includes maintaining the reaction at a tem 
perature between about 150° C. and about 320 C., more 
preferably between 200 C. and 320 C., and even more 
preferably between 230-290 C. at an inlet of the second 
reactor Section. 

6. The process of claim 2 wherein the reacting the 
reformate Step includes maintaining the reaction at a tem 
perature between about 200° C. to about 320° C. 

7. The process of claim 1 wherein the reacting the 
reformate Step includes maintaining the reaction at a first 
temperature between about 230 C. to about 290 C. at an 
inlet of a reactor Section containing the catalyst and at a 
second temperature between about 200 C. and about 240 
C. at an outlet end of the reactor Section. 

8. The process of claim 2 wherein the reacting the 
reformate Step includes maintaining the reaction at a first 
temperature between about 230 C. to about 290 C. at an 
inlet of a reactor Section containing the catalyst and at a 
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second temperature between about 200 C. and about 240 
C. at an outlet end of the reactor Section. 

9. The process of claim 1 including the Step of reacting the 
reformate in the presence of an iron containing catalyst 
before reacting the reformate in the presence of the platinum 
group metal. 

10. The process of claim 2 including the Step of reacting 
the reformate in the presence of an iron containing catalyst 
before reacting the reformate in the presence of the platinum 
group metal. 

11. The process of claim 3 including the Step of reacting 
the reformate in the presence of an iron containing catalyst 
before reacting the reformate in the presence of the platinum 
group metal. 

12. The process of claim 9 wherein the step of reacting the 
reformate in the presence of an iron containing catalyst 
includes maintaining the reaction at a temperature between 
about 300° C. and about 650 C. 

13. The process of claim 10 wherein the step of reacting 
the reformate in the presence of an iron containing catalyst 
includes maintaining the reaction at a temperature between 
about 300° C. and about 650 C. 

14. The process of claim 11 wherein the Step of reacting 
the reformate in the presence of an iron containing catalyst 
includes maintaining the reaction at a temperature between 
about 300° C. and about 650 C. 

15. The process of claim 9 wherein the step of reacting the 
reformate in the presence of an iron containing catalyst 
includes maintaining the reaction at a temperature between 
about 350° C. and 540 C. 

16. The process of claim 10 wherein the step of reacting 
the reformate in the presence of an iron containing catalyst 
includes maintaining the reaction at a temperature between 
about 350° C. and about 540 C. 

17. The process of claim 11 wherein the step of reacting 
the reformate in the presence of an iron containing catalyst 
includes maintaining the reaction at a temperature between 
about 350° C. and about 540 C. 

18. The process of claim 5 including the steps of: 

reacting the reformate in the presence of an iron contain 
ing catalyst before reacting the reformate in the pres 
ence of the platinum group metal; and, 

maintaining the reaction in the presence of the iron 
containing catalyst at a temperature between about 
300° C. and about 650° C. when in the presence of the 
iron containing catalyst. 

19. The process of claim 6 including the steps of: 
reacting the reformate in the presence of an iron contain 

ing catalyst before reacting the reformate in the pres 
ence of the platinum group metal; and, 

maintaining the reaction in the presence of the iron 
containing catalyst at a temperature between about 
300° C. and about 650° C. when in the presence of the 
iron containing catalyst. 

20. The process of claim 1 wherein the reacting the 
reformate in the presence of a platinum group metal Selected 
from the group consisting of platinum, palladium, iridium, 
oSmium, rhodium and mixtures thereof includes reacting the 
reformate first in the presence of a first portion of Said 
catalyst at a first temperature between about 300° C. to about 
650 C. and then reacting the resultant reformate in the 
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presence of a Second portion of Said catalyst while main 
taining the reaction at a Second temperature between about 
200 C. and about 400° C. 

21. The process of claim 2 wherein the reacting the 
reformate in the presence of a platinum group metal Selected 
from the group consisting of platinum, palladium, iridium, 
oSmium, rhodium and mixtures thereof includes reacting the 
reformate first in the presence of a first portion of Said 
catalyst at a first temperature between about 300° C. to about 
650 C. and then reacting the resultant reformate in the 
presence of a Second portion of Said catalyst while main 
taining the reaction at a Second temperature between about 
200 C. and about 400° C. 

22. The process of claim 1 wherein the reacting the 
reformate in the presence of a platinum group metal Selected 
from the group consisting of platinum, palladium, iridium, 
oSmium, rhodium and mixtures thereof includes reacting the 
reformate first in the presence of a first portion a body of Said 
catalyst at a first temperature between about 350° C. to about 
540 C. and then reacting the resultant reformate in the 
presence of a Second portion of the body of Said catalyst 
while maintaining the reaction at a Second temperature 
between about 200° C. and about 400° C. 

23. The process of claim 2 wherein the reacting the 
reformate in the presence of a platinum group metal Selected 
from the group consisting of platinum, palladium, iridium, 
oSmium, rhodium and mixtures thereof includes reacting the 
reformate first in the presence of a first portion of Said 
catalyst at a first temperature between about 300° C. to about 
540 C. and then reacting the resultant reformate in the 
presence of a second portion of Said catalyst while main 
taining the reaction at a Second temperature between about 
200 C. and about 400° C. 

24. The process of claim 1 wherein the reacting the 
reformate in the presence of a platinum group metal Selected 
from the group consisting of platinum, palladium, iridium, 
oSmium, rhodium and mixtures thereof includes: 

providing a body of Said catalyst for traverse of the 
reformate there along from a beginning of the catalyst 
body through an end of the catalyst body; and, 

maintaining a gradient of reaction temperatures along the 
body, the gradient decreasing in temperature from the 
beginning of the body to the end of the body. 

25. The process of claim 2 wherein the reacting the 
reformate in the presence of a platinum group metal Selected 
from the group consisting of platinum, palladium, iridium, 
oSmium, rhodium and mixtures thereof includes: 

providing a body of Said catalyst for traverse of the 
reformate there along from a beginning of the catalyst 
body through an end of the catalyst body; and, 

maintaining a gradient of reaction temperatures along the 
body, the gradient decreasing in temperature from the 
beginning of the body to the end of the body. 

26. The process of claim 24 wherein the gradient is 
defined by a first temperature near the beginning of the body 
between about 260 C. to about 650 C. and a second 
temperature near the end of the body between about 175 C. 
to about 345 C. 

27. The process of claim 25 wherein the gradient is 
defined by a first temperature near the beginning of the body 
between about 260 C. to about 650 C. and a second 
temperature near the end of the body between about 175 C. 
to about 345 C. 
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28. The process of claim 26 wherein the gradient is 
defined by a first temperature near the beginning of the body 
between about 260 C. to about 650 C. and a second 
temperature near the end of the body between about 175 C. 
to about 300° C. 

29. The process of claim 25 wherein the gradient is 
defined by a first temperature near the beginning of the body 
between about 350° C. to about 650 C. and a second 
temperature near the end of the body between about 175 C. 
to about 275 C. 

30. The process of claim 2 wherein the reacting the 
reformate Step includes maintaining the reaction at a tem 
perature between about 150° C. to about 250° C. 

31. The process of claim 1 wherein the step of reacting the 
reformate in the presence of a platinum group metal Selected 
from the group consisting of platinum, palladium, iridium, 
oSmium, rhodium and mixtures thereof, includes: 

introducing a predetermined amount of oxygen into the 
reformate for a desired period of time; and, 

promoting oxidation of constituents in the reformate by 
the presence of the catalyst to generate heat to a desired 
temperature in the catalyst. 

32. The process of claim 2 wherein the Step of reacting the 
reformate in the presence of a platinum group metal Selected 
from the group consisting of platinum, palladium, iridium, 
oSmium, rhodium and mixtures thereof, includes: 

introducing a predetermined amount of oxygen into the 
reformate for a desired period of time; and, 

promoting oxidation of constituents in the reformate by 
the presence of the catalyst to generate heat to a desired 
temperature in the catalyst. 

33. The process of claim 2 wherein the generating a 
reformate Step provides a resulting reformate having carbon 
monoxide, carbon dioxide, nitrogen, hydrogen, and water, 
wherein the water constitutes above 10% of the reformate by 
Volume. 

34. The process of claim 1 wherein the generating Step 
includes generating a reformate having a carbon monoxide 
concentration of greater than about 10% by volume. 

35. The process of claim 2 wherein the generating Step 
includes generating a reformate having a carbon monoxide 
concentration of greater than about 10% by volume. 

36. The process of claim 1 wherein the generating Step 
includes generating a reformate having a water concentra 
tion of greater than about 15% by volume. 

37. The process of claim 2 wherein the generating Step 
includes generating a reformate having a water concentra 
tion of greater than about 15% by volume. 

38. The process of claim 34 wherein the generating step 
includes generating a reformate having a water concentra 
tion of greater than about 15% by volume. 

39. The process of claim 35 wherein the generating step 
includes generating a reformate having a water concentra 
tion of greater than about 15% by volume. 

40. The process of claim 1 wherein the generating Step 
includes generating a reformate having an aliphatic hydro 
carbon concentration between about 0.01% to about 0.50% 
by volume. 

41. The process of claim 2 wherein the generating Step 
includes generating a reformate having an aliphatic hydro 
carbon concentration between about 0.01% to about 0.50% 
by volume. 
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42. The process of claim 38 wherein the generating Step 
includes generating a reformate having an aliphatic hydro 
carbon concentration between about 0.01% to about 0.50% 
by volume. 

43. The process of claim 39 wherein the generating step 
includes generating a reformate having an aliphatic hydro 
carbon concentration between about 0.01% to about 0.50% 
by volume. 

44. The process of claim 1 wherein the generating Step 
includes generating a reformate having one or more non 
aliphatic hydrocarbon constituents Selected from the group 
of an alcohol, an ester, an ether, an acid, an aldehyde, an 
unsaturated non-aromatic, an aromatic, and a cyclic. 

45. The process of claim 2 wherein the generating Step 
includes generating a reformate having one or more non 
aliphatic, carbon-based constituents Selected from the group 
of an alcohol, an ester, an ether, an acid, an aldehyde, an 
unsaturated non-aromatic, an aromatic, and a cyclic. 

46. The process of claim 42 wherein the generating Step 
includes generating a reformate having one or more non 
aliphatic hydrocarbon constituents Selected from the group 
of an alcohol, an ester, an ether, an acid, an aldehyde, an 
unsaturated non-aromatic, an aromatic, and a cyclic. 

47. The process of claim 43 wherein the generating Step 
includes generating a reformate having one or more non 
aliphatic hydrocarbon constituents Selected from the group 
of an alcohol, an ester, an ether, an acid, an aldehyde, an 
unsaturated non-aromatic, an aromatic, and a cyclic. 

48. The process of claim 2 wherein the generating Step 
includes generating a reformate having an amount of uncon 
verted hydrocarbon fuel. 

49. The process of claim 1 wherein the generating Step 
includes generating a reformate that includes hydrogen 
Sulfide. 

50. The process of claim 2 wherein the generating Step 
includes generating a reformate that includes hydrogen 
Sulfide. 

51. The process of claim 1 wherein the generating Step 
includes partial oxidation and the reformate includes ammo 
nia. 

52. The process of claim 2 wherein the generating Step 
includes partial oxidation and the reformate includes ammo 
nia. 

53. A process for converting carbon monoxide and water 
in a reformate Stream into carbon dioxide and hydrogen via 
a water-gas-shift reaction, comprising: 

generating a reformate by reacting a hydrocarbon via 
partial oxidation, Steam reforming, or both; 

reacting the reformate in the presence of a catalyst that (i) 
promotes a water gas shift reaction of carbon monoxide 
to carbon dioxide and (ii) is active and stable, at 
temperatures between about 200° C. to about 650° C. 

54. The process of claim 53 including the step of reacting 
the reformate in the presence of a platinum group metal 
Selected from the group consisting of platinum, palladium, 
iridium, osmium, rhodium and mixtures thereof. 

55. The process of claim 54 including the step of Sup 
porting the platinum group metal is Supported on a material 
Selected from the group consisting of an oxide of Zirconium, 
an oxide of titanium and mixtures thereof. 

56. A process for converting carbon monoxide and water 
in a reformate Stream into carbon dioxide and hydrogen 
comprising via a water-gas-shift reaction, comprising: 
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generating a reformate by reacting a hydrocarbon via 
partial oxidation, Steam reforming, or both; and, 

reacting the reformate in the presence of a catalyst that 
promotes water gas shift of carbon monoxide to carbon 
dioxide and is resistant to loSS of activity by exposure 
to any one of the constituents Selected from the group 
of Sulfur, hydrogen Sulfide, ethylene, benzene, air and 
condensed water. 

57. A reactor comprising: 
a first reactor Section configured to produce reformate by 

a process Selected from the group of partial oxidation, 
Steam reforming, or a combination thereof; 

a Second reactor Section in communication with the first 
reactor Section So as to receive the reformate; 

a catalyst in the Second reactor Section comprising, a 
platinum group metal Selected from the group consist 
ing of platinum, palladium, iridium, osmium, rhodium 
and mixtures thereof, and, 

a Support material, for the platinum group metal, Selected 
from the group consisting of an oxide of Zirconium, 
titanium and mixtures thereof. 

58. The reactor of claim 57, further comprising a mono 
lithic base in the Second reaction Section upon which the 
catalyst and Support are dispersed. 

59. The reactor, as defined in claim 57, wherein the 
platinum group metal is platinum and the Support material is 
an oxide of Zirconium. 

60. The reactor, as defined in claim 59, wherein platinum 
is in the range of from about 0.1% to about 3% by weight 
with respect to the oxide of Zirconium. 

61. The reformer of claim 59, wherein the catalyst is 
deployed as a wash-coat of an oxide of Zirconium on a 
monolithic base, and the platinum being impregnated on of 
the oxide of Zirconium by an incipient wetness process 
employing a non-halogenated Salt of platinum. 

62. The reactor, as defined in claim 59, wherein the oxide 
of Zirconium has a Surface area approximately about 50 
m./g., a pore volume of approximately about 0.3 cm./g., 
and a median pore diameter greater than about 15 nm. 

63. The reactor, as defined in claim 59, wherein the 
catalyst is formed by dispersing a non-halogenated platinum 
Salt on a material Selected from the group consisting of an 
oxide of Zirconium and titanium, and mixtures thereof. 

64. The reactor, as defined in claim 57, wherein the 
catalyst is resistant to poisoning by Sulfur, hydrogen Sulfide, 
ethylene, benzene, air and condensed water. 

65. The reactor, as defined in claim 57, wherein the 
catalyst is stable at temperatures between about 200 C. and 
650° C. 

66. The reactor, as defined in claim 57, wherein the 
reactor includes a Source for providing an oxygen-contain 
ing gas to the Second reactor Section and the catalyst 
promotes combustion of hydrogen and carbon monoxide in 
the presence of oxygen. 

67. The reactor, as defined in claim 9, further comprising 
a temperature control for maintaining the reactor at a tem 
perature between about 200° C. to about 650° C. 

68. A reactor comprising: 
a first reactor Section configured to produce reformate by 

a process Selected from the group of partial oxidation, 
Steam reforming, or a combination thereof; 
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a Second reactor Section in communication with the first 
reactor Section So as to receive the reformate; 

a third reactor Section in communication with the Second 
So as to receive reformate from the Second reactor 
Section; 

a catalyst in the Second reactor Section comprising an 
iron-containing catalyst Suitable for promoting a water 
gas shift reaction at a temperature in the range of about 
350° C. to about 650° C.; 

a catalyst in the third reactor Section comprising, a plati 
num group metal Selected from the group consisting of 
platinum, palladium, iridium, osmium, rhodium and 
mixtures thereof, and, 

a Support material, for the platinum group metal, Selected 
from the group consisting of an oxide of Zirconium, 
titanium and mixtures thereof. 

69. An improved process for converting carbon monoxide 
and water in a reformate Stream into hydrogen and carbon 
dioxide, characterized in that a reformate, which is gener 
ated by one or more of partial oxidation, Steam reforming, 
autothermal reforming, is reacted in a reactor with a first 
catalyst, wherein the first catalyst comprises a metal Selected 
from platinum, palladium, iridium, osmium, rhodium, and 
mixtures thereof, and wherein Said metal is deposited on a 
Support of a Zirconium oxide. 

70. The process of claim 69 wherein the step of reacting 
the reformate includes maintaining the reaction at a tem 
perature in the range of about 200 C. to 650 C. 

71. The process of claim 69 wherein the range of tem 
perature is between about 200° C. and 320° C. 

72. The process of claim 69 wherein the range of tem 
perature is between about 150° and 250° C. 

73. The process of claim 69 wherein the reactor has an 
inlet Section and an outlet, and wherein the inlet Section is 
maintained in a range of about 230 to 290 C. 

74. The process of claim 73 wherein the temperature of 
the outlet is in the range of about 200 and 240 C. and is 
not greater than the temperature of the inlet. 

75. The process of claim 69 further including the step of 
reacting the reformate Stream with an iron-containing cata 
lyst before reacting it with the first catalyst. 
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76. The process of claim 75 wherein the step of reacting 
the reformate in the presence of the iron containing catalyst 
includes maintaining the reaction at a temperature in the 
range of about 300° C. and 650 C. during contact with said 
iron catalyst. 

77. The process of claim 69 wherein the temperature is in 
the range of about 350° to 540° C. 

78. The process of claim 69 wherein the catalyst is 
disposed in a first body and a Second body, wherein the first 
body is maintained between about 350° to 540° C. and the 
second body is maintained between about 200 and 400 C. 

79. The process of claim 69 wherein the catalyst is 
provided as at least one body, wherein a gradient of tem 
perature is provided along Said body in a direction Substan 
tially the same as the direction of reformate flow through 
said body. 

80. The process of claim 79 wherein the gradient is 
defined by a first temperature near the beginning of Said 
body between about 260 and 650 C., and a second 
temperature near the end of the body between about 175 
and 345 C., wherein the second temperature is lower that 
the first temperature. 

81. The process of claim 69 wherein the reaction step 
further includes introduction of a predetermined amount of 
oxygen into Said reaction, and promoting the Oxidation of 
the reformate by the oxygen thereby generating heat to 
increase the temperature of the catalyst. 

82. The process of claim 69 wherein the catalyst promotes 
the water/gas shift reaction and is resistant to deactivation by 
at least one of a Sulfur-containing material, an ethylenically 
unsaturated or aromatic material, a nitrogen-containing 
material, and liquid water. 

83. A reactor constructed and arranged for the execution 
of the process of claim 69. 

84. The process of claim 1 including the initial step of 
forming a monolithic base from the Zirconium oxide and 
Supporting the platinum group metal directly on the mono 
lith. 


