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Several Pt-based water–gas shift catalysts were prepared and
tested for activity and stability. Under feed conditions typical of
a reformer outlet, low activity and rapid first-order deactivation
were observed. Virtually identical deactivation rates were found for
all Pt/ceria water–gas shift catalysts tested. A strong dependence
of the deactivation rate on the presence of hydrogen in the feed
suggests that a large hydrogen fraction may lead to the irreversible
overreduction of the ceria; this problem is likely to plague all such
noble metal-based systems. c© 2002 Elsevier Science (USA)
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INTRODUCTION
Water–gas shift technology is well established for reduc-
ing CO levels in hydrogen streams used in large steady-state
operations, such as hydrogen or ammonia plants. However,
an automotive application poses an entirely different set
of design challenges; a water–gas shift reactor for a fuel
processor in such an environment must be cost-effective,
lightweight, tolerant of road vibrations, and capable of rapid
start-up (1, 2). All of these criteria must be met with a unit
having a useful catalyst lifetime of O(103) h while with-
standing thousands of start-up and shutdown cycles.

In a fuel processor for a 50-kW automotive system, a
steam or autothermal reformer would generate around 50–
60 mol% hydrogen, accompanied by roughly 10% carbon
monoxide, with the balance primarily composed of carbon
dioxide, steam, nitrogen, and traces of unconverted fuel
(3–5). The carbon monoxide level must be reduced to tens
of ppm in order to avoid poisoning of current PEM fuel
cells [6]. Efforts have been aimed at utilizing the water–gas
shift (WGS) reaction (7, 8) (CO + H2O = CO2 + H2) for
primary CO cleanup and additional hydrogen generation,
followed by a preferential oxidation step to reduce the CO
level to about 10 ppm. The goal for a water–gas shift reactor
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169
is to reduce the CO level to not more than 1000 ppm to avoid
hot spots in the preferential oxidation unit.

With the water–gas shift reaction, low temperatures re-
sult in low equilibrium levels of carbon monoxide although
favorable kinetics occur at higher temperatures. To reach
the low CO levels required at the inlet of the preferen-
tial oxidation unit, the outlet of the water–gas shift reactor
must be at equilibrium at about 200◦C. Thus, a suitable low-
temperature WGS catalyst needs to have a high activity (at
200–300◦C) and stability under a feed composition typical
of a reformer outlet; yet, researchers (9, 10) have reported
results for forward WGS rates on Pt/ceria formulations us-
ing feeds consisting of only steam, carbon monoxide, and
diluent. Typically, the data have been collected over short
time scales (a few hours). Reaction and deactivation kinet-
ics were studied for a commercial iron oxide water–gas shift
catalyst (11) but iron oxide catalysts are intended for high-
temperature use, which is not suitable for achieving the
carbon monoxide conversions needed in an automotive
WGS reactor. Traditional commercial copper-based WGS
catalysts require a lengthy in situ prereduction during which
the temperature must be increased very gradually to pre-
vent agglomeration of metal. This feature, along with the
sensitivity of commercial Cu-based WGS catalysts to air
and condensed water, has provided reason not to embrace
them for an automotive fuel processing device, where air
may leak into the catalyst chamber and moisture could con-
dense on the catalyst upon shutdown. Consequently, there
has been enthusiasm regarding the use of Pt-based WGS
catalyst materials. We have developed several Pt-based
WGS catalysts and tested them for activity and stability un-
der realistic operating conditions in order to comment on
their practicality for use in an automotive fuel processing
application.

METHODS

Experiments were conducted in a conventional fixed-bed
reactor situated inside a furnace. A catalyst bed containing
0021-9517/02 $35.00
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catalyst particles ranging 0.42–0.50 mm in size and mixed
with glass beads was located inside a pipe with inert glass
bead sections upstream and downstream. The standard feed
consisted of N2, CO, CO2, H2, and H2O. The gases (Scott
Specialty Gases) were fed to the reactor by calibrated mass
flow controllers, while a syringe pump was implemented
to feed deionized water to an evaporator unit upstream
of the reactor configuration. A backpressure regulator
controlled the vessel pressure. For the results presented
here, the catalyst was prepared by adsorption of diammine-
dinitritoplatinum(II) (Johnson Matthey) from nitric acid
solution onto a ceria–zirconia based support. The catalyst
was dried at 110◦C overnight followed by calcination at
500◦C for 4 h. The platinum loading determined by induc-
tively coupled plasma analysis was 1.5 wt%. For all experi-
mental conditions considered, diffusional resistances were
negligible, as indicated by highly linear Arrhenius plots with
initial activation energies around 70 kJ/mol. Effluent gases
were analyzed via gas chromatography and during each run,
the outlet carbon monoxide conversion was recorded as a
function of time-on-stream.

The rate expression used for comparison of catalyst per-
formance is given by Eq. [1]:

rwgs = k ′(pCO pH2O − pCO2 pH2/Kwgs). [1]

Here, rwgs [=] (mol of CO/(g catalyst h)) is the local rate of
reaction of carbon monoxide. It should be noted that this
kinetic equation is not based on a mechanistic approach;
rather it provides a reasonable model for comparing the
performance of different catalysts. Equation [1], along with
a first-order deactivation model that has a deactivation con-
stant of kd [=] h−1, can be substituted into the isothermal,
plug flow fixed-bed reactor design equation to obtain
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Here, x is the conversion of carbon monoxide, Kwgs is the
water–gas shift equilibrium constant, W is the mass of cata-
lyst, F0

CO is the inlet molar flow rate of CO, p0
CO is the inlet

partial pressure of CO, t is the time-on-stream, and each
�i is defined as p0

i /p0
CO. For brevity, let us denote the left-

hand-side of Eq. [2] by α in the remainder of this docu-
ment. For our standard operating conditions, the absolute
pressure was 3 atm, �CO2 = 0.3, �H2 = 1.5, �H2O = 3, and
�N2 = 1.5. The catalyst space velocity was 2.5 (g catalyst

h/mol of CO) in order to yield kinetic data for outlet conver-
sions far from equilibrium. Values for α, k ′, and kd were cal-
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culated from experiments conducted for catalyst bed tem-
peratures of 250, 300, 350, and 400◦C.

RESULTS AND DISCUSSION

Typical results for a 1.5% Pt/ceria system at 250◦C are
shown in Fig. 1. CO conversion falls rapidly during the first
few hours to reach a constant rate of decay. Ignoring the
first two data points, α values in the figure can be fit with a
straight line. Based on the slope and intercept of the best-fit
line, which had a correlation coefficient of 0.96, the initial
activity and the deactivation coefficient were computed to
be 0.25 (mol/(gcat h−1 atm−2)) and 0.009 h−1, respectively.

In Ref. 10, Bunluesin et al. had investigated water–gas
shift rates for ceria-supported noble metals using a feed
consisting of CO, water, and N2 under differential condi-
tions. Rates were observed to be stable over several hours
and diffusional limitations were absent. Based on their data,
turnover frequencies can be estimated to be about 0.8 s−1 at
393◦C, 0.2 s−1 at 300◦C, and 0.04 s−1 at 200◦C. The turnover
frequencies computed for our Pt/ceria formulations were
very similar to these values. It should be noted here that
turnover frequencies far below 1 are considered to be too
low for practical applications (12). Indeed, rough estimates
of catalyst requirements based on initial activity reveal that
approximately 50 kg of 1.5 wt% Pt catalyst would be needed
for a 50-kW system. The reactor volume needed to contain
such an amount of catalyst would be impractical in an au-
tomotive environment; the use of 750 g of platinum per
reactor also raises serious cost issues.

In addition to exhibiting insufficient activity for trans-
portation applications, Pt/ceria WGS catalysts deactivate
rapidly. In fact, deactivation rates around 0.008 h−1 were
observed for all the Pt-based WGS catalysts tested in our
laboratory. In all cases, those deactivation rates were largely
independent of temperature. A deactivation coefficient of
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FIG. 1. A plot of α versus time-on-stream is shown for a 1.5% Pt/ceria
catalyst. Correlation results reveal a deactivation coefficient of 0.009 h−1
and an initial activity of 0.25 (mol/(gcat h atm)) with a correlation coefficient
of 0.95.
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0.008 h−1 (using standard feed) corresponds to a catalyst
half-life of around 100 h and indicates that an overdesign
factor of about 500,000 in catalyst loading would be nec-
essary to have 50% of the original activity after 2000 h on
stream.

We concluded that the problem of deactivation is likely
to be universal for all noble metal/ceria systems, proba-
bly because the presence of a significant fraction of hydro-
gen in the feed creates an environment that facilitates the
irreversible overreduction of the support. In fact, signif-
icantly lower deactivation coefficients (≈0.002 h−1) were
displayed when the hydrogen in the feed was replaced with
nitrogen. Unfortunately, ceria must be present in the sup-
port because metal-support interactions are vital for cata-
lyst function (13).

CONCLUSIONS

The activity of fresh Pt/ceria water-gas shift catalysts is
not enough to meet the weight and cost constraints found
in automotive applications. Furthermore, there is reason to
believe that irreversible overreduction of the support leads
to rapid deactivation of Pt/ceria water-gas shift catalyst sys-
tems operating under feed conditions typical of a reformer
outlet. Deactivation rates observed translate into catalyst
half-lives that are too short to be practical in an automo-
tive application. Significantly lower deactivation rates were
observed when hydrogen was not present in the feed. At-
tempts to rejuvenate the catalyst by heating under steam

and under air were unsuccessful. This problem of deactiva-
tion is likely to plague all noble metal/ceria systems under
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such conditions but this effect has largely gone unnoticed
because many researchers conducted experiments based on
unrealistic feeds, excess catalyst, or short run lengths. Shift-
ing efforts to the development and testing of stable, com-
mercially viable, less expensive base-metal WGS catalysts
should be a more fruitful endeavor.
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