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Negative apparent kinetic order in steady-state kinetics of the
water-gas shift reaction over a Pt–CeO2 catalyst
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A B S T R A C T

The kinetics of the water-gas shift reaction were studied on a 0.2% Pt/CeO2 catalyst between 177 and

300 8C over a range of CO and steam pressures. A rate decrease with increasing partial pressure of CO was

experimentally observed over this sample, confirming that a negative order in CO can occur under certain

conditions at low temperatures. The apparent reaction order of CO measured at 197 8C was about �0.27.

This value is significantly larger than that (i.e.�0.03) reported by Ribeiro and co-workers [A.A. Phatak, N.

Koryabkina, S. Rai, J.L. Ratts, W. Ruettinger, R.J. Farrauto, G.E. Blau, W.N. Delgass, F.H. Ribeiro, Catal. Today

123 (2007) 224] at a similar temperature. A kinetic peculiarity was also evidenced, i.e. a maximum of the

reaction rate as a function of the CO concentration or possibly a kinetic break, which is sometimes

observed in the oxidation of simple molecules. These observations support the idea that competitive

adsorption of CO and H2O play an essential role in the reaction mechanism.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The water-gas shift reaction (WGS, CO + H2O! CO2 + H2) is an
industrially important reaction, the main applications of which
include hydrogen production for ammonia synthesis and hydro-
treating of petroleum stocks. This reaction found a recent wider
application in reforming systems for the production of clean
hydrogen for fuel cells [1,2]. The WGS has a dual purpose for fuel
cells, firstly produce hydrogen, which acts as the fuel and,
secondly, remove CO, which is a poison to the platinum anode
of the fuel cell. The WGS is exothermic and therefore the highest
reaction yields would be achieved at the lowest possible
temperature, and reactors operating below 120 8C would offer
substantial benefits. At such low temperatures the reaction is
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kinetically limited, and the current major research target is to
develop efficient and durable low-temperature catalysts. Indust-
rially used Cu-based materials present a high low-temperature
activity, but are highly pyrophoric and more robust alternatives are
needed. Ceria-supported noble metal catalysts are currently
considered as potential candidates for achieving such targets
[3–18].

The reaction mechanism of the water-gas shift reaction over
noble metal-promoted ceria has been the subject of much debate
over the past years. Similarly to the case of Cu and magnetite-based
industrial catalysts [19–23], two main types of reaction mechan-
ism have been proposed. First, a redox (i.e. regenerative) route has
been suggested, in which CO adsorbs on a Pt site and is oxidised by
oxygen atoms from the ceria with re-oxidation of the ceria
occurring by reaction with H2O [24,11,25,26]. A second non-redox
mechanism, so-called associative mechanism, has also been
proposed and several groups have suggested surface formate
species as main reaction intermediate, mostly based on IR studies
[12,27–29]. Lefferts and co-workers have also proposed a
mechanism involving both formate as well as a redox cycle on
the support [30]. However, recent quantitative work combining
operando DRIFTS and isotopic labelling techniques has unambigu-
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ously shown that the formates that are seen by IR spectroscopy are
not part of the main reaction pathway on Pt and Au catalysts
supported on ceria, zirconia or CeZrO4 [26,16,31]. Other surface
species such as CO–OH adducts have also been proposed as a
potential reaction intermediates in the case of an associative
mechanism [32].

Surprisingly, there seems to have been relatively few detailed
kinetic studies of the WGS over noble metal supported on ceria,
despite the fact that apparent kinetic orders and apparent
activation energies of steady-state kinetic dependencies often
give clues to the reaction mechanism. Since the 1960s, more
attention from researchers in kinetics was paid to non-trivial
peculiarities of steady-state reaction rate dependencies (e.g.
negative kinetic order, discontinuities or kinetic breaks, two-
branch kinetic behaviour or multiplicity) in catalytic oxidations of
simple molecules. Regarding the conversion of CO, especially in
oxidation over metals and metal oxides, a CO negative order and
kinetic breaks in the corresponding kinetic dependencies are well
known peculiarities [33–35]. Kinetic ‘‘breaks’’ have also been
detected in hydrogen oxidation over polycrystalline Pt systems
[36–40]. Moreover, peculiarities such as ‘‘break’’ and ‘‘multiplicity’’
are considered to be one of the interesting features found in
kinetics of heterogeneous catalysis, which can be used to reveal
detailed mechanisms. Using rigorous mathematical analysis, it was
demonstrated that these phenomena are kinetic fingerprints of
some mechanisms, particularly for those that include competitive
adsorption of reactants [33–35]. Combined with independent
physico-chemical measurements, such kinetic information
allowed understanding complex mechanisms and estimating their
parameters. While many spectroscopic studies regarding the WGS
over ceria-supported noble metal catalysts have been reported
[41–43], relatively few detailed kinetic-based papers are currently
available (Table 1).

Several studies reported zeroth order in CO. The physical
meaning of a zeroth kinetic can be that the reactant adsorption rate
constant is high, causing the saturation of the related adsorption
sites. A first order for CO can sometimes be related to the fact that
the surface coverage is directly proportional to CO-gas phase
concentration (e.g. following Henry’s law) and this adsorbed
species is then converted in the step determining the overall
reaction rate. Jacobs et al. [47] carried out experiments on Pt/CeO2

under high H2O/CO ratio conditions. DRIFTS studies carried out at
high temperatures revealed that the surface coverage of CO was
Table 1
Selected literature data reporting kinetic studies of the WGS reaction over ceria-based

Catalyst T (8C) Eact (kJ/mol) Re

CO

Base metals

5% Ni/Al2O3 250 78.2 �0

8% CuO/CeO2 240 56 0

5% CuO/Ce–La–O 175–300

In excess CO 30.4 0

In excess water 19.2 1

Noble metals

CeO2 300 60 � 4 0

Rh/CeO2 44 � 4 0

Pt/CeO2 44 � 4 0

Pd/CeO2 (low T calcination) 44 � 4 0

Pd/CeO2 (high T calcination) 84 � 4

Pd/CeO2 200 38 0

Pt/CeO2 1

Pt/CeO2 �0

0.79% Pt/CeO2/Al2O3 200–400 78 0

One Ni–Al2O3 sample is also reported.
low under these conditions, while the effective CO reaction order
was +1.

To our knowledge, the work by Ribeiro and co-workers [48] is
the only example in the literature reporting a (slightly) negative
kinetic order with respect to CO of �0.03 over Pt/CeO2. A negative
order may indicate that CO adsorbs competitively with other
reagents or intermediates. Grenoble et al. [44] reported a negative
order for the WGS over 5% Ni, 2% Pt and 1% Ru supported on Al2O3.
A bifunctional process was proposed: (1) CO associatively and
water dissociatively adsorbed on the metal, while (2) water also
adsorbed on the support forming a formic acid intermediate, which
migrated to the metal and decomposed to CO2 and H2. Therefore, it
was assumed that the negative kinetic order essentially arised
from the competition between CO and water for the metal sites.
This assumption is somewhat controversial in the case of Pt, which
is not known to activate water.

Gorte et al. showed that the nature of the ceria-supported metal
did not affect the WGS rate below 400 8C [11], suggesting that the
rate-determining step was actually related to a step involving
ceria. A bifunctional mechanism was proposed, in which CO
adsorbed on the metal reacted with ceria lattice oxygen to form
CO2, with water subsequently reoxidising the support. Several
authors have used microkinetic models to represent the water-gas
shift activity. Wheeler et al. [50] derived a rate expression for non-
supported noble metals, in which a negative CO order could be
derived (although not measured experimentally):

r00 ¼ kf KCOKH2OPCOPH2O � kbKCO2
KH2

PCO2
PH2

ð1þ KCOPCOÞ2

where kf and kb denotes the rate constant of the forward and
backward reaction, respectively; the K and P terms are the
adsorption equilibrium constants and gas partial pressures,
respectively. According to this equation the CO order becomes
�1 at high partial pressures of CO. Mhadeshwar and Vlachos [51],
using a complex microkinetic model reduced to a one-step rate
equation have also theorized a possible negative order for CO for Pt
based catalysts. Callaghan et al. [52] and Ovesen et al. [53] have
performed substantial microkinetic analysis on copper-based
catalysts. An interesting feature in the work of Callaghan et al.
[52] was that the model incorporates both a formate and redox
mechanism at low temperatures and a modified redox mechanism
at higher temperatures. While Ribeiro and co-workers [48]
proposed six and seven-step redox mechanisms for the WGS over
catalysts

action orders Reference

H2O CO2 H2

.14 0.62 [44]

.9 0.4 �0.6 �0.6 [45]

[5]

1 – –

0 – –

.3 – – – [11]

1 – –

1 – –

– – –

– – –

0.5 �1 �0.5 [46]

0 excess H2O – – [47]

.03 0.44 �0.1 �0.38 [48]

.13 0.49 �0.12 �0.45 [49]



Fig. 3. Rate of CO conversion for various [CO] in 5%, 10% and 20% and 30% water

during the WGS reaction. Temperature = 217 8C.

Fig. 1. Rate of CO conversion to CO2 for various CO concentrations in the presence of

5%, 10% and 20% water. Temperature = 177 8C.
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Pt/Al2O3 using a single type of sites (on the metal) that fitted the
experimental data, these authors did not propose a model for the
Pt/CeO2 because of the increased difficulty of this (far more active)
system.

In summary, there are few published data about the non-trivial
kinetic peculiarities of the WGS reaction over different ceria-
based catalysts; particularly regarding a negative kinetic order
regarding CO and any kinetic discontinuity (i.e. break). In this
paper, new experimental data on the WGS reaction using ceria-
supported catalysts characterised by a negative CO order will be
presented.

2. Experimental

The catalysts used this study was 0.2% Pt/CeO2, supplied by
Johnson Matthey. The BET surface area (measured with a
Micromeritics ASAP 2010) for the 0.2% Pt/CeO2 was 170 m2 g�1

and the metal dispersion was 40%. The catalytic activity was
measured using a 1/4 in. quartz plug flow reactor with quartz
wool used to support the catalyst at both ends. The catalyst was
subjected to a pre-treatment: reduction in pure H2 from room
temperature to 300 8C with a ramp rate of 10 8C/min. Typically
40 mg of the catalyst was used. Water was introduced by the
saturation of a N2 carrier gas and CO flowing through a distilled
water saturator. The temperature of the water was controlled by
a Grant thermostatic bath. The partial pressures of CO, H2O and
Fig. 2. Rate of CO conversion for various [CO] in 1%, 10% and 20% water during the

WGS reaction. Temperature = 197 8C.
N2, were controlled by Aera mass flow controllers. The
concentration of the effluent gas from the reactor was
determined using a PerkinElmer 5000 on-line gas chromato-
graph, equipped with a Chromosorb B column with a TCD and
FID detector fitted with a methanizer to allow measurement of
CO and CO2.

Experimental data were obtained in the domain of both high
and low conversions. Reaction isotherms were collected, by
varying the CO partial pressure at a given partial pressure of
water. Under high conversion in the domain of low CO
concentration (less than 2%), the concentration profile within
the reactor length was definitely non-uniform, and our reactor
conditions should be characterised as the PFR-regime, and not
CSTR. The apparent integral reaction rate was calculated using the
following equation:

Rate ¼ Flowratein

catalyst volume
½Cout

CO2
�

In Figs. 1–5 the units were expressed as mol cm�3 s�1

Rate ¼ Flow rate

catalyst volume� 60
�

½Cout
CO2
�

100� 22:4� 103
� 106

in which the flowrate was expressed in mL min�1 and the catalyst
volume in mL.
Fig. 4. Rate of CO conversion for various [CO] in 5%, 10% and 15% water during the

WGS reaction. Temperature = 247 8C.



Fig. 5. Rate of CO conversion for various [CO] in 10% water during the WGS reaction.

Temperature = 300 8C.

Fig. 6. Value of the CO concentration at the point of maximum rate as a function of

temperature during the WGS reaction under 10% water.
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3. Results and discussion

The CO molar concentration was varied between 0% and 2%,
corresponding to partial pressures between 0 and ca. 2 kPa as
we operated at ambient pressure (pressure and concentration
are used throughout the text as equivalent terms). Various
water concentrations were used, e.g. 1%, 5%, 10%, 20% and 30%.
The temperature was changed in the interval 170–300 8C. The
data presented in Figs. 1–5 are summarized in Table 2, which
give the CO concentration and the rate of reaction at the rate
maximum.

3.1. Influence of the temperature

Two temperature domains are clearly distinguishable. Firstly, a
low temperature domain (177–217 8C, Figs. 1–3) is observed,
characterised by a two-branch rate dependency located on each
side of a rate maximum. CO positive and negative kinetic orders are
observed at lower and higher concentrations, respectively. This
Table 2
Rate maximum characteristics derived from Figs. 1–5 and others not shown

Temperature (8C) Water feed

concentration

(%)

CO concentration

at the rate

maximum (vol.%)

Rate maximum

(10�6 mol

cm�3 s�1)

177 5 0.094 0.876

10 0.179 1.690

20 0.184 2.130

187 10 0.180 1.880

197 1 0.094 0.783

10 0.286 1.821

20 0.359 3.259

217 5 0.322 4.373

10 0.354 3.722

20 0.777 4.153

30 0.972 4.050

225 10 0.560 5.800

247 5 0.887 7.316

10 1.146 7.458

20 1.453 8.191a

265 10 1.844a 16.11b

300 10 1.590a 37.01b

a No maximum was observed within the experimental range.
b Reaction rate at the maximum CO pressure investigated.
phenomenon becomes more obvious at lower temperatures.
Secondly, a high temperature domain is observed (�243 8C,
Figs. 4 and 5), in which only a single branch with a positive CO
order is observed over the experimental range investigated. At the
boundary between these domains (observed at 217 8C) the rate
maximum is very broad.

3.2. Influence of water concentration

In the high temperature domain that shows no peculiarities,
the water concentration influence on the kinetic dependence is
not significant (Fig. 4). However, in the low-temperature domain
the influence of water is quite complex. Fig. 1 shows a plot of the
rate against CO concentration at 177 8C for three different water
concentrations. The reaction rate clearly increases with the
water concentration in this case. The CO concentration at which
the rate maximum occurs increases with increasing water
concentration (see Table 2). The change of slope around the rate
maximum is rather sharp for all water concentrations, and could
possibly be indicating the presence of a kinetic break [33–35].
Fig. 2 shows experimental results under three concentrations of
water at 197 8C. Once again, the trend is similar to that reported
in Fig. 1. There is a clear maximum and a negative order is
observed on the high CO concentration branch. The rate
increases with the water concentration and the position of
the rate maximum again shifts to higher concentrations with
increasing temperatures.

Fig. 3 shows results obtained at 217 8C under 5%, 10%, 20% and
30% water. In this case the effect of water concentration on the
reaction rate is more complex. On the low CO concentration
branch, the reaction rate decreases when increasing the water
concentration from 5% to 10%, but remains approximately constant
with further rises. On the contrary, on the high CO concentration
branch the reaction rate increases with the rise of water
concentration from 10% to 20% and then remains approximately
constant with further rises. The point of maximum rate can
be considered as a milestone that distinguishes regions with a
different influence of the water concentration on the reaction
kinetics.

A quantitative analysis of the data reported in Table 2
indicates that the position in terms of CO concentration of the
rate maximum increases monotonically with the temperature
(see Fig. 6 for the data collected under 10% water). The
experimental data presented in Figs. 1–3 for the temperatures
177, 197, 217 8C also show the qualitative tendency of a
monotonic correlation between reactant concentrations (CO and
H2O) at the point of maximum rate (Fig. 7). The relationship



Fig. 7. Value of the CO concentration at the point of maximum rate as a function of

water partial pressure (in kPa or vol.%) during the WGS reaction at various

temperatures.

Fig. 9. CO conversion versus CO concentration data relating to the experiment

carried out at 197 8C under 20% water.
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between concentrations is likely a monotonic dependence of
type:

½CO� ¼ K½H2O�
1þ K½H2O�

In some domains (5%, 10% at 177 8C; 5% 1%, 10%, 20% at 197 8C; 10%,
20%, 30% at 217 8C) this dependence can be considered as
approximately linear, that is [CO] is proportional to [H2O]:

½CO� ¼ K½H2O�

where the temperature dependence of the constant K is rather
weak in the present case. It worth nothing that the negative CO
reaction order is observed in the same parametric domain (i.e. low
temperature) as that in which the influence of water concentration
is also found.

In general, complex kinetic behaviour such as negative
kinetic order, rate maximum and kinetic breaks can be caused
by additional factors, first of all catalyst deactivation. For
example a high ratio [CO]/[H2O] may favour the formation of
carbon lay down on the catalyst surface via the Boudouard
reaction [54], and the subsequent deactivation and irreducibility
of kinetic measurements. The reproducibility of the kinetic
dependences was tested in the following experiment: the
concentration of CO was increased up to 2 kPa and then
Fig. 8. Rate of CO conversion for various [CO] in 10% water during the WGS reaction.

Temperature = 217 8C. The data points collected during the increase of [CO] are

represented by the symbol ^, while those recorded during [CO] decrease are

represented by the corresponding open symbol (^).
decreased again (Fig. 8). The data points were perfectly
reproducible within the experimental error, exhibiting no
hysteresis. Therefore, catalyst deactivation was not the reason
for the peculiarities (negative order and rate maximum)
observed in this parametric domain. Clearly, this fact supports
the idea that competitive adsorption of CO and H2O play an
essential role in the reaction mechanism.

3.3. Apparent reaction order

The calculation of the apparent reaction order with respect to
CO requires using a set of data for which the CO conversion was
low. Fig. 9 shows the CO conversion versus CO concentration for
the experiment carried out at 197 8C under 20% water. The reaction
order was calculated using the data points for which the
conversion was lower than 12% (that is, [CO] > 0.6%), ensuring
quasi-differential conditions. The logarithm of the dimensionless
reaction rate versus that of CO concentration relating to the
experiment carried out at 197 8C under 20% water is shown in
Fig. 10. The apparent CO reaction order was ca. �0.27 in this case,
that is much more negative than that reported by Ribeiro and co-
workers at similar temperature and steam pressure [48]. The
calculation of the reaction order in other cases will be reported
elsewhere.
Fig. 10. Logarithm of the dimensionless reaction rate versus that of CO

concentration relating to the experiment carried out at 197 8C under 20% water.

The rates were calculated only using the data points for which differential

conditions applied, i.e. CO conversion was less than 12%.
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The maximum of the integral rate for the experiment carried
out at 197 8C under 20% water (Fig. 2) occurred at a CO
concentration of about 0.3%. The corresponding CO conversion
was about 28% (Fig. 9), that is far from 100%, so the maximum in
integral rate was not a calculation artefact, although we could not
use these high conversion-data points to calculate a meaningful
reaction order. These data qualitatively show that the apparent
reaction order was positive in the low CO concentration region. The
detailed analysis of the complete set of data and the derivation of
the rate equations of various models will be described in a
subsequent paper.

4. Conclusions

A kinetic study of the water-gas shift reaction on Pt/CeO2

confirms that a negative order in CO can occur under certain
conditions at low temperatures. The apparent reaction order of CO
measured at 197 8C was about �0.27. This value is significantly
larger than that reported by Ribeiro and co-workers (�0.03) at a
similar temperature (200 8C). This observation supports the idea
that competitive adsorption of CO and H2O play an essential role in
the reaction mechanism.
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