
www.elsevier.com/locate/cattod

Catalysis Today 123 (2007) 224–234
Kinetics of the water–gas shift reaction on Pt catalysts supported

on alumina and ceria

A.A. Phatak a, N. Koryabkina b,1, S. Rai a, J.L. Ratts a, W. Ruettinger c, R.J. Farrauto c,
G.E. Blau a, W.N. Delgass a, F.H. Ribeiro a,*

a School of Chemical Engineering, Purdue University, 480 Stadium Mall Drive, West Lafayette, IN 47907-2100, United States
b Department of Chemical Engineering, Worcester Polytechnic Institute, 100 Institute Road, Worcester, MA 01609-2280, United States

c BASF Catalysts LLC, 101 Wood Avenue, Iselin, NJ 08830, United States
Available online 9 April 2007
Abstract
We report the kinetic parameters for the water–gas shift (WGS) reaction on Pt catalysts supported on ceria and alumina under fuel reformer

conditions for fuel cell applications (6.8% CO, 8.5% CO2, 22% H2O, 37.3% H2, and 25.4% Ar) at a total pressure of 1 atm and in the temperature

range of 180–345 8C. When ceria was used as a support, the turnover rate (TOR) for WGS was 30 times that on alumina supported Pt catalysts. The

overall WGS reaction rate (r) on Pt/alumina catalysts as a function of the forward rate (rf) was found to be: r = rf(1 � b), where

rf = kf[CO]0.1[H2O]1.0[CO2]�0.1[H2]�0.5, kf is the forward rate constant, b = ([CO2][H2])/(Keq[CO][H2O]) is the approach to equilibrium, and

Keq is the equilibrium constant for the WGS reaction. The negative apparent reaction orders indicate inhibition of the forward rate by CO2 and H2.

The surface is saturated with CO on Pt under reaction conditions as confirmed by diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS). The small positive apparent reaction order for CO, in concert with the negative order for H2 and the high CO coverage is explained by a

decrease in the heat of adsorption as the CO coverage increases. Kinetic models based on redox-type mechanisms can explain the observed reaction

kinetics and can qualitatively predict the changes in CO coverage observed in the DRIFTS study.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The water–gas shift (WGS) reaction (CO + H2O @

CO2 + H2) is one of the important processes used in industrial

hydrogen production. Although the low temperature WGS (LT-

WGS) reaction has been used in industry since the 1960s, there

is renewed interest with respect to its application in fuel cell

technology where a more robust catalyst is necessary. The

challenge is that the CO conversion in the WGS reaction is

thermodynamically more favorable at lower temperatures

(DH298 K = �41.2 kJ mol�1), which implies large reactor

volumes unless a catalyst with a large rate per unit of volume
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is found. Current industrial Cu-based low temperature shift

(LTS) catalysts are impractical because they require lengthy in

situ pre-reduction, are sensitive to air (pyrophoric) and

condensed water, and are poisoned by sulfur [1]. Thus, new

LT-WGS catalysts, which are active and stable under the fuel

processor conditions are desired. With this motivation,

supported precious metal catalysts have been examined for

the WGS reaction [2–6] due to their stability in air and at high

temperatures, and due to their high tolerance to impurities such

as sulfur [1]. Although the precious metal catalysts are more

expensive and exhibit lower turnover rate than the copper-

based catalysts [2], recent interest in residential and

automotive fuel processor development has generated a

significant drive to study supported precious metal catalysts,

mainly due to their aforementioned advantages [1]. Another

application of Pt catalysts is in the generation of H2 through

WGS during the short reduction cycles on lean NOx traps for

automotive applications [7]. The issues of stability during
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reduction–oxidation cycles, sulfur poisoning and high specific

rates are even more critical in this application. It is necessary to

understand the mechanism of the WGS reaction on supported

precious metal catalysts in order to rationally improve their

performance (WGS reaction rate per unit volume) through

kinetic modeling.

Ceria-containing automotive three-way catalysts take

advantage of the WGS reaction to reduce CO emissions [8].

The higher rates obtained by addition of ceria are an important

advantage in the short contact times used in automotive

applications. Gorte and co-workers [3,4] showed that the

specific rate (rate per cm2 of ceria film) of WGS on ceria-

containing materials was largely independent of the nature of

the precious metal but was dependent on the crystallite size of

the ceria support. A bi-functional redox mechanism for the

WGS reaction was suggested [3] where the ceria surface is

reduced by CO spilling over from the Pt surface and this

reduced ceria surface is then re-oxidized by steam. On the other

hand, Shido and Iwasawa [9,10] proposed a formate mechan-

ism to describe the WGS reaction on metal-promoted ceria. The

surface formates (HCOOads), produced from CO reacting with

active geminal surface hydroxyl (OH) groups on a partially

reduced ceria surface, were suggested to be the reaction

intermediate. Recently, through isotope switching experiments

monitored using DRIFTS, Jacobs et al. [11,12] also observed

that the mechanism over metal promoted ceria occurs through

formate intermediates.

Many of the previous kinetic studies [2,3,9,10] were carried

out under conditions different from the ones used in fuel

processors for fuel cell applications. Under fuel cell conditions,

the concentration of H2 and CO2 is significant (H2 in excess)

and hence in the WGS kinetic measurements it is important to

study the effect of not only the reactants but also the products

(H2 and CO2) on the forward WGS rate. For example,

Koryabkina et al. [13] have found that CO2 and H2 inhibit the

forward WGS reaction rate under fuel processing conditions for

Cu-based catalysts.

The objective of this study was to determine the WGS rate,

reaction orders, and activation energies on supported Pt

catalysts from experiments conducted at conditions close to

the ones likely to be encountered in fuel processors. We studied

support effects by comparing Pt catalysts on alumina and ceria

supports. We also modeled the kinetics of the WGS reaction on

supported Pt catalysts by considering two mechanisms for

WGS on the alumina supported catalysts: (1) redox mechanism

and (2) modified redox mechanism where adsorbed CO reacts

with adsorbed OH to yield CO2 and atomic hydrogen on the

surface. Diffuse reflectance infrared Fourier transform spectro-

scopy (DRIFTS) studies were carried out to support the kinetic

modeling.

2. Experimental methods

2.1. Catalyst preparation

The 1% Pt/Al2O3 and 1% Pt/CeO2 catalysts were prepared

by incipient wetness impregnation of the solid support with
diammineplatinum(II) nitrite (NH3)2Pt(NO2)2, followed by

drying at 120 8C (8 h) and calcination at 500 8C (4 h) in air. The

alumina support was SBA-150 (150 m2 g�1) from Condea. The

ceria powder was a high surface area ceria (>99%, HSA-15,

�161 m2 g�1) from Rhodia. The samples were prepared using a

water-based salt, which contained no chlorine or alkali. The

samples were dried at RT and calcined at 500 8C [14].

For preparing the 1.66% Pt/Al2O3 catalyst, the incipient

wetness impregnation method was used. The support used in this

case was solid g-Al2O3 (Puralox KR-160 from Sasol, BET

surface area 145–175 m2 g�1). It was impregnated using

diammineplatinum(II) nitrite (NH3)2Pt(NO2)2 as the metal

precursor. Following the impregnation, the catalyst was dried

and calcined in a controlled manner. All calcinations had a feed

of compressed air flowing at approximately 70 ml min�1. During

drying and calcination, the catalyst temperature was increased

from room temperature to 120 8C at a rate of approximately

0.5 8C min�1. The catalyst was then maintained at 120 8C for

10 h (drying), followed by a temperature ramp from 120 8C to

500 8C at a rate of approximately 0.5 8C min�1. It was then

allowed to cool to room temperature. After calcination, the

catalyst was pressed into pellets, ground, and meshed in order to

get a particle size in the range of 100–200 mm before loading into

the reactors (to avoid excess pressure drop). It was then reduced

inside the reactor under the following temperature profile. The

catalyst was heated from room temperature to 350 8C at a rate of

5 8C min�1 in a 25% H2/Ar mixture and kept at the final

temperature for a period of 2 h.

2.2. Catalyst characterization

The Pt dispersion was determined by using the hydrogen–

oxygen titration method [15,16] for alumina-supported

catalysts and CO pulse chemisorption for 1% Pt/CeO2 catalysts

[17].

2.3. Kinetic measurements

2.3.1. Well-mixed reactor

The kinetic measurements were conducted at ambient

pressure, in the temperature range of 180–270 8C in a well-

mixed, continuous, stirred tank reactor (CSTR). A circulation

pump (Senior Flexonics model MB-21HT) with a nominal air

flow of 2 l min�1 was used for mixing. The entire setup was

housed in a forced air circulation oven maintained at 130 8C.

The total inlet flow rate was 118 ml min�1, with an inlet gas

composition of 6.8% CO, 8.5% CO2, 22% H2O, 37.3% H2, and

25.4% Ar. Argon was used as an internal standard. The gases

were fed to the reactor by mass flow controllers. Deionized

water was metered by a water pump (Fluid Metering Inc.,

model QVG50) and was vaporized before entering the reactor

loop. To avoid fluctuations in the water partial pressure, a

1.59 mm diameter capillary tube with the internal diameter

0.254 mm was used to deliver the water. Carbon monoxide was

purified by passing it over a Cu-wire at 320 8C. Hydrogen was

passed through a Deoxo trap (to remove O2 and CO2) and was

used without further pretreatment. The gas stream was
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continuously analyzed by a mass spectrometer, SRS RGA 200,

and injected periodically in a gas chromatograph, HP5890,

equipped with a TCD detector and a Carboxen 1000 column.

Before the gas chromatograph, a condenser chilled the gases to

0 8C to maintain a low and constant amount of water. Rates

were calculated from the CO and CO2 concentrations, and the

error in mass balance on carbon was less than 1%. In all cases,

the rates were stable and reproducible.

We used a well-mixed differential reactor for the measure-

ments to keep the kinetic analysis simpler and we minimized

the heat and mass transfer limitations by maintaining high

circulation rates. We worked in the region where the Arrhenius

plot was linear (kinetically controlled regime) and avoided the

conditions under which transport may start controlling the rate

(observed by a change in slope). In general, to determine the

reaction order of a compound, its concentration is varied while

keeping the concentrations of other components constant.

However, we point out that because we worked in the

concentration range where the concentrations of reactants and

products were significant, we could not keep the concentrations

constant by using a large excess of all compounds. Thus, when

the reaction order of a reactant was determined by varying its

concentration, the concentration of the remaining reactants

could not be kept constant. An iterative fitting correction was

applied to the data to calculate reaction orders [13]. The total

flow rate was maintained constant by adjusting the Ar flow rate.

We have estimated the accuracy of our measurements by

carrying out multiple experiments. For the rates per gram of

catalyst, we found about 20% variation in the measured values,

probably due to non-uniform metal distribution in the pellets.

The apparent activation energies could be reproduced within

5% and the reaction orders within 10%.

2.3.2. Tubular reactor unit

This unit consists of a plug flow reactor (PFR) housed inside

a tubular furnace in order to control the temperature. The total

inlet flow rate was held constant at 82.6 ml min�1, with an

average inlet gas composition around standard conditions as

mentioned earlier. Argon was used as an internal standard. The

gases were fed to the reactor using mass flow controllers. The

remaining setup (e.g. water pump, gas chromatograph, water

condenser) was the same one used for the well-mixed reactor.

Carbon monoxide was preheated to 300 8C on a trap filled with

Cu turnings before entering the reactor in order to decompose

the iron carbonyls, which can otherwise deposit on the catalyst

surface thereby affecting the measured rates. Carbon dioxide

and hydrogen were used without any pretreatment. Rates were

calculated from CO concentrations and the carbon mass

balance was better than 10%. Conversion values were also

recorded while performing these experiments so that the reactor

could be defined either as a differential or integral reactor. In all

cases, the rates were stable and reproducible.

The sequence of experiments was selected by a modified

central composite design [18]. In a central composite design, all

five factors (temperature and concentrations of CO, CO2, H2,

and H2O) can be varied simultaneously, which allows the

kinetic model to capture any interactions between the
parameters. In our design, we did not vary temperatures

randomly because there is a longer stabilization time for the

temperature to reach steady state as compared to the other

factors. Due to this experimental limitation, this design was

applied at two different temperatures (285 8C and 300 8C)

while the remaining four factors were varied simultaneously. In

addition, the temperature was varied over 255–316 8C while

keeping the gas concentrations at standard conditions to

determine the apparent activation energy. This design was also

modified to accommodate a one-at-a-time variation approach to

measure extreme points around the base or center point. The

complete design consisted of a total of 284 experiments (each

experiment was repeated once) and the four concentrations

were varied over the ranges 4–21% CO, 5–25% CO2, 11–34%

H2O, and 14–55% H2. There were 19 repeat points each at

approximately the center of these ranges (6.8% CO, 8.5% CO2,

22% H2O, and 37.3% H2) at temperatures of 285 8C and

300 8C. By placing the center points at constant time intervals

throughout the experiments, it was possible to examine the

reproducibility as well as to monitor the catalyst deactivation

over the duration of the experimental program. Before starting

the experimental program, the catalyst was stabilized by

exposing it to standard conditions (center point mentioned

above) but at a temperature higher than the maximum

temperature used in the designed experiments for about 8 h.

We still observed deactivation during the experiments and it

was a function of gas concentration and temperature. The data

were corrected by assuming a linear deactivation profile

between the center points (repeats). Care was taken to ensure

that these statistically designed experiments remained in the

differential reactor regime.

2.4. DRIFTS study of Pt/Al2O3 catalysts

2.4.1. DRIFTS setup

Diffuse reflectance FTIR data was collected with a Thermo

Spectra-Tech Collector II DRIFTS accessory augmented with

the high temperature/high pressure chamber. All the spectra

were taken on a Nicolet Magna 550 FTIR using the data

collection/manipulation software Omnic v7.2a at a resolution

of 4 cm�1. The spectra were obtained by averaging over 32

scans. The data were presented in the form of (Schuster)–

Kubelka–Munk remission function (F) [19,20] as follows:

FðR1Þ ¼
ð1� R1Þ2

2R1
¼ K

S

where R1 is the reflectance of an ‘‘infinitely’’ thick sample (in

this case, the experimentally observed reflectance), K is the

molar absorption coefficient, and S is the scattering coefficient.

R1 is experimentally defined as follows:

R1 ¼
I1;S
I1;R

where I1,S is the intensity of the diffusely reflected radiation of

the sample and I1,R is the intensity of the diffusely reflected

radiation of the reference. In this study, I1,R was defined as the
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diffusely reflected radiation of the pure catalyst at the reaction

temperature prior to being exposed to the reaction gas mixture.

Integrations of the FTIR peaks were completed with CasaXPS

v2.3.12 software modified to process FTIR spectra.

The gas flows of N2, CO, CO2, and H2 were controlled by

Porter model 201 mass flow controllers. The water vapor was

added to the reactant stream through a bubble gas-saturator. The

saturator was heated to the temperature at which the water vapor

pressure gave the desired percentage compared to atmospheric

conditions. Nitrogen was then bubbled through the saturator to

carry the water vapor and was mixed with the reactant stream

before entering the reaction chamber. Approximately 10 mg of

the 1.66% Pt/Al2O3 catalyst was loaded into the sample cup and

the total flow was regulated at 50 sccm. Whenever water vapor

was added, the nitrogen flow through the saturator was

maintained at 10 sccm. All gas compositions were determined

on a sccm volumetric flow rate basis.

Upon loading, the catalyst was pretreated by flowing oxygen

(50 sccm) over it while it was heated to 300 8C. After the

catalyst reached 300 8C, oxygen flow was continued for 15 min,

and then the cell was purged with N2 for 10 min. The catalyst

was then reduced with 37% H2 in N2 for 20 min after which H2

was shut off and the cell was purged with N2 for another 10 min.

The catalyst was then exposed to a 5 s pulse of O2 to remove

any CO adsorbed on Pt. Finally, the catalyst was cooled to room

temperature in N2.

2.4.2. Experimental sequence

The primary objective of the DRIFTS study was to estimate

the surface coverage of CO under reaction conditions. First, the

saturation coverage of CO was calibrated as follows. After the

pretreatment, the catalyst was heated to 150 8C and exposed to

6.8% CO in N2. Once the spectrum had stabilized and was

recorded, the CO flow was shut off and the catalyst was heated

to 300 8C. The peak area from the spectrum recorded at 150 8C
was used to calibrate the saturation CO coverage on the Pt

surface. At 300 8C, the catalyst was first exposed to a 5 s pulse

of O2 in order to remove the CO adsorbed on Pt, followed by

exposure to water vapor to obtain the reference background.

Another objective of the DRIFTS study was to investigate

the effect of changes in CO and H2 partial pressures on the

spectra and to collect information about the surface species

under WGS conditions. Hence, after the background collection,

the catalyst was exposed to the desired WGS experimental

conditions at 300 8C in the following sequence: 1—6.8% CO,

8.5% CO2, 37.3% H2, 22% H2O, and balance N2 (standard

condition), 2—13.5% CO, 8.5% CO2, 37.3% H2, 22% H2O, and
Table 1

Rate of reaction in various units for the conversion of CO on different catalysts at 20

Catalysts

1% Pt/Al2O

Rate per gram of catalyst (�10�6 mol g�1 s�1) 0.03

Rate per mole of metal (�10�4 mol mol�1 s�1) 6.25

Percentage of metal exposed 47

TOR (�10�3 s�1) 1.3
balance N2 (high CO), 3—2.7% CO, 8.5% CO2, 37.3% H2,

22% H2O, and balance N2 (low CO), 4—6.8% CO, 8.5% CO2,

55.1% H2, 22% H2O, and balance N2 (high H2), and 5–6.8%

CO, 8.5% CO2, 14% H2, 22% H2O, and balance N2 (low H2).

Spectrum 1, obtained under the standard conditions, was used

for comparison to detect the changes in the spectrum upon

exposure to CO and H2, spectra 2–5. The CO and H2 partial

pressures were changed to examine their effect on the surface

species under the reaction conditions.

The FTIR spectra (under all reaction conditions) reached

steady state in 10 min. After the spectra had stabilized, all gases

except water vapor were turned off and the cell was purged with

N2 for 5 min. A 5 s pulse of O2 was then used to remove CO

adsorbed on Pt. After cleaning the Pt surface, a new background

was collected and the desired gas flows were turned on. This

procedurewas repeated until all the experiments were completed.

3. Results

3.1. Kinetic studies on supported Pt catalysts

The main objective of this study was to measure the kinetic

parameters for the WGS reaction on alumina and ceria

supported Pt catalysts under the conditions relevant to fuel cell

applications. In Table 1 the forward WGS reaction rates at

standard conditions are reported in units of per gram of catalyst,

per total moles of Pt in the catalyst and as a turnover rate

(molecules converted (surface Pt atom)�1 s�1). For the

catalysts supported on alumina, these rates were obtained by

extrapolating the Arrhenius plot to the common temperature of

200 8C. The reaction rate per total moles of Pt on Pt/CeO2

catalyst is about 18 times higher than that on Pt/Al2O3 catalyst.

The TOR at standard condition is 30 times higher for the 1% Pt/

CeO2 catalyst than that for the 1% Pt/Al2O3 catalyst (Table 1).

The apparent activation energies and reaction orders for the

forward WGS reaction are presented in Table 2. To illustrate the

quality of the kinetic data, the Arrhenius plot (Fig. 1) and

reaction orders (Fig. 2) are shown for the 1% Pt/Al2O3 sample.

The apparent reaction orders with respect to reactants and

products were fitted to a power rate law expression [13,21] as

follows:

r ¼ kf ½CO�a½CO2�b½H2�c½H2O�dð1� bÞ

where b = ([CO2][H2])/(Keq[CO][H2O]) is the approach to

equilibrium, kf is the forward reaction rate constant, a, b, c,

d are forward reaction orders, and Keq is the equilibrium

constant for the WGS reaction. The values of b were usually
0 8C, 1 atm total pressure, 7% CO, 8.5% CO2, 22% H2O, 37% H2, and 25% Ar

3 1.66% Pt/Al2O3 1% Pt/CeO2

0.04 0.59

7.75 116

69 28

1.1 41.4



Table 2

Summary for the kinetics for water–gas shift reaction on Pt catalysts

Catalyst Ea (kJ mol�1) Temperaturea (8C) Reaction order

COb CO2
c H2

d H2Oe

1% Pt/Al2O3 68f 285 0.06 �0.09 �0.44 1.0

1% Pt/Al2O3 84g 315 0.1 �0.07 �0.44 1.1

1.66% Pt/Al2O3 81 285 0.11 �0.06 �0.49 0.82

1.66% Pt/Al2O3 81 300 0.1 �0.08 �0.46 0.77

1% Pt/CeO2 75 200 �0.03 �0.09 �0.38 0.44

Standard conditions were: 7% CO, 8.5% CO2, 22% H2O, 37% H2 and balance Ar to maintain constant flow rate.
a Temperature at which the reaction order measurements were carried out.
b Standard conditions except CO (5–25%) and Ar (balance).
c Standard conditions except CO2 (5–30%) and Ar (balance).
d Standard conditions except H2 (25–60%) and Ar (balance).
e Standard conditions except H2O (10–46%) and Ar (balance).
f Measured between temperature range of 225–285 8C.
g Measured between temperature range of 285–345 8C.
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less than 0.1, which indicates that the reaction is carried out far

from equilibrium.

3.2. DRIFTS study of the 1.66% Pt–Al2O3 catalyst

The DRIFTS study was employed to determine the

concentration of surface intermediates on the 1.66% Pt/

Al2O3 catalyst. After pretreatment (see Section 2), the catalyst

was first exposed to 6.8% CO in N2 at various temperatures

from room temperature to 150 8C. The spectra (not shown here)

obtained under these conditions showed the presence of atop

CO adsorbed on Pt. A small peak corresponding to bridge-

bonded CO on Pt was also observed. In the DRIFTS spectra

under WGS conditions, peaks were observed in the ranges of

1350–1400 cm�1, 1550–1650 cm�1, 1950–2100 cm�1, and

2850–3000 cm�1. Based on the peaks obtained in the ranges

1350–1400 cm�1, 1550–1650 cm�1, and 2850–3000 cm�1, we

propose that bridging formate species [11,12] are present on the

surface along with atop CO.

The surface coverage of CO under WGS conditions was

calibrated by assuming saturation coverage for CO exposure at
Fig. 1. Arrhenius plot for WGS in the range of 250–290 8C obtained on 1% Pt/

Al2O3 catalyst. Inlet gas composition: 7% CO, 8.5% CO2, 37% H2, 22% H2O,

and 25% Ar. Total inlet flow rate of 118 ml min�1.
150 8C. The areas under the peak in the region 1900–2200 cm�1,

which corresponds to CO adsorbed on Pt, were calculated for

various experimental conditions. The ratio of area under this peak

for a given experimental condition to the peak area obtained from

CO exposure at 150 8C gives the relative coverage under that

experimental condition (Fig. 3). Under WGS conditions, flow

rates of CO and H2 were varied to examine their effect on the

surface coverage of CO and compared to two models to be

introduced in the next section. Fig. 3 indicates that the surface

coverage of CO under various reaction conditions investigated in

this study is close to the saturation coverage of CO.

4. Discussion

4.1. Rate of reaction and apparent activation energy

A comparison of the rates per gram of catalyst, per total

moles of Pt, and TOR at standard conditions shows that Pt

supported on ceria is the most active catalyst among the
Fig. 2. Apparent reaction orders for CO, CO2, H2, and H2O for 1% Pt/Al2O3

catalyst at 270 8C and 1 atm total pressure. Standard conditions were 7% CO,

8.5% CO2, 22% H2O, 37% H2 and balance Ar. Order determination at standard

conditions with each component varying in the range of 5–25% for CO, 5–30%

for CO2, 25–60% for H2, and 10–46% for H2O.



Fig. 3. Surface coverage of CO on 1.66% Pt/Al2O3 catalyst under various

experimental conditions using DRIFTS and predicted from kinetic modeling.

Experimental conditions from 1 to 6 were: 1—CO adsorption at 150 8C (6.8%

CO and 93.2% N2) and 2—standard WGS condition (300 8C, 6.8% CO, 8.5%

CO2, 37.3% H2, 22% H2O, 25.4% Ar). Other experiments at standard conditions

and balance Ar except: 3—13.5% CO, 4—2.7% CO, 5—55.1% H2, and 6—

14% H2.
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catalysts tested in this study. This observation is consistent with

the findings reported in previous studies [3,4,22–25]. Although

there are reports in literature [14,26,27] on the deactivation of

Pt/CeO2 catalysts under WGS conditions, in this study, we did

not observe any significant deactivation of our 1% Pt/CeO2

catalyst. This apparent discrepancy is probably due to the

different partial pressure and temperature ranges used in our

study, and a direct comparison of our data with the ones in the

literature should be carried out with care.

The concentration of H2 and CO2 during the WGS reaction

is significant (as stated in Section 2) under conditions relevant

to fuel reforming in fuel cell applications. Thus, the CO2 and H2

inhibition can be significant. Some of the previous studies

[2,3,28] did not include CO2 and H2 in the feed stream.

Nevertheless, CO2 and H2 are formed in the WGS reaction, but

their effect on the forward WGS reaction rate was not

considered. The reported reaction orders in earlier studies on

Pt–Al2O3 [2] and Pt–CeO2 [3] are different from the ones in our

study. The reason for this difference can be that the reaction

orders in [2,3] were not corrected for the presence of CO2 and

H2 in the reactor. However, in some of the recent studies

[22,24], the effect of CO2 and H2 on the forward WGS reaction

rate was included. The apparent reaction orders and activation

energy values from our study on 1% Pt/CeO2 are similar to

those reported by these authors [22,24] with the major

difference being observed for the apparent reaction order for

water. Our study and the study by Germani et al. [22] on CeO2-

based catalysts show an apparent reaction order for water close

to 0.5, but the reported order from the study by Radhakrishnan

et al. [24] is 0.85. This difference can be due to the effect of Re

and the ceria-zirconia support used by Radhakrishnan et al.

[24]. To compare the TOR values, the TOR values reported by

Germani et al. [22] and Radhakrishnan et al. [24] were

corrected to the standard conditions (6.8% CO, 8.5% CO2, 22%
H2O, 37.3% H2 and 25.4% Ar at 200 8C) in our study using the

reported apparent reaction orders and activation energy [22,24].

The corrected TOR value from Radhakrishnan et al. [24] agrees

well with the TOR value from our study on the 1% Pt/CeO2

catalyst as both of these studies were carried out under similar

reaction conditions. The corrected value from the study by

Germani et al. [22] is approximately 1/7th of our TOR value on

1% Pt/CeO2. This could be due to extrapolation involved in

correcting the TOR value from their study [22]. In some other

reports, the authors did not provide the kinetic parameters

[23,28,29], and the apparent reaction orders and activation

energy from our study were used to find the pre-exponential

factor at their conditions. Assuming that this pre-exponential

factor is the same under our conditions, we calculated the TOR

for their catalysts under our standard conditions. The corrected

TOR values from these studies [23,29] vary within an order of

magnitude from the TOR value for our 1% Pt/CeO2 catalyst.

The extrapolation involved in correcting TOR values to our

standard conditions can be the reason for this variation. Other

studies in literature [30,31] were also considered for

comparison. However, these studies were carried out at

different temperatures than our study. At the temperatures of

100 8C [30] and 544 8C [31], the reaction kinetics could be

different from the ones in our study. We have summarized the

TOR values from literature corrected to the standard conditions

in our study in Table 3.

We note from Table 3 that the apparent activation energies

obtained for our 1% Pt/Al2O3 and 1% Pt/CeO2 catalysts are

similar (68 kJ mol�1 and 75 kJ mol�1, respectively). Note that

these apparent activation energies were measured in two

different temperature ranges (250–315 8C for Pt/Al2O3 and

180–210 8C for Pt/CeO2). The apparent reaction order for the

forward reaction with respect to CO varies around zero for all

Pt-based catalysts, from slightly positive (Pt/Al2O3) to slightly

negative (Pt/CeO2). To account for an almost zero order in CO

with high binding strength and negative order in H2 we had to

include the well-known effect of decreasing binding strength of

CO as the surface coverage is increased [32–35].

The forward reaction order for CO2 is slightly negative and

close to zero, which can be explained by a weak interaction of

CO2 with Pt. The apparent forward reaction order of H2 close to

�0.5 implies H2 inhibition of the forward WGS. This suggests

that after CO attains its saturation coverage, atomic hydrogen

will be the dominant surface species on the remaining Pt sites.

An increase in the partial pressure of hydrogen would result in

an increase in the surface coverage of atomic hydrogen. This

increase in the surface coverage of atomic hydrogen can inhibit

the reaction by further lowering the available free Pt sites

required for the activation of water. The apparent forward

reaction order for H2O is close to 1 for the alumina supported

catalyst and close to 0.5 for the ceria supported catalyst. This

difference in H2O reaction order on alumina and ceria

supported catalysts suggests that different reaction mechanisms

may operate on these catalysts.

A clear difference in the reaction orders obtained for Cu-

based catalysts [13] and Pt-based catalysts under the same

reaction conditions is evident. The apparent forward reaction



Table 3

Literature values for kinetics of WGS reaction

Catalyst Temperaturea (8C) TORb (�10�3 s�1) Ea (kJ mol�1) Reaction order Reference

CO H2O CO2 H2

1% Pt/Al2O3 285 1.3 68 0.06 1.0 �0.1 �0.44 This work

1% Pt/CeO2 200 41.4 75 �0.03 0.44 �0.1 �0.38 This work

2% Pt/Al2O3 270 1.7 82 �0.21 0.75 � � [2]

1% Pt/CeO2 240 24.0c 46 0 1 – – [3]

0.9% Pt/Al2O3 100 – – 0.02 0.55 – �0.22 [30]

0.4% Pt/Al2O3 544 – 39 0.45 0.37 0.0 �0.73 [31]

1.4% Pt–8.3% CeO2/Al2O3 260 5.9d 86 0.13 0.49 �0.12 �0.45 [22]

1% Pt–12% CeO2/Al2O3 – 108 – – – – – [23]

5% Pt/CeO2 – 1.10 – – – – – [29]

2% Pt–1% Re/CeO2–ZrO2 210–240 30.5 71 �0.05 0.85 �0.05 �0.32 [24]

a Temperature at which the reaction order measurements were carried out.
b TOR (per surface Pt atom) for overall reaction corrected to 200 8C, 1 atm total pressure, 7% CO, 8.5% CO2, 22% H2O, 37% H2, and 25.5% Ar.
c The value estimated from Fig. 1 in Ref. [3].
d Calculated at our conditions from the analytical expression provided.
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orders for industrial Cu–ZnO–Al2O3 catalyst measured [13] at

200 8C were as follows: CO, 0.8; H2O, 0.8; CO2, �0.7; H2,

�0.8. The different values for Cu-based and Pt-based catalysts

suggest that the reaction mechanisms or rate determining steps

(RDS) on these catalysts are distinct. The redox mechanism

was probably prevalent under the conditions in which Cu-based

catalysts were investigated [13]. Although the redox mechan-

ism is not probable for Pt, we wanted to test if this model could

be fitted to the data with physically relevant parameters.

4.2. Reaction kinetic modeling

A power rate law expression is useful for the design of

reactors (Table 2). It also serves as an indication of the prevalent

reaction mechanism. Extracting a plausible reaction mechan-

ism from a power-rate law is possible in many cases [36].

However, from the apparent activation energy and reaction

orders determined in Table 2, we could not infer the reaction

steps conclusively. To study the WGS mechanism on these

catalysts, we carried out a kinetic analysis where the

elementary steps are proposed and the resulting system of

equations is solved simultaneously. This approach is described

in detail by Dumesic et al. [37] and for the WGS reaction by

Lund [38]. The reaction mechanism considered for kinetic

analysis of Pt/Al2O3 data is based on the redox mechanism

proposed by Ovesen et al. [39,40]. The steps considered in our

study are as follows (* is a free/empty site):

H2Oþ � @ H2O� (1)

H2O� þ � @ OH� þH� (2)

OH� þ � @ O� þH� (3)

2H� @ H2þ 2� (4)

COþ � @ CO� (5)

CO� þO� @ CO2
� þ � (6)

CO2
�
@ CO2þ � (7)
The mechanism (1)–(7) can be seen as a combination of surface

oxidation, H2O + *
@ H2 + O* (obtained by combining steps

(1)–(4)), and surface reduction, CO + O*
@ CO2 + * (obtained

by combining steps (5)–(7)). The sequence of elementary steps

(1)–(7) is called a ‘‘Redox mechanism’’. The steps in the

methanation route were not considered although Pt-based

catalysts show methanation at higher temperatures

(>300 8C) [41]. This is justified because we did not observe

any methanation for 1% Pt/Al2O3 and 1% Pt/CeO2 catalysts

under the reaction conditions of this study. Ovesen et al. [39,40]

considered one more step of OH disproportionation

(OH* + OH*
@ H2O* + O*) in their kinetic model. It is unclear

from the literature whether the OH disproportionation reaction

as written above is an elementary step or not [42,43]. Hence, we

did not consider this step in our kinetic model.

The set of seven steps of the redox mechanism was chosen

for the kinetic modeling. The activation energies and the pre-

exponential factors for these elementary steps are the kinetic

parameters in the model. Following Lund [38], the binding

strengths of the various surface intermediates were also chosen

as parameters in the model. The binding strengths were used to

determine the heat of reaction for surface reactions. The initial

guesses of kinetic parameters were taken from the values

provided in the literature [44–46] and from our own periodic

density functional theory (DFT) calculations.

We assumed that the reactor operates as a plug-flow reactor.

Therefore, in the kinetic model, five ordinary differential

equations for gas flow rates versus catalyst mass were solved.

These differential equations were combined with six steady-

state equations for the fractional coverages of surface species

(CO*, CO2
*, H*, H2O*, OH*, and O*) and one site balance

equation. The equation solving and the parameter fitting was

performed using Athena Visual Workbench engineering soft-

ware [47].

4.2.1. Seven-step redox mechanism

When we include the coverage-dependence of CO binding

strength in the kinetic model based on the seven-step redox

mechanism, we can explain the high CO coverage and the close



Fig. 5. Residual plot for 1.66% Pt/Al2O3 operated between 255 8C and 316 8C
and 1 atm total pressure using the redox mechanism.
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to zero apparent forward reaction order with respect to CO. The

relationship between CO surface coverage and its binding

strength was modeled using a linear relationship as:

BSCOðuCO� Þ ¼ BSCOðuCO� ! 0 MLÞ � 39uCO� , as derived from

our DRIFTS study as well as using the expression in Refs. [32–

34]:

BSCOðuCO� Þ ¼ BSCOðuCO� ¼ 0:25 MLÞ � 0:63 expð4:79 uCO�Þ.
In this study, we modified the expression in Refs. [32–34] to

BSCOðuCO� Þ ¼ BSCOðuCO� ! 0 MLÞ � 0:63 expð4:79 uCO� Þ.
Both of these relationships explain the experimental kinetic

data (TOR) with R2 = 0.97. The parity plot comparing

calculated TOR versus the experimentally observed TOR for

the 1.66% Pt/Al2O3 catalyst is shown in Fig. 4 (R2 = 0.97). The

plot of residuals versus the predicted TOR (Fig. 5) also

confirms the goodness of the fit. The residual values are small as

compared to calculated TOR values (<10%) and the plot

(Fig. 5) shows a random distribution of residuals, confirming

the goodness of the fit.

We also developed the kinetic model based on the seven-

step redox mechanism without including the coverage-

dependence of CO binding strength. This model explains

the kinetic data on the alumina-supported catalysts reasonably

well with R2 of 0.98 (results not shown here). However, the

predicted fractional coverage of CO was of the order of 10�2 to

10�4 ML, while the most abundant surface intermediate was

H* (coverage of�0.5 ML). This is contrary to the experimental

observations that CO adsorbs strongly on Pt and thus should

yield close to saturation coverage on the Pt surface [30,35].

When all the parameters in this model were estimated (except

the binding energy of CO, which was kept fixed to

100 kJ mol�1 to ensure significant surface coverage of CO),

the calculated CO order was negative (��0.45), inconsistent

with the experimentally measured CO reaction order of 0.1.

Despite the fit with R2 of 0.97 obtained for experimental kinetic

data, we conclude that this model could not capture the

underlying physical phenomenon. Thus, the kinetic model

based on the seven-step redox mechanism without the
Fig. 4. Plot of calculated vs. observed TOR. 1.66% Pt/Al2O3 catalyst operated

between 255 8C and 316 8C, 1 atm total pressure (284 points total) using the

redox mechanism. DOE indicates the experiments from central composite

design.
coverage dependence of CO binding strength cannot explain

the close to zero CO reaction order for a CO surface coverage

close to saturation.

We mentioned earlier that when the coverage dependence of

the CO binding strength was included, a kinetic model based on

the seven-step redox mechanism could explain the experi-

mental kinetic data. In this kinetic model, due to saturation

coverage of CO and high barriers for complete dissociation of

water to form surface oxygen and hydrogen on Pt (85 kJ mol�1

for step (2) and 102 kJ mol�1 for step (3)) [48], the surface

coverages of OH* and O* will be low. At these coverages, the

CO2 production pathway involving CO* and OH* would

compete with reaction pathway involving CO* and O*. This

phenomenon is explicitly considered in the modified redox

mechanism.

4.2.2. Modified redox mechanism

It is suggested in the literature [49,50] that there are

pathways for oxidation of CO to CO2 other than surface

oxidation (CO* + O*
@ CO2

* + *). We considered the ‘‘direct

CO2 production pathway’’ from [49] by modifying the redox

mechanism. In this modified pathway, step (3) from the seven-

step redox mechanism is not considered while the step (6) is

modified to CO* + OH*
@ CO2

* + H*.

In the kinetic model based on this modified redox

mechanism, we accounted for the coverage-dependence of

the CO binding strength. The optimal estimates of parameters

obtained by fitting the experimental data using the modified

redox mechanism are listed in Table 4. The parity plot of the

calculated TOR versus observed TOR for the 1.66% Pt/Al2O3

catalyst using this modified redox mechanism is shown in

Fig. 6. The residual values (Fig. 7) are small as compared to

calculated TOR values (<10%).

In conclusion, although the seven-step redox and modified

redox mechanisms can explain the kinetic data quantitatively,

further information about the surface intermediates and their

relative coverages is required to distinguish between the two

mechanisms.



Table 4

List of parameters used in the kinetic modeling of 1.66% Pt/Al2O3 data using

modified redox mechanism

Parametersa Optimal estimatesa

BS(CO*)b 117

BS(CO2
*) 23

BS(H*) 251

BS(H2O*) 77

BS(OH*) 267

Ea(1) 0

Ea(2) 37

Ea(3) 30

Ea(4) 2

Ea(5) 61

Ea(6) 12

ln[k0(1)] 8

ln[k0(2)] 24

ln[k0(3)] 24

ln[k0(4)] 14

ln[k0(5)] 24

ln[k0(6)] 23

a BS implies binding strength (in kJ mol�1), Ea(I) denotes activation energy

for step (I) (in units of kJ mol�1), and k0(I) denotes pre-exponential factor for

step (I) (in units of s�1 or atm�1 s�1) [Note: I = 1–6 is same sequence as the

steps in modified redox mechanism from Section 4.3.].
b Dependence of binding strength of CO on the surface coverage

is taken into account using the following expression: BSCOðuCO� Þ ¼
BSCOðuCO� ! 0 MLÞ � 0:63 expð4:79 uCO� Þ.

Fig. 7. Residual plot for 1.66% Pt/Al2O3 operated between 255 8C and 316 8C
and 1 atm total pressure using the modified redox mechanism.
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4.3. DRIFTS study on Pt/Al2O3 catalysts

The DRIFTS study on the 1.66% Pt/Al2O3 catalyst was

carried out to estimate the changes in surface coverage of CO

under relevant experimental conditions. This was done by

comparing the area under the peaks in DRIFTS spectra

corresponding to adsorbed CO under various WGS conditions

with the one obtained by exposing the catalyst to 6.8% CO in N2

at 150 8C (saturation coverage). As shown in Fig. 3, the surface
Fig. 6. Plot of calculated vs. observed TOR for 1.66% Pt/Al2O3 catalyst

operated between 255 8C and 316 8C, 1 atm total pressure (284 points total)

using the modified redox mechanism. DOE indicates the experiments from

central composite design.
coverage of CO under various reaction conditions is close to the

saturation coverage of CO.

The coverage-dependence of the heat of adsorption of CO

was observed from our DRIFTS study. The DRIFTS spectra

were measured at different temperatures under 6.8% CO in N2

and the relative CO coverage was estimated at each

temperature. In our study, the heat of adsorption of CO was

obtained for coverages from 0.36 to 1. Using the approach

explained by Chafik et al. [35], the heat of adsorption of CO was

estimated at each CO coverage. In this approach [35], it was

assumed that the integrated absorption intensity of the adsorbed

CO was independent of temperature and coverage. It was also

assumed that the Langmuir’s model for adsorption without

dissociation can be used and the equilibrium constant for

adsorption can be calculated by statistical thermodynamics

assuming the loss of all three translational degrees of freedom

[35]. The estimated values for heat of adsorption of CO range

from 121 kJ mol�1 (uCO = 0.36) to 100 kJ mol�1 (uCO = 1) for

the 1.66% Pt/Al2O3 catalyst. The decrease in the heat of

adsorption of CO as a linear function of its surface coverage fits

the data with R2 of 0.97. A linear decrease in heat of adsorption

of CO with increasing coverage was also observed in earlier

experimental studies [35,51].

From kinetic modeling, we have optimal estimates of kinetic

parameters for the seven-step redox mechanism and modified

redox mechanism. These optimal estimates of kinetic para-

meters were used to predict the coverages under the various

reaction conditions investigated using DRIFTS. In Fig. 3, we

have compared the surface coverage of CO measured using

DRIFTS with the predicted coverage. It is evident from Fig. 3

that both mechanisms explain the DRIFTS measurements

qualitatively.

In the previous section, we showed that the seven-step redox

mechanism without coverage-dependence of CO binding

strength could explain the kinetic data. However, this model

could not capture the saturation surface coverage of CO under

WGS conditions. We have also shown that the redox-type

mechanisms accounting for coverage-dependence of CO
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binding strength can explain the kinetic data quantitatively.

Hence, the reaction kinetic data and DRIFTS measurements are

not sufficient to elucidate the nature of reaction intermediates in

the WGS mechanism or to distinguish between the various

redox-type mechanisms and further information such as

isotopic transient kinetic data is necessary. This data will

provide the rate of formation of possible reaction intermediates,

which upon comparison with the rate of the WGS reaction will

help identify the dominant WGS mechanism on the Pt/Al2O3

catalyst under different conditions.

4.4. WGS reaction mechanism on ceria supported Pt

catalysts

The redox mechanisms (Section 4.2) proposed for the Pt/

Al2O3 catalysts may not explain the kinetic data on Pt/CeO2

due to different reaction orders. The differences in reaction

orders and an increase in TOR by a factor of 30 by addition

of CeO2 point to a different WGS mechanism on ceria-based

catalysts than on alumina-based catalysts. This promotional

effect of ceria can either be rationalized by a change in the

rate-determining step for the redox mechanism or by a

different reaction mechanism on ceria or both. Several

groups have invoked a redox mechanism for the WGS

reaction on ceria-supported catalysts [3,4,52]. It is believed

that the ceria support plays an important role in the redox

mechanism by providing sites for water activation [4]. Some

other groups have proposed an associative reaction mechan-

ism for ceria-based catalysts [9–12]. Shido and Iwasawa

[9,10] proposed an associative reaction mechanism based on

their FTIR studies on CeO2 and Rh-doped CeO2. Recently,

Jacobs et al. [11,12] observed from their isotope switching

experiments monitored using DRIFTS that the water gas shift

mechanism over metal promoted ceria occurs through a

formate intermediate as suggested by Shido and Iwasawa. In

another study, Goguet et al. [27,53] showed that instead of

formates, surface carbonates were the main reaction

intermediates on Pt–CeO2 under reverse WGS (RWGS)

conditions using steady-state isotopic transient kinetic

analysis (SSITKA) techniques. In a more recent study,

Meunier et al. [54] reported that a switchover from a non-

formate to a formate-based mechanism could take place over

a narrow temperature range (as low as 60 K) over a 2% Pt/

CeO2 catalyst. This implies that the WGS reaction

mechanism on ceria-supported catalysts can be a function

of the reaction conditions. This study also suggested that the

same surface species (formate) can be the spectator species

under certain reaction conditions and can be the main

reaction intermediate under different reaction conditions. In

the modified redox mechanism considered in this study, we

could not determine the exact nature of the reaction

intermediate formed from CO* and OH*. The reaction

intermediate can be for example the formate (HCOO**)

species or the carboxyl (COOH*) species. Thus, further

investigation of the Pt–Al2O3 and Pt–CeO2 catalysts using

steady state isotopic transient kinetic analysis under reaction

conditions is necessary.
5. Summary

We have reported the WGS reaction rates, apparent

activation energy, and apparent reaction orders for Pt/Al2O3

and Pt/CeO2 catalysts at conditions relevant to fuel processing

for fuel cell applications. For Pt/Al2O3 catalysts, the reaction

order measured in the range of 270–315 8C is close to zero for

CO and CO2, about 1.0 for H2O and �0.5 for H2. Apparent

reaction orders for the Pt/CeO2 catalyst are the same as those

observed for the Pt/Al2O3 catalyst except the order with respect

to H2O (�0.5). On the basis of the TOR, ceria is a strong

promoter for Pt based WGS catalysts.

We showed that the two distinct kinetic models, the seven-

step redox mechanism as well as the modified redox

mechanism, explain the quantitative experimental reaction

kinetic data. It was not possible to choose a kinetic model or

elucidate the nature of reaction intermediates in these

mechanisms using only the kinetic data presented here. Thus,

further isotopic transient kinetic data is needed to elucidate the

reaction pathway. It is also important to note that the model

captured the close to saturation coverages of CO and the close

to zero reaction order of CO only when the coverage

dependence of the binding strength of CO was explicitly

included in the kinetic model.
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