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Abstract A dual-site reaction mechanism is proposed for
Pt based water—gas shift catalysts. The sorption equilibrium
parameters are evaluated in detail to validate their physical
significance. The values of the van ‘t Hoff parameters for
CO and H, correspond to those for chemisorption on
platinum. The sorption parameters of H,O and CO, on the
supports have been quantitatively determined from tem-
perature-programmed desorption experiments and have
been compared to the values obtained from the kinetic
study. Finally the proposed model is able to explain the
different activities between the two catalysts.
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1 Introduction

Recently metal catalysts supported on reducible metal
oxides have received interest for the water—gas shift
(WGS) reaction in the context of fuel cells, as these
catalysts are highly active in the temperature range of
250-400 °C and they are non-pyrophoric and do not
require any pretreatment before use. The data reported in
the literature strongly suggest an important role of the
support in enhancing the rate of CO conversion, most likely
through the activation of water on the support and/or the
creation of a unique active site at the interface of the metal
and the support.

Several different mechanisms are reported in the liter-
ature [1, 2] but only one quantitative model taking into
account both the metal and the support has been published
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yet. Germani et al. [3] proposed a dual-site mechanism that
describes the WGS over Pt/CeO,—Al,05 catalyst:

CO+* = CO* (1)
H,0 + 0—S = HO-S—OH (2)
CO* +HO-S—OH = COOH* + S—OH (3)
COOH* + S—OH +* — 2H* + S—0—CO, (4)
2H* = H, +2° (5)
S—0—CO, = CO, +S-0 (6)

where * is a metallic site and S—O is an adsorption site on
the support. In this mechanism CO and H, chemisorb on
the metal whereas CO, and H,O are adsorbed on the
support. The reaction between “CO-derived” and “H,O-
derived” adsorbed species takes place at the metal support
interface (step 3 and 4).

In order to examine if the above reaction mechanism can
describe the kinetics of the WGS reaction over different Pt
supported catalysts we have studied in detail the WGS
reaction over Pt/CeQO, and Pt/TiO,. To better validate this
reaction mechanism, the sorption parameters for water and
carbon dioxide have been determined by independent
temperature programmed desorption (TPD) experiments in
a fixed bed reactor.

2 Experimental

Platinum catalysts were prepared by incipient wetness
impregnation of the support with a solution of the metal
precursor (NH;3)4Pt(NO3),. The supports used were com-
mercial CeO, (from Rhodia) and anatase-TiO, (from
Engelhard) powders with surface areas of 119 and 80 m*/g,
respectively, as determined by the BET method (Microm-
eritics ASAP 2020). The catalysts were dried overnight at
80 °C and calcined at 400 °C for 4 h with a ramp of 2 °C/
min under a controlled airflow of 30 mL/min.

The theoretical metal loadings of the catalysts amounted
to 1.2 wt%. The metal content of the catalysts was deter-
mined by elemental chemical analysis with a plasma
atomic emission spectrometer (Spectroflame-ICP D-
SPECTRO, Induced Coupled Plasma). Dispersion of plat-
inum was determined by H, chemisorption in a static
volumetric apparatus (Belsorb max) at —78 °C for Pt/CeO,
and at 25 °C for Pt/TiO,. Catalysts were previously pre-
treated with hydrogen at 400 °C during 30 min. The
method used was described in a previous study by Perri-
chon et al. [4]. To calculate the metal dispersion, it was
supposed that the adsorption stoichiometry is one hydrogen
atom per one surface platinum atom.

The kinetic study and the temperature-programmed
desorption (TPD) experiments were conducted at ambient

pressure in a tubular fixed bed reactor (4 mm) equipped
with an online mass spectrometer. The sample was reduced
with 10% H,/Ar (200 NmL/min) at 400 °C for 30 min with
a ramp of 2 °C/min. After reduction, the catalysts were
aged under a typical reformate mixture (10% CO, 20%
H,0, 10% CO,, 40% H,, balanced Ar, 200 NmL/min) for
48 h. At this point the kinetic study was started or the TPD
experiment after purging with 100 NmL/min Ar at 600 °C
for 30 min and cooling down to room temperature.

The kinetic study was conducted in the temperature range
of 150-400 °C with 0.2 g of catalyst diluted in 0.4 g of SiC,
and by varying the gas composition over the range 1-20%
CO, 1-20% CO,, 5-25% H,0 and 5-40% H,, giving ~ 150
experiments per catalyst. For the TPD experiments of CO,
and H,O on Pt/CeO,, Pt/TiO, and the corresponding sup-
ports, the reactor was filled with 0.2 g of the 100-200 pum
sieve fraction of the sample. Before and after the catalyst
sample quartz particles were packed (500 pum).

Adsorption was carried out at room temperature, with a
mixture of CO,/H,O/Ar = 45/1.15/5 NmL/min during 1 h.
Water vapour was obtained by bubbling CO, through a
saturator containing water at 19.5 £ 0.5 °C. The sample
was purged with Ar (50 NmL/min) for 45 min. Tempera-
ture programmed desorptions experiments were realized
with 50 NmL/min Ar, from 25 °C to 600 °C at a heating
rate of 10 °C/min. The procedure was repeated on the same
sample to record a second TPD spectrum with a heating
rate of 20 °C/min in order to better decouple the kinetic
parameters of the mathematical model.

2.1 Kinetic Modeling

The mass balance for a one-dimensional pseudo-homoge-
neous isothermal reactor is integrated numerically using
the ODEPACK library [5] and is coupled to a non-linear
regression analysis routine based on Marquardt’s algorithm
[6]. After the optimization, the variance/covariance matrix
is calculated and a statistical analysis is performed.

2.2 TPD Modeling

The TPD model is based on a one-dimensional pseudo-
homogeneous fixed bed reactor, thus assuming no radial
and no external and internal mass- and heat transfer limi-
tations. The continuity equations are then given for the gas
phase and adsorbed phase respectively as:

,OC oG o G a
Yor T "or TU ™oz

— Sb)L, Z V,‘jkj H ™ H o (7)
= [3

m
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Together with the following initial and boundary
conditions:

t=0AN0<z<L:C=0A0i(z2) =0 AT (z) =T°

©)
(10)

This set of partial differential equations is transformed
into a set of ordinary differential equations by the methods
of lines [7]. Note that this model takes re-adsorption in the
catalyst bed into account.

1>0N0<z<L:T=T"+ pt

3 Results and Discussion

The metal loading, the catalyst surface area and the metal
dispersion for the two samples are reported in the Table 1.

The catalysts have slightly different surface areas, but
quite similar metal loadings and platinum surface areas.
Activity tests realized with a typical reformate mixture
show that the TiO, based catalyst presents an activity
higher than the CeO, based catalyst. To determine the
apparent reaction orders and activation energies a regres-
sion analysis was performed with all the data based on a
power law rate equation:

Eﬂf o C
VCO—AOeXP(—RTt>PcoP%20PH2Pé02(1—F) (11)
Pco, P,
where [ = — 2 (12)
PcoPy,0K,q

Both data sets are described adequately by the power
law rate equation. Table 2 shows the obtained apparent
activation energies and the reaction orders.

Both catalysts show rather similar reaction orders,
except the order in CO that is significantly different over

both catalysts. The apparent activation energies differ for
both catalysts as well. The calculated turnover frequency
(TOF) confirms the better activity of the Pt/TiO, catalyst
compared to Pt/CeOs,.

Some information can be extracted from the values of
the reaction orders. Low CO reaction orders indicate a
strong adsorption of CO on Pt and the large negative order
for hydrogen implies a strong inhibition for both catalysts.
Water has a positive effect on the activity. CO, causes a
small but significant, inhibiting effect on the ceria-sup-
ported catalyst. Germani et al. [3] reported quite similar
orders and a similar activation energy for a Pt/CeO,/Al,03
catalyst. Panagiotopoulou and Kondarides [8] reported a
value of the activation energy of 89 kJ/mol for a Pt/ceria
catalyst and 50-71 kJ/mol for Pt/TiO, catalyst depending
on the particle size of the TiO, crystallites [9].

The sequence of elementary steps, initially proposed
over Pt supported catalysts by Germani et al. [3], described
in the introduction is used here as a basis for the kinetic
study on our catalysts.

The corresponding rate is equation is given by:

NksK3KcoKu,oPcoPu,o(1—T)

rco=
(1+KcoPco JF\/KHZPHZ)Z(I +Kn,0Pu,0+Kco,Pco,)

(13)

Microkinetic modeling gives more information on the
mechanistic route than the power law model and can be
used as a tool in catalyst development [10]. The idea is to
verify if this model can be applied in a general way to
Pt-based WGS catalysts. It is assumed that the sorption
steps on the metal and support are independent. Standard
adsorption enthalpies of CO and H, over platinum were
fixed from data in the literature at —90 and —110 kJ/mol,
respectively [11, 12] (see Table 3). Standard adsorption
enthalpies of CO, and H,O over the two supports were
initially estimated through regression analysis but could
not be estimated statistically significant from the current

Table 1 BET surface area,

2 1 - -
platinum content and dispersion Sample ssl?EToglllcafal )st f;tv:; r)ltem S:lrtl;l ;ts“'f/kg ;t/;)itls(p;;swn
of Pt supported catalysts pp y ’ Y ?
Pt/CeO, 119/116 1.2 21 34
Pt/TiO, 82/80 1.1 25 44
Table 2 Estimated kinetic parameters by using the power law rate Eq. 11
Power law TOF at 300 °C (s™')*
E.c: (kJ/mol) a (CO) b (H,0) c (Hy) d (CO,)
1% Pt/CeO, 91£5 0.14 £ 0.04 0.66 £ 0.14 —0.54 £ 0.03 —0.08 + 0.03 0.2
1% Pt/TiO, 59+3 0.30 £ 0.05 0.85 £ 0.10 —0.67 £+ 0.03 —0.00 + 0.03 0.6

* TOF calculated at the following conditions: 10% CO, 20% H,0, 10% CO,, 40% H,, 20% Ar at 1 bar

@ Springer
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Table 3 Estimated kinetic parameters from rate Eq. 13

Parameter  Pt/CeO, Pt/TiO,
Asgds AH(a)ds Asgds AH(a)ds
(J/mol) (kJ/mol) (J/mol) (kJ/mol)
Kco —100 -90 —100 -90
Kn,0 —120 —55 —-92 -55
K, -99 —110 -97 —110
Kco, —121 —67 - -
A’ S A’ S
(mol/kg s) (kJ/mol) (mol/kg s) (kJ/mol)
NKs*k, 5.7 10Y 90 7.1 10° 56
1.0
0g] TPUCEO,
O PYTIO,
0.8

experimental
o
(6]
1

XCO

02 03 04 05 06 07 08 09 1.0
X o calculated

Fig. 1 Parity plot of experimental CO conversion and calculated with
the microkinetic model for Pt/CeO, and Pt/TiO, catalysts

data set. Therefore these parameters were also fixed at the
values given in Table 3. All pre-exponential factors and the
lumped activation energy for step 3 and 4 were estimated
through regression analysis for the data over the two
samples. The final values of the estimated parameters are
reported in Table 3 with the pre-exponential factors for the
sorption presented as the adsorption entropies. The kinetic
model describes the data adequately over both samples thus
capturing the variation in the reaction orders and activation
energies. Figure 1 shows the parity curves for Pt/CeO, and
Pt/TiO,. The estimated values of the pre-exponential
factors for CO and H, adsorption on Pt are very close for
the two samples. The values of the standard adsorption
entropies also meet the criteria formulated by Boudart et al.
[13]:

42< AS% < S0 (14)

a gas

which hold for Langmuir adsorption, where Sgas is the
standard entropy for each species in the gas phase. Thus
chemisorption of CO and H, takes place on platinum and

the van ‘t Hoff sorption parameters are independent of the

support. This is in line with the results reported by Vannice
and coll. [11, 12]. The values of the standard adsorption
entropies for H,O and CO, depend on the support, with no
significant adsorption of CO, on titania. Again the standard
adsorption entropies on the supports fulfill the above cri-
teria. The values of the rate constant for the rate deter-
mining step (4) cannot be evaluated sensibly as this
constant is lumped with the rate constant of step (3).

As already mentioned above the statistical analysis
showed that the sorption parameters are strongly correlated
and cannot be estimated from the data sets. To validate this
model unambiguously for both catalysts the sorption
parameters over both supports were determined indepen-
dently from TPD experiments.

Therefore desorption spectra were recorded for CO, and
H,0, adsorbed simultaneously on the sample at room
temperature, over the catalysts as well as over the supports.
It was observed that the presence of the platinum particles
did not change the TPD spectra significantly, thus only the
spectra over the supports are considered here. Figures 2
show the experimental CO, and H,O TPD spectra for Pt/
CeO, and Pt/TiO,. The spectra have been recorded with
two different heating rates, 10 and 20 °C/min, but in the
qualitative discussion that follows only the peak tempera-
tures of the 20 °C/min spectra are mentioned as they show
a better signal to noise ratio.

The spectra strongly depend on the operating conditions
during the adsorption and pre-treatment of the samples,
which modifies the state of the surface. Therefore, the
comparison with TPD data from the literature is difficult.
In addition, infrared studies report the presence of several
different species adsorbed on the surface of metal oxides
after contact with CO, and H,O [14, 15].

Hardly any CO, is retained over the TiO, support, and as a
result the CO, TPD spectrum shows a very weak desorption
peak with its maximum at approximately 90 °C. Wang et al.
studied the basicity of a TiO, support prepared by a sol-gel
method and reported two CO, desorption peak, one at 95 °C
and a second much less intense at 215 °C [14].

In contrast to the titania sample CO, adsorbs on the ceria
support and the TPD spectrum shows a desorption peak of
CO, at 130 °C. The signal to noise ratio is too low to
ascertain the presence of a second peak (shoulder) just
before the main one. Some tailing of the peak above
175 °C cannot be excluded either. Luo et al. reported that
the TPD spectrum obtained after CO, adsorption on CeO,
were composed of CO, desorption at 140 °C and 440 °C
[16]. These peaks were assigned to monodendate and
bidentate carbonate species in the adsorbed states. Jin [17]
observed for a Pt/CeO, catalyst two CO, desorption peaks
at —133 °C and around 427 °C. In this case the signal to
noise ratio might be too low to detect the high temperature
peak.

@ Springer
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Fig. 2 Comparison of experimental TPD at 10 and 20 °C/min with the TPD model for Pt/CeO, (a) and Pt/TiO, (b)

The H,O TPD spectrum over the TiO, support shows
two desorption peaks (120 °C and 175 °C) as well as a
long tailing up to temperatures of 500 °C. H,O TPD
reported in the literature for TiO, anatase show two
desorption peaks with maxima at 69-127 (I) and
191-256 °C(I) very similar as reported here [18]. The
enthalpies of adsorption were evaluated to be 36 and 55—
69 kJ/mol for peaks I and II, respectively. The authors
assigned the first peak to physically adsorbed species on
hydroxyl groups or chemisorbed water molecules, and the
second peak to chemisorbed species on surface oxygen ions
through hydrogen bonds.

The H,O TPD spectrum over the ceria support shows an
almost symmetrical desorption peak centered around
120 °C with an important tailing at higher temperatures on
which a second very weak desorption peak is located at
around 260 °C.

TPD spectra have been simulated using the mathemat-
ical reactor model presented above for desorption of CO,
and H,O over ceria and titania (except CO, over TiO,
which adsorption is assumed negligible). Figures 2 show
the simulations as full lines with the kinetic parameters
reported in Table 3. The simulation of the CO, TPD over
ceria fits the experimental data very well. CO, sorption
follows first order Langmuir kinetics. The values of the
kinetic parameters used in the simulation are in very good
agreement with the results of the kinetic study over
Pt/CeO, (see Table 3).

The adsorption of water on oxide surfaces has been
studied in detail especially in the case of rutile TiO,, but
mainly by qualitative methods [19]. There has been
recently a consensus of both theoretical calculations and
experimental methods that water adsorbs both molecularly
and dissociatively on TiO, surfaces. Oxygen vacancies act
as the active site for the water dissociation [20, 21]. TPD
experiments under vacuum conditions over TiO, (100)

@ Springer

show a large desorption peak above 17 °C that is assigned
to a hydroxyl recombination [22]. Much less is known on
the adsorption of water on ceria [19], but Herman et al. [23]
reported a TPD of D,O over CeO, (001) under vacuum
conditions and they assigned the third desorption peak at
2 °C to a hydroxyl recombination. Therefore the simula-
tions of the water desorption spectra over TiO, and CeO,
are based on both molecular (low temperature peak) and
dissociative (high temperature peak) adsorption. It should
be noted here that the second broad desorption peak over
both oxides could also be modeled by molecularly adsor-
bed water molecules that present strong lateral interaction
through hydrogen bonding. More characterization is nec-
essary to gather direct evidence to assign this peak to water
dissociation. Whatever the assignment is it will not have
much impact on the proposed kinetic model as water
adsorption and dissociation are lumped into one step.

The comparison between the simulation and the TPD
data of H,O over ceria shows that for both heating rates a
reasonable good fit is obtained and both desorption peaks
are well described, except the tailing above 350 °C for the
20 °C/min spectrum. The values of the adsorption enthal-
pies for molecular and dissociative adsorption amount to
—44 and —90 kJ/mol, respectively.

The simulations for water desorption over TiO, describe
the two desorption peaks quite well. Again the model does
not fit on the 20 °C/min spectrum the tailing at high tem-
peratures properly. On both supports this might be due to
hydroxyl species having a strong interaction and thus a
higher desorption activation energy. The values of the
adsorption enthalpies for molecular and dissociative
adsorption over TiO, amount to —45 and —70 kJ/mol,
respectively. The similar values of the adsorption enthal-
pies for molecular adsorption over both supports agree with
the value of —41 kJ/mol for the heat of vaporization of
water at 100 °C. The value of the adsorption enthalpies for
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dissociative water adsorption over TiO, are within the
range of values of —69 to —79 kJ/mol for the formation of
hydroxyls on anatase TiO, on the dominant (101) plane
based on DFT calculations by Arrouvel et al. [24].

Substitution of the adsorption enthalpies for the water
dissociation on the supports does not change the model fit
of the experimental data but it increases the estimated
values of the activation energies.

The analysis of the two water TPD spectra over ceria
and titania shows that water adsorbs stronger on titania
than on ceria and even more so at low surface coverages.
The calculated sorption equilibrium constants given in
Table 3 indicates that the water coverages under typical
reformate conditions are well below 20% and they are
higher on TiO, than on CeO,. Thus the better activity of
the TiO, supported Pt catalyst compared to the Pt/CeQ, is
due to at least two factors: negligible CO, adsorption on
TiO, preventing blocking of the active sites and a higher
water adspecies concentration leading to a higher reaction
rate as this species is involved in the rate determining step.

4 Conclusion

A kinetic study of the water—gas shift reaction has been
conducted over a Pt/CeO, and a Pt/TiO, catalyst. The data
over both catalysts have been modeled by a rate equation
based on a dual-site reaction mechanism where CO and H,
chemisorb on the platinum particles and H,O and CO, on
the support. The reaction takes place at the interface of the
particles and the support. Regression analysis of the two
data sets showed that the van ‘t Hoff equilibrium param-
eters correspond to physical realistic values for chemi-
sorption of CO and H; on platinum. The chemisorption of
H,0 and CO, on the two supports have been studied by
TPD experiments. Simulation of the TPD spectra have
been carried out to facilitate their interpretation and to
compare the sorption parameters with those from the
kinetic modeling of the steady-state data. The results of
both methods are in reasonable good agreement, although
not all the features of the water chemisorption on the two
supports have been clarified. The model is also able to

explain the better activity of the Pt/TiO, catalyst compared
to Pt/CeO, in terms of the difference in CO, and H,O
sorption on the two supports. These results confirm a dual-
site reaction mechanism and give an idea of the complexity
of the WGS reaction, in particular concerning the activa-
tion of water on the support.
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