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b Max Planck Institute for Dynamics of Complex Technical Systems, Sandtorstrasse 1, D-39106 Magdeburg, Germany

Received 11 September 2007; received in revised form 2 November 2007; accepted 5 November 2007
Available online 26 November 2007

bstract

The interaction of carbon monoxide with Fe2O3–Ce0.5Zr0.5O2 was investigated by the adsorption investigation under isothermal CO/H2 exposure
nd temperature-programmed desorption (TPD), as well as by in-situ diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS), in
rder to understand the carbon monoxide formation during the cyclic water gas shift reaction. When the Fe2O3–Ce0.5Zr0.5O2 catalyst was exposed
o a mixture of CO and H2, the majority of the surface species depicted by the DRIFT analysis were associated with carbonates. The carbonates
ere essentially stable in a He atmosphere at temperatures ranging from 60 to 450 ◦C. An increase in the temperature leads to the conversion of

he carbonates, where the oxygen comes from the catalyst lattice. Investigations carried out using a H2O/He mixture showed that carbon oxides
ere produced during the interconversion of carbonate species on the catalyst surface with steam. The main gas component produced during the
PD of an Fe2O3–Ce0.5Zr0.5O2 catalyst in the temperature interval of 60–500 ◦C was carbon dioxide. The amount of carbon oxides produced

ecreased at elevated temperatures. The steady-state isotopic C18O experiments revealed that the Boudouard reaction occurred at temperatures
igher than 350 ◦C. The carbon deposits which were formed on the catalyst surface during the reduction step through the Boudouard reaction led
o CO formation during the successive re-oxidation step.

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

During the last two decades, the direct utilisation of hydrogen
s clean fuel or as feed for producing other fuels and com-
odities has become a percipient alternative to the utilisation

f non-regenerative fossil energy [1]. Hydrogen is expected to
lay a major role as a carbon-free energy carrier in the future.
lthough it can be burnt without CO2 emissions also in tradi-

ional internal combustion engines, the utilisation of hydrogen
n fuel cells is especially advantageous, as fuel cells work at a
igh efficiency and without emitting any toxic emissions. Today,
n an industrial scale, H2 is produced from hydrocarbon fuels

r alcohols by reforming processes. The product streams of a
eforming process typically contain mixtures of H2, CO, CO2
nd H2O. However, high-purity, CO-free hydrogen is needed for

∗ Corresponding author. Tel.: +49 391 6110 318; fax: +49 391 6110 566.
E-mail address: rihko@mpi-magdeburg.mpg.de (L.K. Rihko-Struckmann).
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he operation of a low-temperature polymer electrolyte mem-
rane fuel cell (PEM-FC) [1]. The CO level in the hydrogen
as mixture has to be reduced below 20 ppm in order to avoid
evere poisoning of the catalyst at the fuel cell electrodes [1–4].
O-free H2 can be produced by a multi-step purification process

hat includes two water-gas shift reactors coupled, either, with a
referential oxidation or a methanation reactor for the final step
f the CO removal [1,2].

The cyclic water gas shift (CWGS) reactor concedes as
n alternative to the conventional technologies applied for the
urification of H2 by removing CO [5–11]. This process can
e carried out in one single reactor without any additional gas
ost-processing steps. The process is based upon repeated iron
xide reduction/re-oxidation cycles. During the reduction phase
f each cycle, CO reduces the iron oxide Fe3O4 to an iron com-

ound in its lower oxidation state, FeOx, according to Eq. (1).
uring the re-oxidation phase, steam oxidizes FeOx, and simul-

aneously, H2 is produced according to Eq. (2). The gas product
rom the re-oxidation phase contains a mixture of H2 and H2O

mailto:rihko@mpi-magdeburg.mpg.de
dx.doi.org/10.1016/j.molcata.2007.11.016
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nd can, therefore, be directly supplied to a PEMFC. The overall
eaction for this process is the water gas shift reaction indicated
y Eq. (3).

hase I : (4 − 3x)CO + Fe3O4 ⇔ (4 − 3x)CO2 + 3FeOx,

ΔRH < 0 (1)

hase II : (4 − 3x)H2O + 3FeOx ⇔ (4 − 3x)H2+Fe3O4,

ΔRH > 0 (2)

verall : CO + H2O ⇔ CO2 + H2, ΔRH < 0 (3)

As a whole, this scheme can be seen as a mediated water
as shift reaction, where the CO reducing phase and the H2
roduction phase are decoupled in time and use iron oxide mate-
ial as a mediator that is able to store oxygen. This enables
he simple and complete removal of CO from any syngas
eed.

The deactivation of the iron oxide material and the decrease
f the oxygen exchange capacity over time are the main chal-
enges in the CWGS process. The most critical issue for the
verall economic viability of a CWGS process is the ability of
he oxygen storage material that is needed to regain its high
ctivity during the repeated reduction/re-oxidation cycles. An
mportant factor for iron-oxide deactivation during the CWGS
eaction was found to be the material sintering. This factor can
e mitigated by decreasing the operation temperature and by
dding a promoter to the iron oxide. We investigated the deac-
ivation of iron oxide material in detail in our earlier work and
etermined the optimal composition between the iron oxide and
he promoter Ce0.5Zr0.5O2 [12]. Another crucial parameter with
egards to the CWGS process feasibility is the CO concentra-
ion of the H2 stream produced during the re-oxidation phase.
arbonaceous deposits can be formed on the catalyst surface
uring the reduction step (Eq. (1)) by means of the Boudouard
eaction (4). Such an occurrence leads to the formation of CO by
he reaction that takes place during the successive re-oxidation
tep, as according to Eq. (5):

CO ↔ C + CO2 (4)

+ H2O ↔ CO + H2 (5)

The mechanism behind the interaction of CO with the
e2O3–Ce0.5Zr0.5O2 catalyst has not been completely declared.

For the above reasons, the present work was focused
n exploring the interaction between the CO and the
e2O3–Ce0.5Zr0.5O2 catalyst by the adsorption investigations
nder isothermal CO/H2 exposure and temperature programmed
esorption (TPR), isotope exchange investigations and in-
itu diffuse-reflectance infrared Fourier transform spectroscopy
DRIFT).
. Experimental

The preparation of the Fe2O3–Ce0.5Zr0.5O2 oxide material
sed in this study is described in detail in our previous pub-
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ications [5–7,12]. Therefore, it is only briefly described here.
he material was synthesised by urea hydrolysis according to

13,14] whereby the mixed metal salt solution (0.1 M) had been
dded to a 0.4 M solution of urea (99.0%, Fluka) with a salt
o urea solution ratio of 2:1 (v/v). This mixture was mixed at
00 ◦C for 24 h. After the suspension had been cooled to room
emperature, the solid product was separated from the solution.
he solid product was washed with ethanol and dried overnight

n an oven at 110 ◦C. Finally, the prepared Fe2O3–Ce0.5Zr0.5O2
ere calcinated at 800 ◦C. In our previous studies, the optimal
olar ratio between Fe2O3 and the promoter Ce0.5Zr0.5O2 was

ound to be 80/20 [12]. Hence, this oxide ratio was applied to
ll investigations undertaken in the present paper, and the noti-
cation of Fe2O3–Ce0.5Zr0.5O2 refers to this material with the
bove mentioned molar ratio.

The Brunauer–Emmett–Teller (BET) surface area was deter-
ined by N2 adsorption at 77 K using a Quantachrom

nstruments NOVA 2000e Analyzer (Quantachrom GmbH, Ger-
any). Prior to the analysis, the samples were outgassed at

50 ◦C for 4 h to eliminate any volatile adsorbents present on
he surface. The surface area was calculated from five adsorption
sotherm points obtained for various relative nitrogen pressures
p/p0) in the range of between 0.05 and 0.3.

The phase analysis of the Fe2O3–Ce0.5Zr0.5O2 was per-
ormed using X’Pert Pro powder XRD, equipped with an
’celerator detector (Panalytical GmbH, Germany) that uses
u K� radiation. The powder patterns were collected in a 2θ

can range from 10◦ to 80◦ with a step of 0.017◦ and a 30-s
ounting time at each angle. The samples were prepared on the
ackground free silicon single crystal disks.

The adsorption studies under the isothermal exposure of
O/H2, as well as the temperature programmed desorption

TPD) investigations, were carried out with the BELCAT
ow apparatus (Rubotherm GmbH, Germany). The isothermal
dsorption study with CO was carried out prior to the classical
PD. The sample (250 mg) was placed in a U-shaped quartz

eactor and treated with a flow of He at 400 ◦C for 2 h, after
hich the temperature was gradually lowered to the respective
peration temperature under a continuous He flow. The isother-
al exposure of CO was investigated at temperatures of 60, 150,

50 and 350 ◦C over a period of 25 min, while, each time, apply-
ng a gas mixture of CO/H2/He with a corresponding molar ratio
f 1/2/25. While applying the gas mixture, the composition of
he reactor effluent was monitored on-line using the mass spec-
rometer Agilent 5973 Network Mass Selective Detector. The

S signals with m/z value of 2 (H2), 14 (H2O), 28 (CO) and
4 (CO2) were continuously recorded. The CO peaks were cor-
ected due to the fragmentation of CO2 (CO2 → CO + O) in the
pectrometer.

After an adsorption measurement which was carried out
sothermally, the sample was subsequently cooled to room tem-
erature under a He flow, and the remaining gaseous CO was
wept out of the system. The temperature programmed desorp-

ion was, then, carried out by raising the temperature linearly
ith a rate of 30 ◦C/min under the a continuous flow of He.
uring the TPD, the composition of the reactor effluent was
onitored on-line using the MS.
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C18O isotope exchange experiments were conducted in order
o declare the disproportionation (Boudouard reaction) of CO
uring the CO treatments. A 99.8% isotopically pure C18O was
btained from Aldrich, Germany. During the isotope exchange
xperiments, the MS signals located at m/z = 30 (C18O), 46
C16O18O), and 48 (C18O18O) were continuously recorded.

Diffuse-reflectance FTIR spectra were collected using a
mart collector and a high temperature Environmental Cham-
er that was equipped with ZnSe windows (both being from
hermo Electron GmbH, Germany). The FTIR analyzer used

n the experiments was a Nicolet 6700 that was equipped with
Ge/KBr beamsplitter and a DLaTGS detector (Thermo Elec-

ron GmbH, Germany). The stainless steel gas lines (He, CO,
2) were connected to the cell. When H2O was added, the H2O

ontent was 2.20 vol.% as it was obtained by saturating the He
tream with distilled H2O at 22 ◦C.

Initially, the catalyst was pre-treated at 450 ◦C for 60 min
nder a He flow. The sample was then exposed to a CO/H2
ixture (5/10 vol.%), and IR spectra were recorded at tempera-

ures of 60, 150, 250 and 350 ◦C. The presented IR spectra were
lways recorded against the backgrounds that had been collected
mmediately prior to the gas exposure at the respective experi-

ental temperature under the continuous flow of He. In order to
chieve a good signal-to-noise ratio, a co-addition of 50 scans
t the resolution of 4 cm−1 were recorded. The changes in the
RIFT spectra were recorded for 5–20 min while exposing the

atalyst to a mixture of CO and H2 in He at the total flow rate of
0 ml/min at each temperature. Subsequently, the samples were
urged with He at the operation temperature. The spectra were
ollected both during the CO/H2 treatment and during the He
urging.

The activity tests for the reduction and re-oxidation of the
e2O3–Ce0.5Zr0.5O2 catalyst were carried out in a packed bed
uartz tube reactor (i.d. 10 mm). Typically, 250 mg of the cata-
yst were packed between the layers of quartz wool. The reactor

as placed in an electrical furnace equipped with K-type ther-
ocouples. The temperature of the catalyst bed was measured

y thermocouples that had been fixed to the inside and outside
f the reactor tube at the position of the catalyst bed.

Fig. 1. X-ray diffractograms of Fe2O3–Ce0.5Zr0.5O2.

3

d
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The reduction phase of one cycle was performed by gas mix-
ures containing a mixture of CO (20 vol.%) and H2 (40 vol.%)
n He.

Before one re-oxidation phase with steam was started, the H2
nd CO in the lines were removed by purging the system with He
or 5 min. Subsequently, the re-oxidation of the reduced catalysts
y steam (75 vol.% in He) (phase II of the process cycle) was
erformed at a flow rate of 120 ml/min. The concentration of
he reagents and products was continuously monitored using
he Agilent 5973 Network Mass Selective Detector.

. Results and discussion

.1. Textural and structural properties of 80 wt.%
e2O3–Ce0.5Zr0.5O2

X-ray diffractograms of Fe2O3–Ce0.5Zr0.5O2 are shown in
ig. 1. The samples yielded characteristic reflections that corre-
ponded either to Fe2O3 or a cubic structure of a ceria–zirconia
olid solution. Furthermore, the XRD analysis of the sam-
les revealed that no binary compounds were formed between
he Fe-oxides and Ce-oxides. FeCeO3 compounds with their
erium ions in the Ce3+ state were identified neither in the fresh
e2O3–Ce0.5Zr0.5O2 samples, nor in the re-oxidized samples,
fter several redox cycles. The particle diameter calculated by
he standard XRD line broadening method was 30 nm.

Fig. 2 presents a scanning electron microscopy (SEM) image
f the used Fe2O3–Ce0.5Zr0.5O2 material. The particles detected
n the SEM images have the same average size, which had
een calculated by the XRD line broadening method. The parti-
les exhibit relatively well-defined spherical-like grains. Some
f those grains are overlapping due to the sintering effect that
as been discussed in more detail in our previous paper [12].
he BET surface area of the Fe2O3–Ce0.5Zr0.5O2 catalyst was
8 m2/g.
.2. Activity measurements

Fig. 3 illustrates the average amount of hydrogen produced
uring the fifth oxidation phase with steam as the oxidant which

Fig. 2. The SEM images of the Fe2O3–Ce0.5Zr0.5O2.
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ig. 3. The amount of the produced H2 as a function of reaction temperature
uring the fifth redox cycle with the Fe2O3–Ce0.5Zr0.5O2.

s carried out after four complete redox cycles with a reduc-
ng gas mixture of 40 vol.% of H2 and 20 vol.% of CO in He
reduction phase) and steam (oxidation phase). The illustration
hows the amount of hydrogen at seven investigated temper-
tures between 200 and 600 ◦C. As can be seen in Fig. 3, a
emperature increase elevated the amount of produced hydro-
en. As discussed above, a re-oxidation reaction using steam
refer to Eq. (2)) does not produce any carbon oxides. How-
ver, carbon oxides can be released from the catalyst surface
ue to the possible steam gasification of chemically adsorbed
arbon species on the surface. These species could be formed
uring the preceding catalyst reduction phase taking place with
he presence of CO and H2. The rate of formation of the CO and
O2 during one re-oxidation period (about 70 s) is presented in
ig. 4. As can be seen in this figure, the rate of formation of CO
nd CO2 decreases with increasing temperature, and at equal
e-oxidation times, the rate of CO2 formation was significantly
igher than that of CO. Furthermore, it should be mentioned that
t the temperature of 500 ◦C and above, the rate of CO forma-
ion was always below 1 �mol/(min g). The oxygen conversion
egree, describing the extent of the reduction, calculated as a
atio of the amount of produced CO2 and H2O and the amount
f theoretically removable oxygen in Fe2O3 and CeO2 as defined
n Eq. (6):

O2 = NH2O + 2NCO2

3NFe2O3 + 0.5NCeO2

(6)

as never higher than 15% in the investigations presented
n Fig. 4, even at the highest temperature of 600 ◦C. From
ur earlier studies, we could conclude that the formation of
he undesired CO in successive re-oxidation phases of the
WGS reaction operated at a temperature higher than 600 ◦C
epends upon the oxygen conversion degree (Eq. (6)) [6]. There-
ore, additional experiments were carried out at 600 ◦C with

xtremely high oxygen conversion degrees (>80%). In this case,
he main carbon oxide product during re-oxidation was CO (not
hown here). As concluded in [6], the oxygen conversion should
e kept below 60% in order to avoid remarkable carbon depo-

w
s
w
i

ig. 4. The rate of the produced (A) carbon monoxide and (B) carbon dioxide
s a function of reaction temperature during the re-oxidation period with the
e2O3–Ce0.5Zr0.5O2.

ition on the catalyst surface during the reduction phase, and
n such a way to guarantee a low content of CO (<30 ppm) in
he hydrogen gas produced during the successive re-oxidation
hase.

.3. Isothermal CO/H2 exposure

The adsorption of CO and H2 on the Fe2O3–Ce0.5Zr0.5O2
atalyst was investigated at temperatures of 60, 150, 250 and
50 ◦C. Initially, the catalyst was treated with He, and the
ynamic change of the reactor outlet concentrations of CO and
O2 were detected on-line after switching the system to the
O/H2 exposure. Fig. 5 illustrates the flow rates of CO and the
roduced CO2 at the reactor outlet during one adsorption exper-
ment. At the temperature of 60 ◦C, the material was not likely
eacting to a larger extent with the gases as immediately after
witching the system to CO/H2 exposure a constant flow of CO

as detected in the reactor outlet, aside from the continuous

tream of H2 (see Fig. 5A). At 150 ◦C, the formation of CO2
as also detected as a small, tailing peak appeared after switch-

ng the system to the CO/H2 exposure. The formation of CO2
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ig. 5. The observed rate of CO at the reactor outlet during the isothermal
e2O3–Ce0.5Zr0.5O2 catalyst at temperatures of: (A) 60 ◦C; (B) 150 ◦C; (C) 250

ncreased considerably as a function of temperature, as can espe-
ially be seen in Fig. 5C and D for the temperatures of 250◦ and
50 ◦C. At 350 ◦C, the rate of CO2 formation shortly exceeded
he flow rate of CO in the outlet.

.4. Temperature-programmed desorption of CO

After the isothermal CO/H2 exposure investigations, the sam-
les were cooled to room temperature, and the TPD experiments
ere subsequently conducted on the same samples. Fig. 6 illus-

rates the rate of CO release after the isothermal CO/H2 exposure
f the Fe2O3–Ce0.5Zr0.5O2 catalyst at temperatures 60, 150, 250
nd 350 ◦C during a TPD experiment. When the CO exposure
as carried out at 60 ◦C, CO2 was the major product which
esorbed within the temperature range of 150–400 ◦C, having a
aximal desorption rate at 240 ◦C. During the same experiment,
scarcely detectable amount of CO was evolved at 210 ◦C. With

he CO exposure at 150 ◦C, a distinctly larger amount of CO2
as released with its desorption maximum being detected at

temperature of 290 ◦C, whereas a weak CO desorption peak
as detected at 300 ◦C. The most pronounced desorption peaks

or CO and CO2 were observed at the exposure temperature of
50 ◦C. When the exposure temperature was further increased to

w
o
w
r

sure of CO and the rate of CO2 formation in the presence of hydrogen on
(D) 350 ◦C.

50 or 450 ◦C, the amount of desorbed CO2 and CO decreased.
fter an isothermal exposure at 350 ◦C, the CO and CO2 prac-

ically desorbed simultaneously. Furthermore, we would like to
oint out that H2 consumption during the adsorption experiment
as observed only at temperatures higher than 250 ◦C.

.5. Isotope exchange investigation

The CO2 might be formed in the CWGS reaction over two
ossible routes: (a) the CO might be oxidized by oxygen from
he catalyst lattice or (b) the CO disproportionation reaction
Boudouard reaction) might take place on the catalyst under
educing conditions.

In order to enlighten the reactions occurring on the catalyst
urface during CO/H2 exposure, isotope exchange exper-
ments were carried out. The reactions of C18O on the
e2O3–Ce0.5Zr0.5O2 was investigated by the continuous expo-
ure of the catalyst to a 1% C18O gas mixture in He. MS
ignals at m/z = 30 (C18O), 46 (C16O18O), and 48 (C18O18O)

ere recorded during the experiment. No appreciable amount
f C18O18O was detected at temperatures below 350 ◦C, but it
as clearly detected above this temperature. Fig. 7 shows the

eactor outlet concentrations of C18O, C16O18O and C18O18O
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ig. 6. TPD spectra after isothermal adsorption of CO on Fe2O3–Ce0.5Zr0.5O2

O2 desorption (B).

uring the exposure of the catalyst to C18O at 600 ◦C. In this
gure, we could clearly see that the main product at the initial
tage of the experiment was C16O18O and that the consump-
ion of C18O was high. However, during the on-going C18O
xposure, the concentration of C16O18O gradually decreased,
hile the concentration of C18O18O, as well as C18O, increased

ontinuously. The formation of C16O18O is possible when the
atalyst lattice releases oxygen during the reduction phase. The

ormation of C18O18O can clearly be attributed to the Boudouard
eaction (Eq. (4)) that is also responsible for the formation of
arbonaceous deposits on the surface. The group of Sun [15]
bserved a similar phenomenon, where CO2 was detected dur-

t

o
d

st at temperatures 60, 150, 250 and 350 ◦C: rate of CO desorption (A); rate of

ng the isothermal adsorption of CO on a reduced Fe–CuMnZrO2
atalyst at 200 ◦C. It was suggested that carbon monoxide disso-
iation or disproportionation took place on the catalyst surface.
errichon [16] investigated the adsorption of C18O on Fe/A12O3
nd Fe/SiO2 at room temperature by TPD-MS. Two desorp-
ion peaks corresponding to the evolution of C18O at 100 ◦C
nd of C16O at 400 ◦C were obtained. These results showed,
nevitably, that an exchange of oxygen was occurring through

he dissociation of the CO molecule.

Our results confirmed the assumption that CO oxidation is
ccurring with oxygen coming entirely from the catalyst lattice
uring CO exposition at temperatures below 350 ◦C. At tempera-
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ig. 7. Reactor outlet concentration of carbon oxides C18O, C16O18O, and
18O18O during the isotope exchange experiment with Fe2O3–Ce0.5Zr0.5O2.

ures above 350 ◦C, the CO2 is being produced both by oxidation
ith the lattice oxygen, as well as by the dissociation of the CO
olecule on the catalyst surface.

.6. Infrared spectra of CO adsorption

Finally, by DRIFT investigations we wanted to clarify in
etail, which species are accumulated on the surface during CO
nd H2 treatment at various temperatures. Prior to the investi-
ation of the interaction of CO with Fe2O3–Ce0.5Zr0.5O2, the
ntreated sample showed broad peaks attributed to hydroxide
nd carbonate species at wave numbers of 3400 as well as 1640,
550, 1320 cm−1. The sample was then treated in He at a tem-
erature of 400 ◦C for 30 min. The DRIFT analysis which was
ecorded during the thermal treatment showed that a significant
mount of H2O was removed from the Fe2O3–Ce0.5Zr0.5O2 and
he carbonate species were converted to CO2 (not shown here).

When the Fe2O3–Ce0.5Zr0.5O2 was treated isothermally with
mixture of CO and H2 at temperatures of 60, 250 and 350 ◦C,

ignals at wave numbers of 1290, 1570, 2060, 2115, 2172,
337 cm−1 were observed (see Fig. 8). The broad peaks at 1290
nd 1570 cm−1 increased monotonically during the adsorption
ime (see Fig. 8A). The IR band between 1200 and 1700 cm−1

s assumed to be the result of various carbonaceous species
dsorbed on the material [17]. At higher temperatures (from 250
o 350 ◦C), the clearly observable peaks at 2337 and 2361 cm−1

ould be attributed to the formation of gaseous CO2. In lit-
rature, it has been reported that CO adsorbs on the surface
f Au/Fe2O3 catalysts and forms carbonate species that, then,
ndergo hydrogenation to produce carbonate (–CO3

2−) or bicar-
onate (–HCO3

−) [17,18]. However, bicarbonates are stable
nly at temperatures below 130 ◦C [17–19], and they are com-
letely decomposed at temperatures above 200 ◦C [17–19]. The
roup of Trovarelli recently reported that the carbonate species
re stable on the Ce–Zr mixed oxides during the cyclic oxida-

ion of CO at temperatures higher than 300 ◦C [20]. Hilaire et
l. reported that some carbonate species can block reaction sites
uring WGS over ceria support catalysts at a temperature of
00 ◦C [21]. In our investigations, the peaks at 2060, 2115 and

i
l
d
a

ig. 8. DRIFT spectra recorded during CO and H2 exposure on the
e2O3–Ce0.5Zr0.5O2 at temperatures (A) 60 ◦C; (B) 250 ◦C; (C) 350 ◦C.

172 cm−1 can be attributed either to the adsorbed CO, or to the
aseous CO. Those peaks did not change considerably during
he exposure. However, during the exposure at the temperature
f 350 ◦C, a peak at 2060 cm−1 was not observed (Fig. 8C). The
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t temperatures of 250 and 350 ◦C, and they were found to
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nd H2 exposure showed obvious changes in the background,
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retreated with CO and H2 for a period of 15 min. After that, the
RIFT spectra were recorded during the exposure of 2.2 vol.%
f H2O in He (Fig. 11). Two carbon dioxide peaks, having max-
ma at 2340 and 2370 cm−1, appeared as a result of H2O and
ydroxyl group interconversions with the adsorbed carbonates.
he carbonate species were removed from the surface of the
ample after a 4 min H2O exposure.

. Conclusions
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roduct being produced was carbon dioxide. The amount of
roduced carbon oxides decreased with elevated temperatures.

The data obtained from isotopic exchange investigations
evealed inevitably that the Boudouard reaction is occurring
t temperatures higher than 350 ◦C. The carbonaceous mate-
ial produced by this reaction on the catalyst surface, then,
eads to the formation of CO during successive re-oxidation
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