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This work addresses the oxidation of CO under oxygen-rich conditions using a Fe2O3 model catalyst.
Based on in situ DRIFTS studies, isotopic labeling, and kinetic examinations performed in a gradient-
free loop reactor an Eley–Rideal type mechanism is postulated. This mechanism includes the dissociative
adsorption of O2 on active Fe sites, followed by reaction of surface oxygen with gaseous CO, producing
CO2. Furthermore, a mean field model is constructed for numeric modeling and simulation of the CO
oxidation, as well as calculation of the Fe2O3 surface coverage. The kinetic model represents a network
of six elementary reactions using Arrhenius-based rate expressions. The comparison between measured
and calculated data shows that the model describes the experiments well. Kinetic parameters for the
elementary reactions are obtained from the literature or by fitting calculations. To reduce the number of
free parameters, the patterns of O2 TPD and CO2 TPD are modeled numerically. To validate the model,
the kinetic parameters are used to simulate catalytic data, which agree fairly well with the corresponding
experimental results. The reaction of surface oxygen species with gas-phase CO is considered to be the
rate-determining step in CO oxidation on an Fe2O3 catalyst. In addition, the thermodynamic consistency
of the kinetic parameters is proven.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Diesel engines exhibit the highest efficiency for automotive ap-
plications. As a consequence, their low fuel consumption leads to a
reduced production of the greenhouse gas CO2. However, a serious
constraint of diesel engines is the emission of air pollutants, in-
cluding hydrocarbons (HC), carbon monoxide (CO), nitrogen oxides
(NOx), and soot [1]. Several after-treatment techniques for remov-
ing these pollutants from the oxygen-rich diesel exhaust have been
developed [2,3]. The use of diesel particulate filters (DPFs) to de-
crease soot emissions has been studied. In such systems, the soot
is mechanically separated from the exhaust stream. The accumula-
tion of the soot necessitates a regeneration process, however. This
regeneration can be performed discontinuously by increasing tem-
perature through the postinjection of fuel combined with oxidation
of the resulting unburned hydrocarbons and CO on a Pt precata-
lyst [4]. In addition, the ignition temperature of the soot can be
lowered by the introduction of a cerium- or iron-containing fuel
additive [4] or by a catalyst coated onto the DPF substrate, such
as Pt or CeO2 [5]. The continuous regeneration of DPF systems is
provided by the continuously regenerating trap (CRT) technique, in
which soot conversion is initiated by the strong oxidant NO2 [6,7].
The required NO2 is produced by oxidation of NO on a Pt precata-
lyst.
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The use of selective catalytic reduction (SCR) and NOx stor-
age reduction (NSR) catalysts for the removal of NOx from diesel
exhaust has been studied. The NSR procedure is based on the pe-
riodic adsorption and reduction of NOx [8–10]; the catalysts con-
sist of precious metals, primarily Pt, as well as basic adsorbents,
such as Al2O3 and BaCO3. The platinum component supports the
oxidation of NO into NO2, which is subsequently stored by the ad-
sorbents. When the storage capacity is reached, rich exhaust condi-
tions are established momentarily by engine management systems,
in which NOx desorbs from the substrate and is reduced by H2,
CO, and hydrocarbons on the precious metals. A disadvantage of
the NSR technique is the susceptibility of the basic adsorbents to
sulfur poisoning [11]. In the SCR technique, NOx is continuously re-
duced by NH3 on TiO2-supported WO3/V2O5 catalysts, resulting in
the selective formation of nitrogen [12,13]. The ammonia required
for SCR can be produced on board by hydrolysis of nonhazardous
urea, which is stored in another tank. But a disadvantage of the
SCR procedure is the toxic nature of the V2O5 component; thus,
harmless catalytic systems with promising SCR performance (e.g.,
the zeolite Fe-ZSM5) have been developed [14,15].

In contrast to soot and NOx the pollutants HC and CO can be
simply converted in the oxygen-rich diesel exhaust by using Pt
or Pd oxidation catalysts [2]. The mechanism and kinetics of the
catalytic oxidation of HC and CO on Pt have been investigated
in depth by several groups [16–18]. Furthermore, numerous stud-
ies on nanosized Au catalysts useful for CO oxidation have been
published [19], which demonstrate that these materials have in-
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sufficient thermal stability for practical applications. In addition,
some iron-containing oxides also have been reported to be ef-
fective in CO oxidation, either as a catalyst (e.g., LaFeO3 [20],
LaFe1−x(Cu,Pd)xO3 [21], Fe2O3/Cr2O3/Al2O3 [22], Fe2O3/SiO2 [23])
or as a support (e.g., Au/Fe2O3 [24], Pd/Fe3O4 [25]). Little detail
is available on the CO oxidation on Fe2O3 based catalysts, how-
ever. Consequently, the aim of the present work was to study the
mechanism and kinetics of the oxidation of CO in an excess of O2
using a α-Fe2O3 catalyst; α-Fe2O3 was used as the model sample
to exclude interactions of the active sites with a specific support.
Based on the mechanistic and kinetic examinations, a kinetic mean
field model was constructed to provide insight into the reactions
occurring on the surface of Fe2O3. The mechanistic examinations
were carried out using both isotopic labeling and in situ diffuse-
reflectance infrared Fourier transform spectroscopy (DRIFTS). The
kinetic studies were performed with a gradient-free loop reactor,
and temperature-programmed desorption of O2 (O2 TPD) and CO2
(CO2 TPD) was conducted to obtain independent kinetic parame-
ters. Finally, for model validation, some simulations were carried
out and thermodynamic consistency was proven as well.

2. Experimental

2.1. Catalyst preparation and characterisation

The Fe2O3 catalyst was synthesized by the polyvinyl alcohol
method as described previously [26], with final calcination in
air at 600 ◦C for 5 h. The catalyst was characterized by pow-
der X-ray diffraction (PXRD), N2 physisorption, and temperature-
programmed reduction by H2 (HTPR). The PXRD analysis was per-
formed at room temperature on a Siemens D 501 with a Ni-filtered
CuKα radiation source and a rotating sample holder. N2 physisorp-
tion was conducted with a Porotec Sorptomatic 1990. The sample
was pretreated at 350 ◦C for 2 h in vacuum (10−4 mbar) and
cooled to −196 ◦C, after which the N2 isotherm was recorded.
The BET surface area (SBET) was derived from the adsorption data
recorded at p/p0 ratios of 0.05–0.30.

In HTPR, 29 mg of catalyst powder (according to 20 mg of Fe)
was charged into the quartz glass tube reactor (6 mm i.d.) and
fixed with quartz wool. Then the reaction mixture (5 vol% H2,
95 vol% N2) was added at a flow of 100 ml/min (STP), and the
temperature was increased linearly to 900 ◦C at a rate of 20 K/min.
The temperature was monitored by a K-type thermocouple located
directly in front of the sample. The concentration of H2 was mea-
sured continuously with a Shimadzu thermoconductivity detector.
For the specific detection of H2, the water formed was removed by
passing the reactor effluents through a cold trap (−50 ◦C).

2.2. TPD studies

For CO2 TPD and O2 TPD, the catalyst was in granular form, to
avoid discharge. The sample was pressed into pellets at a pressure
of 40 MPa, granulated, and sieved to a size of 125–250 μm. Be-
fore TPD, the catalyst was pretreated in an N2 flow at 500 ◦C for
30 min, to eliminate possible impurities and obtain reproducible
conditions. Then it was cooled to 200 ◦C, at which point CO2 or O2
exposure was initiated. After saturation, the catalyst was flushed
with N2, and the temperature was increased linearly at a rate (β)

of 10 K/min. In TPD studies, the total gas flow was maintained
at 500 ml/min (STP) while the temperature was monitored by a
K-type thermocouple installed directly in front of the sample.

CO2 TPD was performed with 1.60 g of Fe2O3 in a quartz glass
tube (11 mm i.d.), whereas exposure to CO2 was done using a
gas mixture of 2 vol% CO2 and 98 vol% N2 (Air Liquide). CO2 was
monitored by nondispersive infrared spectroscopy (NDIR) using a
Fischer–Rosemount BINOS 5 spectroscope.
O2 TPD was carried out with a catalyst mass of 15 g in a quartz
glass tube (22 mm i.d.). In O2 exposure, a blend of 2 vol% O2 and
98 vol% N2 (Air Liquide) was obtained. O2 was analysed by chemi-
cal ionisation mass spectrometry (CIMS) using a V&F Airsense 500
spectrometer.

2.3. Kinetic studies

For kinetic studies, a commercial cordierite honeycomb (400
cpsi, d = 10 mm, l = 30 mm) was coated with the Fe2O3 catalyst.
The substrate was dipped into a slurry of 1 g of grinded Fe2O3
(d < 32 μm) and 20 ml of water, then heated to 450 ◦C for 3 h in
air. This procedure was repeated several times until a loading of
220 g/l was obtained, corresponding to 500 mg Fe2O3.

The kinetic studies were performed using a gradient-free loop
reactor with an external gas cycle. The Fe2O3-coated honeycomb
is packed into an 11-mm-i.d. quartz glass tube, fixed with quartz
wool, and pretreated at 500 ◦C in O2 flow for 15 min and then
for another 15 min in N2. Then the temperature in the N2 flow
was decreased to 230 ◦C, at which point the feed was added. The
reaction mixture was a blend of the pure components (Air Liq-
uide) dosed from independent flow controllers (MKS Instruments).
The feed consisted of 400–7000 ppm CO, 6.0–99.3 vol% O2, and
balance N2. The total volume flow was 400 ml/min (STP), with a
recycling ratio, ψ (ψ = F loop/Fout), of 110. The temperature was
monitored by two K-type thermocouples located directly in front
of and behind the honeycomb; the maximum difference of the in-
let and outlet temperatures was found to be 10 K. CO and CO2
were monitored by NDIR (Binos 1.2 for CO and Binos 4b.1 for CO2,
Leybold-Heraeus), and O2 was detected with a magnetomechanic
analyser (Magnos 6G, Hartmann & Braun). The reactor effluents
were recorded after steady state was achieved.

In addition, for model validation, CO2 also was dosed, in vary-
ing amounts. These experiments were conducted in an 11-mm-i.d.
quartz glass tube reactor, which represented a plug–flow reactor.
The total flow was 500 ml/min (STP), and the feed consisted of
7000 ppm CO, 20 vol% O2, 0–79.3 vol% CO2, and balance N2 (Air
Liquide).

Mass transfer limitations, which possibly could result from film
and pore diffusion, were excluded by estimating the Mears and
Weisz criteria [27].

2.4. Isotopic labeling

The isotopic studies were performed with 18O2-labeled oxygen
(Linde). The quartz glass tube reactor (11 mm i.d.) was charged
with Fe2O3 granules (320 mg), after which the same pretreatment
as described for the kinetic experiments was carried out. After
cooling to 260 ◦C in N2 flow, the feed, containing 470 ppm C16O,
3000 ppm 18O2 (Linde), and balance N2, was added (500 ml/min;
STP). The effluent was measured by CIMS.

2.5. DRIFTS studies

The surface species formed in the CO oxidation on Fe2O3 cata-
lyst were studied by DRIFTS, using a Nicolet 5700 FTIR spectrome-
ter (Thermo Electron) equipped with an MCT detector and DRIFTS
optics (Thermo Mattson). The stainless steel IR cell had a KBr win-
dow and was connected to a gas-handling system. The spectra
were recorded at 1000–4000 cm−1 with an instrument resolution
of 2 cm−1. A total of 250 scans per spectrum were accumulated,
for a time resolution of 3 min. The temperature of the sample was
monitored by a K-type thermocouple placed 2 mm underneath the
crucible surface. During the measurements, both the spectrometer
and the DRIFTS optics were purged with nitrogen, to avoid air dif-
fusion into the system. Over 24 h, the spectrum of the fresh sample
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did not change, and the baseline remained constant. Before the
analyses, the Fe2O3 powder was charged into the sample holder of
the cell and heated for 10 min at 500 ◦C in N2 flow (500 ml/min,
STP). After cooling to 200 ◦C or 50 ◦C, background scans were col-
lected in the N2 flow. A fresh sample, with its specific background,
was used for each DRIFTS experiment. An in situ study of CO oxi-
dation on Fe2O3 was performed at 200 ◦C by passing a mixture of
7000 ppm CO, 6 vol% O2, and balance N2 through the cell. Spectra
were recorded after reaction times of 10 and 20 min, and then a fi-
nal spectrum was collected after flushing with N2. In addition, the
catalyst was exposed to a mixture of 7000 ppm CO and 99.3 vol%
N2 at 50 and 200 ◦C, respectively, for 10 min. The DRIFTS spectra
are presented in terms of the Kubelka–Munk transformation, de-
fined as F (R) = (1 − R)2/(2R), with R = Rs/Rr , where Rs is the
reflectance of the reacted catalyst and Rr is that of the unreacted
catalyst.

2.6. Estimation of the sticking coefficient of CO2

Due to the lack of appropriate literature data, the sticking coef-
ficient of CO2 on the uncovered Fe2O3 catalyst (S0) was estimated
experimentally. The sticking coefficient is important for describing
the kinetics of the adsorption of CO2 on the catalyst and repre-
sents a probability factor; it is the ratio of the number of adsorb-
ing species to the number of species exposed to the surface [28].
The experiment was performed similar to CO2 TPD; that is, after
heating at 500 ◦C and cooling to 200 ◦C in N2, the catalyst was ex-
posed to CO2. The carbon dioxide uptake was determined from the
trace of CO2, whereas the calculation refers to the range of zero
to ca. 30% coverage, taking about 38 s. The total amount of CO2
exposed to the catalyst was calculated based on the time of ad-
sorption, inlet concentration, and flow.

3. Results and discussion

3.1. Catalyst characterisation

The HTPR and PXRD patterns show that the catalyst represents
α-Fe2O3. The HTPR profile reveals both a low-temperature signal
(400 ◦C) and a high-temperature signal (430–820 ◦C), whereas the
high-temperature to low-temperature peak area ratio was found to
be 8, associated with the reduction sequence Fe2O3 → Fe3O4 →
Fe [29]. In addition, the total conversion of H2 closely reflected the
molar amount of Fe3+ used, that is, a ratio of H2 consumed to
Fe consumed of 1.5. All of the reflexes obtained in PXRD can be
assigned to α-Fe2O3 (ICDD-PDF No. 01-089-0599). The BET surface
area was determined to be 15 m2/g.

The O2 TPD profile, shown in Fig. 1, exhibits a very weak
signal at about 320 ◦C and a prominent maximum at 745 ◦C,
with a shoulder at 870 ◦C. The total amount of O2 desorbed was
0.16 μmol/m2, denoted as atomic oxygen. Fig. 2 shows the CO2
TPD pattern, with a single peak at 270 ◦C. The amount of CO2 re-
leased, 0.68 μmol/m2, is significantly greater than the amount of
oxygen desorbed in O2 TPD.

3.2. Mechanism and kinetics of catalytic CO oxidation on Fe2O3

The effect of O2 and temperature on the kinetics of the CO ox-
idation on the Fe2O3 catalyst is shown in Fig. 3. The studies were
performed with the gradient-free loop reactor at an inlet CO con-
centration of 7000 ppm, covering a broad range of O2 content,
which provided a substantial database for the kinetic model. As
expected, the conversion of CO increased throughout the entire
temperature range with increasing O2 concentration; the effect of
O2 is considered rather weak, however. For instance, at 200 ◦C, the
CO2 yield was 22% with 6.0 vol% O2; it was only slightly higher
Fig. 1. O2 TPD pattern of the Fe2O3 catalyst after exposure to O2 at 200 ◦C. Condi-
tions: m = 15 g, F (N2) = 500 ml/min (STP), β = 10 K/min; catalyst is used in form
of granules.

Fig. 2. CO2 TPD pattern of the Fe2O3 catalyst after exposure to CO2 at 200 ◦C. Condi-
tions: m = 1.6 g, F (N2) = 500 ml/min (STP), β = 10 K/min; catalyst is used in form
of granules.

Fig. 3. Effect of O2 on the formation of CO2 in CO oxidation on the Fe2O3 catalyst
(6.0 vol% O2 (!), 25 vol% O2 (2), 50 vol% O2 (P), 75 vol% O2 (F), 99.3 vol% O2

(1)). Conditions: m = 500 mg, c(CO) = 7000 ppm, c(O2) = 6.0–99.3 vol%, N2 bal-
ance, F = 400 ml/min (STP), SV = 10,000 h−1, ψ = 110; catalyst is supported by a
honeycomb.

with 25 vol% O2, and was just 37% even with 99.3 vol%. But these
measurements exclude a Langmuir–Hinshelwood type mechanism,
which includes the adsorption of both reactants on the catalyst.
The drastic increase in content of gaseous O2 up to 99.3 vol%
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Fig. 4. Effect of CO on the formation of CO2 on the Fe2O3 catalyst. Conditions:
m = 500 mg, T = 305 ◦C, c(CO) = 400–6200 ppm, c(O2) = 6.0 vol%, N2 balance,
F = 400 ml/min (STP), SV = 10,000 h−1, ψ = 110; catalyst is supported by a hon-
eycomb.

Fig. 5. In situ DRIFT spectrum of the Fe2O3 catalyst exposed at 200 ◦C to a mixture
of 7000 ppm CO and 6.0 vol% O2 balanced by N2 (bottom and inset) and after
subsequent flushing with N2 at same temperature (top).

should then lead to a substantial decrease in CO oxidation due to
displacement of CO from the surface.

Furthermore, the CO concentration varied from 400 to 6000
ppm for a fixed O2 concentration of 6 vol% and a temperature of
305 ◦C. The corresponding results, depicted in Fig. 4, indicates in-
creasing CO2 production with increases in CO.

In the kinetic measurements the mass of carbon is always bal-
anced; that is, the decrease in CO corresponds to the formation
of CO2. Thermodynamic data [30] show that complete CO conver-
sion into CO2 was allowed under the present conditions, providing
evidence of kinetic restriction. Moreover, it should be noted that
no oscillations in CO2 concentration were observed in any of the
experiments, as was reported for the CO oxidation on Pt cata-
lysts [31].

In situ DRIFTS of CO oxidation on Fe2O3 performed at 200 ◦C re-
vealed rotational vibrational bands of the gaseous educt CO (ν(CO),
centred at 2143 cm−1), and the gaseous product CO2 (νas(CO2),
centred at 2349 cm−1) (Fig. 5). No significant difference in the
spectra recorded after 10 and 20 min was seen, indicating steady-
state conditions. In addition, broad DRIFTS bands appeared be-
tween 1250 and 1650 cm−1 (inset of Fig. 5), associated mainly
with CO2−

3 surface species coordinated to iron sites; some CO−
2 also

formed [32,33]. The substantial presence of free carbonate is ex-
cluded, because it was derived from a careful analysis of the bands
Fig. 6. CO oxidation on the Fe2O3 catalyst with 18O2. Conditions: m = 320 mg, T =
260 ◦C, c(CO) = 470 ppm C16O, c(18O2) = 3000 ppm, N2 balance; catalyst is used in
form of granules.

located at 1360 and 1450 cm−1. In accordance with the literature,
these features can be attributed to the νs(CO2) and νas(CO2) vi-
brations of monodentate carbonate complexes. The high intensity
of the former band suggests that the corresponding absorbance
at 1450 cm−1 refers mainly to the same surface species, ruling
out the prominent presence of free carbonate (νas(CO2−

3 )), which
would be expected at about 1450 cm−1 as well. This interpretation
is in fair agreement with the findings of Davydov [33], who also
noted the exclusive formation of coordinated carbonate on Fe2O3.

Moreover, no bands were detected that might be assigned to
CO adsorbed on iron sites; these features would be expected in
the range of 1990–2100 cm−1 [34], and thus they might be su-
perimposed on the band of gaseous CO. But no specific band of
adsorbed CO was found even after the gas-phase species was re-
moved by flushing (Fig. 5). The same result was obtained when the
sample was exposed to the CO/N2 mixture for 10 min at 50 ◦C and
at 200 ◦C, whereas carboxylate and carbonate surface compounds
appeared. This is in line with the findings of Davydov [33] and
Guglielminotti [34], who reported the absence of CO bands on ox-
idised Fe2O3 samples; corresponding features appeared only after
drastic reduction and were related to CO coordinated to Fe2+ and
Fe0 sites [34]. Thus, it is obvious that in the present study, even
exposure to the CO/N2 mixture was not sufficient to achieve sub-
stantial reduction of the Fe2O3 catalyst surface. In contrast, CO was
capable of reacting with the oxidised Fe2O3 surface to form CO−

2

and CO2−
3 species, as indicated earlier. Thus, these DRIFTS studies

demonstrate that CO likely reacted from the gas phase with the
surface oxygen species of the catalyst, without previous adsorption
on Fe sites.

Oxidation of CO on the Fe2O3 catalyst also was evaluated us-
ing labeled gas-phase oxygen (18O2). The results of this isotopic
study carried out at 260 ◦C, shown in Fig. 6, indicate rapid forma-
tion of C16O2 up to a maximum and then remaining at a constant
level. Moreover, C16O18O also was produced immediately and be-
come the major product after ca. 6 min, whereas C18O2 formation
required a certain latency period. In addition, C18O was detected in
minor amounts. Finally, all COx species recorded reached a steady-
state concentration. This feature is characterized as the exchange
of gas-phase and surface oxygen by the surface carbonate species;
that is, in the adsorption/desorption equilibrium, CO2 reacts with
surface oxygen to yield carbonate complexes, and then in subse-
quent desorption, one original oxygen of the CO2 remains on the
surface, and the original surface oxygen desorbs as CO2 [35,36].
Fig. 6 shows that in the beginning of the catalytic conversion,
CO reacted with surface oxygen of the iron oxide to form C16O2
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(Eq. (1)). With increasing reaction time, the surface oxygen (16O)
released was refilled by gas phase 18O2 (Eq. (2)), with ∗ represent-
ing oxygen vacancy, thereby leading to the major production of
C16O18O (Eq. (3)). This implies the successive substitution of the
initial surface oxygen by gas-phase oxygen. Based on the trace of
C16O2 the amount of surface oxygen involved in CO oxidation is
roughly estimated to be 0.87 μmol/m2. This quantity, stated as
atomic O, is close to the abundance of oxygen released in O2 TPD.
Furthermore, the production of C18O2 was related mainly to the
mentioned oxygen exchange on the Fe2O3 surface (Eq. (4)), with
the conversion of C18O with surface 18O possibly contributing to
a minor extent (Eq. (5)). The low formation of C18O might be as-
cribed to the exchange of oxygen in the adsorption/desorption of
CO (Eq. (6)); however, the contribution of adsorbed CO to the for-
mation of CO2 is assumed to be negligible, as discussed below. We
also note that for simplicity, C16O is not shown in Fig. 6, implying
a balanced mass of C, as stated above:

C16O(g) + 16Oads → C16O2(g) + ∗, (1)

0.518O2(g) + ∗ → 18Oads, (2)

18Oads + C16O(g) → C16O18O(g) + ∗, (3)

18Oads + C16O18O(g) → C18O2(g) + 16Oads, (4)

C18O(g) + 18Oads → C18O2(g) + ∗, (5)

C16O(g) + 18Oads → C18O(g) + 16Oads. (6)

The findings of our DRIFTS, isotopic, and kinetic studies suggest
that the CO oxidation on the Fe2O3 catalyst followed an Eley–
Rideal type mechanism. This route involves the dissociative ad-
sorption of O2 on the catalyst, in agreement with the literature
[37]. The surface oxygen species thus formed then react with
gas-phase CO, producing CO2. The model of this Eley–Rideal type
mechanism is in line with that of Renken et al. [38], who reported
the CO oxidation by a Fe2O3/SiO2 catalyst in the absence of O2.
Furthermore, quantum mechanical calculations from Kandalam et
al. indicate that on the (100) surface, CO oxidation on nano-
sized Fe2O3 occurs through an Eley–Rideal mechanism, whereas
on the (0001) plane, a Langmuir–Hinshelwood type mechanism
contributes [38]. Despite the aforementioned arguments for Eley–
Rideal type mechanism, we must note that, particularly for CO
oxidation, the Langmuir–Hinshelwood mechanism is considered ki-
netically favoured from a fundamental standpoint [39]. A possible
explanation for this apparent contradiction might be the extremely
low coverage of the active Fe sites by CO, as demonstrated by the
aforementioned DRIFTS studies, demonstrating a preference for the
Eley–Rideal type route.

3.3. Kinetic modeling

The postulated Eley–Rideal type mechanism of the CO oxidation
on Fe2O3 catalyst is described by the reaction scheme defined by
Eqs. (7)–(9). This network involves 2 surface species, 3 gas-phase
species and 6 elementary reactions. As mentioned above the as-
terisk (∗) labels a free iron site characterised by a surface vacancy
that is generally accepted to act as an active species [40,41]:

O2(g) + 2∗ r1
�
r2

2O∗, (7)

CO(g) + O∗ r3
�
r4

CO∗
2, (8)

CO2(g) + ∗ r5
�
r6

CO∗
2. (9)

Reactions (7) and (9) represent the adsorption/desorption equilib-
rium of O2 and CO2, respectively, whereas reaction (8) implies the
formation of CO2. The DRIFTS studies show the production of car-
bonate species coordinating to Fe sites. Such surface complexes are
formed by interaction of CO2 with surface oxygen in close prox-
imity to Fe sites. But Eq. (9) does not differentiate these surface
carbonates from CO2, which adsorbs on the Fe sites without form-
ing carbonates. The present kinetic model is based on the mean
field approximation; that is, the different types of active iron sites
are supposed to be equal.

For every forward and backward reaction, an Arrhenius based
rate expression is used (Eqs. (10)–(15)), where Ai is the preex-
ponential factor, Ei is the activation energy, Ei(0) is the activa-
tion energy at zero coverage, ci is the gas-phase concentration of
species i, θi is the respective coverage, and θ∗ is the relative num-
ber of free Fe sites. Due to repulsion of adsorbed species, a linear
decrease in activation energy with increasing oxygen coverage is
assumed for the desorption of O2 (Eq. (11)) and CO2 (Eq. (15)); for
this purpose, the constant α j is introduced. However, as known for
Pt [16], it is supposed that the dissociation of CO2 (Eq. (13)) is in-
hibited by oxygen, and thus an increase in activation energy with
increasing O coverage is taken into account:

r1 = A1 exp

(
− E1

RT

)
cO2θ

2∗ , (10)

r2 = A2 exp

(
− E2(0) − α2θo

RT

)
θ2

O, (11)

r3 = A3 exp

(
− E3

RT

)
cCOθO, (12)

r4 = A4 exp

(
− E4(0) + α4θO

RT

)
θCO2 , (13)

r5 = A5 exp

(
− E5

RT

)
cCO2θ∗, (14)

r6 = A6 exp

(
− E6(0) − α6θO

RT

)
θCO2 . (15)

For modeling of the CO oxidation and determination of the surface
coverage, some kinetic parameters were taken from the literature
and others were calculated, to reduce the number of free parame-
ters in the fitting procedure. The numeric modeling was based on a
combination of the mass balance of each gas phase (Eq. (16)) and
adsorbed species (Eq. (17)). Because CO surface species were ne-
glected, a system of five algebraic equations was obtained, where
F denotes the flow rate, νi j is the respective stoichiometric coef-
ficient, Aact is the surface of the Fe2O3 catalyst and Γcat is the
surface concentration of active sites. The steady-state surface cov-
erages for the CO oxidation in the loop reactor were calculated us-
ing the Matlab tool lsqnonlin. The temperature-dependent surface
coverages were calculated using the Matlab tool ode15s, whereas
the free parameters were simulated with the Matlab tool Isqurvefit
(nonlinear regression):

F ci,in − F ci,out + Aact

N j∑
j

νi jri j = 0, (16)

0 = Aact

N j∑
j

νi jri j . (17)

The preexponential factor for the adsorption of O2 (A1) and CO2
(A5) was calculated using Eq. (18), which was derived from the ki-
netic gas theory [42,43], where NA is the Avogadro number, R is
the molar gas constant, Mi is the molar mass of the gas species,
am is the surface area per Fe site, Γcat is the surface concentration
of the active Fe sites, and S0 is the sticking coefficient for zero
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coverage. In the calculations, the temperature dependency was ne-
glected by using an average temperature of 1073 K for O2 and
573 ◦C for CO2; these temperatures refer to the specific TPD profile.

For oxygen, S0 was assumed to be 0.09, as reported for an
oxidised Fe(111) surface by Arabczyk et al. [44,45]. Furthermore,
am was assumed to be 2.0 × 10−20 m2 per site, as deduced from
the radius of the Fe3+ cation (7.9 × 10−11 m) [44]. Γcat was de-
termined by multiplying NA by the surface concentration of Fe
sites of the (0001) and (1120) planes of α-Fe2O3 averaged as
3.7 × 1018 sites/m2 [40]. This calculation resulted in a site concen-
tration of 6.2 μmol/m2, which is in the range of the values found
in the isotopic study (0.87 μmol/m2) and O2 TPD (0.16 μmol/m2),
indicating a realistic estimation. Finally, by Eq. (18), A1 was found
to be 1.4 m/s:

Ai = NA RT

(2π Mi RT )1/2
amΓcat S0. (18)

For the calculation of A5 the sticking coefficient of CO2 was esti-
mated according to the procedure outlined in Section 2.6, leading
to 0.061 ± 0.010. This value is close to the sticking coefficients of
CO2 on Pt (0.005 [45]) and of O2 on Fe2O3 (0.09 [40]) and thus
should be more realistic than the data reported for elemental Fe,
indicating 10−7 [46]. Note also that the assumed surface concen-
tration of Fe sites (6.2 μmol/m2) is slightly higher than the amount
of CO2 released in TPD (0.68 μmol/m2). Consequently, A5 was cal-
culated to be 0.74 m/s.

Furthermore, the activation energy for the adsorption of O2 and
CO2 was neglected (i.e., E1 = E5 = 0 kJ/mol), which is in good
agreement with the findings for related solid–gas systems [47,48].

To obtain independent kinetic parameters for the adsorption
and desorption of oxygen and carbon dioxide, the patterns of O2
TPD and CO2 TPD were modeled numerically. The approach was
the same as that described above for CO oxidation, with the re-
spective mass balance of the adsorbed and gaseous species re-
sulting in a system of one algebraic equation and one nonlinear
differential equation. The corresponding equations are exemplified
for O2 [Eqs. (19)–(22)], with the temperature-dependent surface
coverages calculated using Matlab tool ode15s:

F cO2(g),in − F cO2(g),out − Aactr1 + Aactr2 = 0, (19)

AactΓcat
dθO

dt
= 2Aactr1 − 2Aactr2, (20)

cO2(g) = Aact A2 exp(− E2(0)−α2θO)
RT )θ2

O

F + Aact A1 exp(− E1
RT )θ2∗

, (21)

AactΓcatβ
dθO

dT
= 2Aact A1 exp

(
− E1

RT

)
cO2(g)θ

2∗

− 2Aact A2 exp

(
− E2(0) − α2θO

RT

)
θ2

O. (22)

It is worth mentioning that Eq. (19) describes the plug flow
reactor (PFR) used for TPD using the model for the continuously
stirred tank reactor; that is, the differential term of the PFR is ne-
glected assuming stationary conditions. This approach has been
shown to be a fair approximation in TPD modeling and is fre-
quently applied [48–50].

In the estimation procedure, the preexponential factor (A1 or
A5) and the activation energy of adsorption (E1 or E5) are kept
fixed, while the remaining parameters are fitted, i.e. A2, E2 and
α2 for O2 TPD and A6, E6 and α6 for CO2 TPD. For O2 TPD the
fit leads to an activation energy for O2 desorption of 193 kJ/mol,
whereas A2 is calculated to be 3 × 1010 mol/(s m2) and α2 to
1.6 × 10−3 kJ/mol. The activation energy for O2 desorption is
close to that on Pt which is reported to be 200 kJ/mol [51] and
213 kJ/mol [52], respectively. However, α2 is significantly lower
Fig. 7. Experimental (—) and fitted O2 TPD pattern (—) of the Fe2O3 catalyst. The
inset shows the calculated Fe2O3 coverage by O2. Conditions: m = 15 g, F (N2) =
500 ml/min (STP), β = 10 K/min; catalyst is used in form of granules and prelimi-
nary O2 exposure is at 200 ◦C.

Fig. 8. Experimental (—) and fitted CO2 TPD pattern (—) of the Fe2O3 catalyst.
The inset shows the calculated Fe2O3 coverage by CO2. Conditions: m = 1.6 g,
F (N2) = 500 ml/min (STP), β = 10 K/min; catalyst is used in form of granules and
preliminary CO2 exposure is at 200 ◦C.

than for Pt (20 kJ/mol) [42,51]. This low value α2 can be inter-
preted with the weak repulsion of the O surface species and/or
a rather homogeneous Fe2O3 surface [48]. The first feature might
be associated with the relatively low surface concentration of the
active Fe sites (6.2 μmol/m2) as compared to Pt thus leading to
larger average distance of the surface oxygen species; for compar-
ison Γcat is reported to be approx. 26 μmol/m2 for Pt catalysts
[51]. Additionally, the rather low surface area of the Fe2O3 catalyst
(15 m2/g) supports the argument of homogeneous surface. Fig. 7
shows that the O2 TPD profile is well described by the kinetic data
implemented in the O2 adsorption/desorption model. As a conse-
quence of the mean field model, the TPD pattern is approximated
by one peak only. The profile of the Fe2O3 coverage is depicted in
the inset of Fig. 7 indicating that the coverage is high in the be-
ginning of TPD and decreases continuously with temperature.

Furthermore, Fig. 8 shows that the CO2 TPD is satisfactorily fit-
ted as well. The profile of the Fe2O3 coverage illustrated in the
inset demonstrates high initial coverage rapidly declining to zero,
i.e. already at ca. 320 ◦C CO2 is completely removed from the Fe2O3
surface. The calculations provide an activation energy for CO2 de-
sorption (E6) of 99 kJ/mol, while A6 is 8 × 106 mol/(s m2) and
α6 is 1 kJ/mol. E6 is consistent with the result from Renken et
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Fig. 9. Comparison of experimental CO (2) and CO2 concentration (P) with the fit-
ted data (corresponding curves) in CO oxidation on the Fe2O3 catalyst. Conditions:
m = 500 mg, c(CO) = 7000 ppm, c(O2) = 50 vol%, N2 balance, F = 400 ml/min
(STP), SV = 10,000 h−1, ψ = 110; catalyst is supported by a honeycomb.

Table 1
Kinetic parameters of the CO oxidation on the Fe2O3 catalyst.

Parameter Value Tolerancea Unit Reference

A1 1.4 m/s Calculatedb

E1 0 kJ/mol [51]
A2 3 × 1010 ±1 × 107 mol/(s m2) Derived from O2 TPD
E2 192.7 ±1.25 kJ/mol Derived from O2 TPD
α2 1.55 × 10−3 ±0.8 × 10−3 kJ/mol Derived from O2 TPD
A3 1.0 × 103 ±1.8 × 10−2 mol/(s m2) Numerical fit
E3 97.0 ±0.2 kJ/mol Numerical fit
A4 4.0 × 107 ±1.2 × 102 mol/(s m2) Numerical fit
E4 185.5 ±0.02 kJ/mol Numerical fit
α4 1.0 ±3.8 × 10−2 kJ/mol Numerical fit
A5 0.74 m/s Calculatedb

E5 0 kJ/mol [50,51]
A6 1.3 × 104 mol/(s m2) Numerical fit
E6 98.5 ±1.01 kJ/mol Derived from CO2 TPD
α6 1 ±0.12 kJ/mol Derived from CO2 TPD

a 95% confidence interval.
b Calculated with Eq. (18).

al. reporting 88 kJ/mol for a Fe2O3/SiO2 catalyst [23]. However,
these activation energies are significantly higher than for Pt [51]
that might be attributed to the stabilisation of CO2 by carbonate
complexes formed on the oxide surface.

For the modeling of the CO oxidation, the kinetic parameters
obtained from the TPD calculations are taken. An exception is A6
that is used as variable to implement the interaction between
adsorbed CO2 and O2 in the kinetic parameters of CO2 adsorp-
tion/desorption. Thus, in the estimation procedure A3, E3, A4, E4,
α4 and A6 are fitted. For the fit procedure the experimental data
obtained with 7000 ppm CO and 50 vol% O2 are used. Fig. 9 evi-
dences that the calculated CO and CO2 concentrations correspond
well with the measured results. The maximum difference of cal-
culated and experimental data is about 3%. The kinetic parameters
used are demonstrated in Table 1 along with the respective 95%
confidence interval substantiating the reliability of the calculations.
Furthermore, this table shows an activation energy for the CO2 for-
mation (E3) of 96 kJ/mol being close to that of Pt (108 kJ/mol)
[18,45]. Contrary, Renken et al. report on a slightly lower activa-
tion energy (75 kJ/mol) that is consistent with their lower value
of the activation energy for CO2 desorption [23]; this may refer to
activation of Fe2O3 by the SiO2 support. In addition, in agreement
with α2 and α6 the value of α4 is very low (1×10−2 kJ/mol). Fur-
thermore, in the numeric modeling of the CO oxidation a lower
preexponential factor for CO2 desorption (A6) is obtained than
in CO2 TPD. This might be related to the repulsive interaction
Fig. 10. Calculated Fe2O3 coverage in CO oxidation of the Fe2O3 catalyst; θO ("),
θCO2 (E), θ∗ (×). The experimental conditions are presented in Fig. 9.

of adsorbed CO2 with surface oxygen accelerating the desorption.
The calculation of the Fe2O3 coverage indicates that the adsorbed
oxygen dominates the surface in the entire temperature regime
(Fig. 10). In contrast to that, the amount of free Fe sites is ex-
tremely low.

Finally, based on the determined kinetic parameters the rate
determining step of the CO oxidation on the Fe2O3 catalyst is
discussed. As the adsorption of O2 is considered to be an unac-
tivated process and the increase in gas phase concentration does
not lead to a drastic increase in CO conversion this reaction is not
accounted for the limiting factor. This is also supported by the cal-
culated Fe2O3 coverage showing high proportion of surface oxygen
species. Moreover, while the activation energy for CO2 formation
(E3) is quite similar to that of CO2 desorption (E6) the preexpo-
nential factor of the latter (A6) is one order of magnitude higher
than A3. Present comparison suggests that the formation of CO2,
i.e. the reaction of gaseous CO with the active surface oxygen, rep-
resents the limiting step of the overall reaction. This is additionally
substantiated by the fact that the experimental CO2 formation is
well described just by the rate expression r3, whereas with r1 and
r6 higher rates are obtained: For instance, the experimental CO2
production rate at 265 ◦C is ca. 10−7 mol/s for 7000 ppm CO and
50 vol% O2, while with r3 it is estimated to be 10−7 mol/s as well;
r1 and r6 provide clearly faster rates, i.e. 10−2 and 10−6 mol/s.

3.4. Model validation

For validation of the kinetic model the experiments are simu-
lated in which the concentration of O2 (Fig. 11), CO (Fig. 12) or
CO2 (Fig. 13) is varied. The simulations are performed based on
Eqs. (16) and (17) using the respective experimental conditions as
well as the kinetic parameters presented in Table 1. As mentioned
for the TPD calculations, the CO2 variation studies carried out in
the PFR are simulated by employing the CSTR model. Figs. 11 to 13
show that all the experimental data are well described by the sim-
ulations. The maximum difference is obtained in the CO variation
amounting to 15% only indicating the accuracy of the simulations.
Hence, the model validation evidences the relevance of the con-
structed kinetic model for a broad range of experimental condi-
tions.

3.5. Thermodynamic consistency

To check the thermodynamic consistency of the kinetic param-
eters of the established model the approach from Mhadeshwar et
al. is taken into consideration [53]. According to this, the relation
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Fig. 11. Comparison of CO (2) and CO2 concentration (P) with simulated data (corresponding curves) in CO oxidation on the Fe2O3 catalyst. Conditions: m = 500 mg,
c(CO) = 7000 ppm, c(O2) = 6.0–99.3 vol%, N2 balance, F = 400 ml/min (STP), SV = 10,000 h−1, ψ = 110; catalyst is supported by a honeycomb.
Fig. 12. Experimental and simulated concentration of CO (2) and CO2 (P) in CO
oxidation on the Fe2O3 catalyst; the simulated data are the corresponding curves.
Conditions: m = 500 mg, c(CO) = 400–6190 ppm, c(O2) = 6.0 vol%, N2 balance,
F = 400 ml/min (STP), SV = 10,000 h−1, ψ = 110; catalyst is supported by a hon-
eycomb.

of enthalpy and entropy with activation energy and preexponential
factor of a given reaction (i) implying forward (f) and backward re-
action (b) is defined as follows:

	Hi = E f
i − Eb

i , (23)

Af
i

Ab
= exp

(
	Si

R

)
. (24)
i

Fig. 13. Comparison of experimental CO concentration (2) with simulated data
(curve) in CO oxidation on the Fe2O3 catalyst. Conditions: m = 500 mg, c(CO) =
7000 ppm, c(O2) = 20 vol%, c(CO2) = 0–79.3 vol%, N2 balance, F = 500 ml/min
(STP), SV = 13,000 h−1; catalyst is supported by a honeycomb and the measure-
ments are performed in the plug flow reactor (Section 2.3).

For the gas phase reaction CO(g) + 0.5O2(g) → CO2(g) the en-
thalpy and entropy are calculated based on Eqs. (25) and (26):

	H = H0
f,CO2

+
T̄∫

T 0

cp,CO2 dT −
(

H0
f,CO +

T̄∫
T 0

cp,COdT

)

− 1

2

(
H0

f,O2
+

T̄∫
0

cp,O2dT

)
, (25)
T
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Fig. 14. Comparison of the Gibbs free enthalpy of the gas phase (—) and catalytic
reaction (—) derived from kinetic parameters according to Eqs. (25)–(28).

	S = 1

R

[(
S0

CO2
+

T̄∫
T 0

cp,CO2

dT

T

)
−

(
S0

CO +
T̄∫

T 0

cp,CO
dT

T

)

− 1

2

(
S0

O2
+

T̄∫
T 0

cp,O2

dT

T

)]
. (26)

Combination of Eqs. (23) and (24) with the corresponding ki-
netic parameters leads to the following equations:

	H = 1

2
(E1 − E2) + (E3 − E4) + (E5 − E6), (27)

	S = ln

((
A1

A2

)1/2

·
(

A3

A4

)
·
(

A5

A6

))
. (28)

For the average temperature of 325 ◦C the enthalpy and entropy
is calculated for the gas phase reaction to be −285 kJ/mol and
−11 J/(mol K), respectively. By using the kinetic parameters ac-
cording to Eqs. (27) and (28) the enthalpy is −283 kJ/mol and the
entropy −26 J/(mol K). These results are close to the data obtained
for the gas phase reaction. Although a slight difference remains,
this error is considered to be acceptable being in line with the
discussions of Mhadeshwar et al. [53]. Thus, we derive thermo-
dynamic consistency of the kinetic parameters. This conclusion is
substantiated by the Gibbs free enthalpy showing a minor differ-
ence between gas phase and catalytic reaction only amounting to
ca. 4% in the whole temperature range (Fig. 14).

4. Conclusion

From in situ DRIFT spectroscopic examinations, isotopic label-
ing and kinetic studies carried out in a gradient-free loop reactor,
we have deduced an Eley–Rideal type mechanism for CO oxida-
tion on the model catalyst α-Fe2O3. This route includes dissocia-
tive adsorption of O2, followed by reaction with gas-phase CO to
form CO2, in fair agreement with literature reports. Based on the
mechanistic and kinetic examinations, a mean field model was de-
veloped that includes a network of six elementary reactions, that
is, the adsorption/desorption of O2 and CO2 as well as the for-
mation and dissociation of CO2 on the catalyst surface. Whereas
the preexponential factor of the adsorption of O2 and CO2 was
derived from the kinetic gas theory, the adsorption of these com-
ponents was assumed to be unactivated; that is, the respective ac-
tivation energy was zero. In addition, the CO2 and O2 TPD patterns
were numerically modeled to reduce the number of free parame-
ters in the fit procedure, whereby independent kinetic parameters
are obtained. The remaining kinetic parameters were estimated
by numerically modeling the experimental data of the CO oxida-
tion. Using this set of kinetic parameters, a series of simulations
was performed, including variations in temperature as well as in
CO, O2, and CO2 concentrations. As a result of the model valida-
tion, all of the simulations covered the experimental data well,
demonstrating the reliability of the kinetic model. Finally, the re-
action of surface oxygen species with gaseous CO was found to
be the rate-determining step of the present catalytic process, and
the kinetic parameters were found to be thermodynamically con-
sistent.
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