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Studies on the development of supported iron oxide
catalysts for PCDD/F decomposition using 2-monochlorophe-
nol as a surrogate test compound are presented. Iron
oxide catalysts supported on titania were prepared by two
methods: impregnation and the sol-gel method. The
latter preparation method resulted in better dispersion of
iron oxide on the surface and the formation of γ-Fe2O3. This
is in contrast to the impregnated samples where R-Fe2O3
crystallites were formed. Formation of γ-Fe2O3 resulted in
improved reducibility of the active phase that favorably
affected the catalytic oxidation properties of the catalyst,
i.e., the light-off curves for the sol-gel samples were
shifted toward lower temperature. Addition of calcium oxide
to iron oxide catalyst further improved the performance
of the system through stabilization and increase in
the concentration of γ-Fe2O3 in the sol-gel prepared
samples. Addition of calcium oxide has a dual effect on
the performance of the catalyst. First, it creates oxygen
vacancies in the reduction-resistant Fe2O3 octahedral
structures, thereby improving the reducibility of the active
phase. Second, iron oxide can transform during decom-
position of chlorinated hydrocarbons into iron chloride.
Calcium oxide improved the chlorine transfer from the surface
iron oxide species, thereby providing a relatively fresh
surface for further catalytic oxidation. Comparison of TPR
profiles with the position of light-off curves in 2-monochlo-
rophenol decomposition led to the conclusion that Fe3O4
species are the active phase under conditions that facilitate
redox cycling between Fe3+ and Fe2+ ions.

Introduction
Chlorinated organic compounds are a class of pollutants of
special concern. Among these, polychlorinated dibenzo-p-
dioxin and polychlorinated dibenzofurans (PCDD/F) are
particularly toxic and dangerous for humans and animals.
Unfortunately, their in situ formation accompanies almost
every combustion process where a source of chlorine is
present. Because of their extreme toxicity, strict emissions
standards have been promulgated for PCDD/F emission that
limits their concentration to less than 0.20 ng/dscm TEQ (1).
TEQ is a toxic equivalent concentration (2), which is
calculated based on the toxic equivalency factors (TEF) of
various toxic compounds. TEQ is used for a relative measure
between different compounds to evaluate remediation and
emission. TEQ is a combined effect of different compounds
or concentration additive.

To meet the standards, exhaust treatment is necessary to
remove PCDD/Fs from the stream. Catalytic oxidation/
destruction can be an efficient method for PCDD/F removal
(3-5). Various oxides have been studied as possible catalysts
for PCDD/F decomposition: Cr2O3, V2O5, MoO3, Fe2O3, Co3O4,
MnO2, perovskites, and others (6-8). Recently, there have
been reports on the significant effect of calcium oxide and
hydroxide on the dechlorination of chlorinated aromatics
(9). Interestingly, studies of some oxides such as NiO and
Fe2O3 supported on CaO indicate that these transition-
metal oxides significantly improve the dechlorination prop-
erties of CaO as well as improve the oxidative properties
(10, 11).

These improvements of catalytic properties are attributed
to the ion exchange mechanism between calcium and the
transition metalschlorine ions migrate to calcium and oxygen
ligands are transferred to the transition metal. As a result,
chlorine atoms adsorbed on transition-metal oxide are
transferred into bulk calcium oxide, leaving the active surface
relatively unchanged. However, calcium oxide is not a very
good support for catalytic systemssit is not hard and
excessive emissions of CaO particulates may result in a new
type of environmental threat. It is thus interesting to study
the effect of doping of supported transition metals with small
amounts of calcium oxide. Previous studies indicate that the
most significant interface interaction was observed in the
Fe2O3-CaO system; our studies focus on the development
of a supported iron oxide catalyst. Iron oxide-based catalysts
can be inexpensive thanks to the abundance of various iron
salts. We used titania as a support since our own unpublished
data as well as reports by others indicate titania to be the
best choice as a support for decomposition of chlorinated
compounds (8).

As a surrogate model for PCDD/Fs, we used 2-monochlo-
rophenol (2-MCP). Chlorinated phenols have structures that
should behave similar to PCDD/Fs on surfaces in that they
both have oxygen and chlorine attached to an aromatic ring.
Application of model compounds facilitates sample handling
and avoids many of the safety issues associated with PCDD/
Fs (5, 7, 8).

Experimental Section
Catalyst Preparation. We prepared a series of catalyst
candidates based on titania-supported iron oxides. Some of
the catalysts were modified by addition of small amounts of
calcium oxide. Two series of catalysts were prepared:
impregnated and sol-gel.

Impregnated Samples. Anatase titanium oxide manufac-
tured by Aldrich was used as a support. Iron nitrate
nonahydrate (Aldrich) was dissolved in water, and titanium
oxide was introduced into the solution. The amount of
solution was chosen for the incipient wetness to occur. The
suspension was stirred thoroughly for 1 h and dried in an
oven at 80 °C for 24 h and at 120 °C for an additonal 24 h.
Finally, the samples were calcined in air at 450 °C for 12 h.
After calcinations, samples were ground and sieved with 100-
120 mesh size grain being collected for the catalytic experi-
ments. For the samples doped with calcium oxide, calcium
acetylacetonate (Aldrich) was dissolved in the iron nitrate
solution prior to introduction of titanium dioxide powder.

Sol-Gel Samples. Active phase precursor (iron(III) acety-
lacetonate, Aldrich) was dissolved in ethyl alcohol (1:100 by
mol). In the case of samples doped with calcium oxide,
calcium acetylacetonate was added and dissolved in this
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solution. A few drops of water and hydrochloric acid were
added (1:20 by mol). Titanium isopropoxide (Acros Organics)
solution was prepared in ethyl alcohol (1:150 by mol). Both
solutions were mixed and left for gelation to occur (usually
about 2 weeks). After gelation and drying at room temperature
for 3 days, samples were dried at 80 °C under vacuum for 24
h followed by calcinations at 450 °C for 12 h. After calcinations,
the samples were ground and sieved and 100-120 mesh grain
sizes were collected for the catalytic experiments.

Temperature-Programmed Reduction (TPR). The TPR
experiments were conducted using a custom-built TPD/TPR
system, based on a HP5890 Series II chromatograph,
equipped with TCD detector. A high-temperature reactor
built into a GC oven is connected on-line with the detector.
Prior to experiments, the samples (50 mg) were oxidized in
O2/He flow (20%, 20 cm3/min) for 1 h at 450 °C. The samples
were cooled to 50 °C, and TPR was run with a temperature
ramp of 10 °C/min in the range of 50-950 °C. A 10% H2/He
(99.9999 purity) mixture was used as a carrier/reacting gas
for the reduction process with a flow of 20 cm3/min.
ChromPerfect Spirit Software was used for collecting the data
from the TCD detector.

Surface Area. The surface areas of the samples were
measured using a Quantachrome Autosorb instrument based
on a BET measurement of nitrogen adsorption at 77 K. Prior
to each experiment, oxidized samples were degassed for 2
h at 200 °C under vacuum.

The abbreviations, compositions, and surface areas of
the candidate catalysts are presented in Table 1.

XRD Measurements. A Bruker/Siemens D5000 automated
powder X-ray diffractometer with Rietveld analysis software
was used for XRD analysis of the samples.

Catalytic Experiments. Catalytic experiments were per-
formed using a packed bed, one-pass, gravitational quartz
reactor (1/4 in. i.d.). A 30 mg amount of catalyst diluted with
a 30 mg of quartz powder was placed on a quartz wool bed.
The reactor was contained in a high-temperature furnace
maintained at constant temperature in the range of 275-
450 °C. Prior to each experiment, samples were activated in
20% O2/He flow (20 cm3/min) for 1 h at 450 °C. 2-Monochloro-
phenol (2-MCP) was introduced into the gas stream by
bubbling the helium stream through a saturator kept at room
temperature and filled with liquid 2-MCP. The flow of reacting
gases (all BOC Edwards O2, UHP; He, UHP) was controlled
using three mass flow controllers (Mc Millan) adjusted to

maintain 20% O2 and 15 ppm 2-MCP concentration. Total
GHSV equaled 60 000 h-1.

The catalytic reactor was connected in-line with an
HP5890 Series II gas chromatograph equipped with flame
ionization detector. Sampling of the reaction products as
well as bypass reagent was accomplished using a six-port
valve equipped with a 2-mL stainless steel loop. The products
were separated using Chrompack CP-Sil 8 CB capillary
column (30 m, 0.32 mm i.d.). ChromPerfect Spirit Software
was used for collecting the data from the GC detector. All
transfer lines (stainless steel) were maintained at 180 °C to
prevent condensation of heavier products. The tests of the
empty reactor as well as the reactor containing the quartz
wool bed and quartz powder did not show any conversion
of 2-MCP at the studied temperature range. No organic
products other than reagents were detected in the exhaust
from the reactor for all experiments.

Results
Iron oxide catalyst candidates have been tested with
2-monochlorophenol (2-MCP) decomposition as a surrogate
model for their performance for destruction of PCDD/F.

Effect of Iron Oxide Loading. Figure 1 presents the total
conversion of 2-MCP for various loadings of catalyst with
iron oxide as well as for pure titania. We chose to use titania
as a support because it has been previously reported that it
is an effective support for destruction of CHCs (4, 8).

As depicted in Figure 1, titania by itself exhibits some
activity for destruction of 2-MCP above 400 °C. Impregnation
of titania with iron(III) oxide resulted in dramatic improve-
ment in the 2-MCP decomposition. There are significant
differences between the particular catalysts with different
iron oxide content. The samples with iron oxide in the range
of 2.5-3.5% exhibit much better performance with their light-
off curves shifted significantly toward (∼75 °C) lower tem-
perature than pure titania. Although still better than pure
titania, higher iron oxide loadings (5%) resulted in a decrease
in activity with respect to lower iron oxide loading. Since the
surface area of all the samples is similar (cf. Table 1), the
difference in the activity is related to the structure of
supported iron oxide species. Indeed, as can be seen on the
XRD diffraction pattern of these three samples (cf. Figure 2),
higher content of iron oxide results in formation of crystallites
of hematite. The lack of the peaks characteristic of crystalline
Fe2O3 for samples containing 2.5-3.5% iron oxide indicates
that better dispersion of the active phase is achieved for these
samples.

TABLE 1. Characteristics of Prepared Fe2O3/TiO2 Samples

sample
symbol

preparation
method

iron oxide
content

(%)a

calcium
oxide

content (%)b

surface
area

(m2/g)

Ti Aldrich 0 0 11
TiFe25 impregnation 2.5 0 10
TiFe35 impregnation 3.5 0 15
TiFe50 impregnation 5.0 0 12
TiFe50Ca1 impregnation 5.0 1.0 13
TiFe50Ca3 impregnation 5.0 3.0 11
TiFe50Ca10 impregnation 5.0 10.0 14
SGTiFe25 sol-gel 2.5 0 42
SGTiFe35 sol-gel 3.5 0 59
SGTiFe50 sol-gel 5.0 0 37
SGTiFe25Ca1 sol-gel 2.5 1.0
SGTiFe25Ca3 sol-gel 2.5 3.0
SGTiFe25Ca5 sol-gel 2.5 5.0
SGTiFe50Ca1 sol-gel 5.0 1.0
SGTiFe50Ca3 sol-gel 5.0 3.0
SGTiFe50Ca5 sol-gel 5.0 5.0

a Weight % of total mass of catalyst. b Mole % of introduced active
phase (Fe2O3).

FIGURE 1. 2-MCP conversion over titania and iron oxide supported
titania (impregnated samples) as a function of reaction temperature.
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Effect of Sol-Gel Preparation. To improve the dispersion
of the titania-supported iron oxide, we attempted to prepare
the catalysts with the sol-gel method. The sol-gel prepara-
tion method can sometimes be used to obtain a higher
content of active phase without formation of crystalline
domains. The SGTiFe catalyst samples were characterized
by an increase in surface area (Table 1). The surface area of
the SGTiFe catalysts with various iron oxide loadings ranged
from 36 to 59 m2/g, with the highest surface area detected
for SGTiFe35 (58.9 m2/g).

In addition to the surface area, the activity of the catalyst
candidates was affected by the preparation method. Figure
3 presents a comparison of the performance of the samples
prepared by impregnation and sol-gel methods. The greatest
improvement of 2-MCP destruction was observed for the
catalysts containing 5% iron oxide, i.e., the light-off curve
shifted about 75 °C lower in temperature for the samples
prepared by the sol-gel method with respect to similar
impregnated sample. The effect of the preparation method
on the activity of the samples with low iron oxide content
(2.5-3.5%) was less significant; the performance of SGTiFe25
only slightly improved in the temperature range of 375-400
°C (Figure 3), while the performance of SGTiFe35 sample did
not change compared to TiFe35 (cf. Figures 1 and 3).

Although the magnitude of improvement is somewhat
surprising, it is not entirely unexpected. For lower concen-

tration iron oxide impregnated samples, the dispersion of
active phase was good and no crystallites of hematite were
detected. Consequently, the increase of the surface area for
the sol-gel samples did not significantly affect the dispersion.
In contrast, for the TiFe50 impregnated catalyst, low disper-
sion and formation of crystallites of Fe2O3 was detected and
an increase in surface area for the sol-gel prepared samples
should result in improved dispersion of iron oxide species.
In fact, the XRD spectrum of the SGTiFe50 catalyst confirms
this hypothesis (cf. Figure 4, spectra 1 and 2). Application of
sol-gel preparation method resulted in disappearance of
the peaks characteristic of R-Fe2O3 crystallites from the
samples containing 5% iron oxide, which indicate the lack
of larger crystallites with hematite structure.

The differences in the preparation procedure in the sol-
gel and impregnation methods may also result in different
active phase-support interactions. In the impregnation
method, the active phase precursor is deposited on already
calcined and formed supports. In contrast, for the sol-gel
method, precursors of both support and active phase are
well mixed prior to the calcination process and are formed
at the same time. This can result in incorporation of the
active phase cations in the support structure, which results
in a new phase with different properties. XRD spectra of the
sol-gel samples did not show the presence of any iron
titanates, and the only new peaks detected were those
originating from small amounts of rutile titania. The forma-
tion of the latter is caused by higher stability of rutile form
than the anatase form of titania, the latter tending to
transform during calcination into the more thermodynami-
cally stable rutile structure. Since the sol-gel preparation
method did not significantly affect other samples than those
containing 5% iron oxide, it seems reasonable to conclude
that the improvement of the catalytic properties of SGTiFe50
catalyst over TiFe50 is due to improved dispersion of iron
oxide phase.

Effect of Calcium Doping. Modification of the supported
iron oxide catalyst with calcium was beneficial for the activity
of the catalyst in decomposition of 2-MCP. Figure 5 presents
the comparison of impregnated TiFe50 samples containing
different levels of calcium oxide. Interestingly, smaller
amounts of calcium oxide (up to 3%) affected the performance
of the catalyst more than higher contents (10%). This clearly

FIGURE 2. XRD spectra of the Fe2O3/titania catalysts (impregnated
samples).

FIGURE 3. Effect of preparation method on 2-MCP destruction ability
of Fe2O3 titania catalysts.

FIGURE 4. Comparison of the XRD spectra of different Fe2O3/titania
catalysts.
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indicates a synergistic effect of doping material and not the
catalytic activity of calcium oxide alone. (The activity of the
CaO/titania samples containing similar amounts of CaO as
in the iron oxide/titania doped with calcium catalysts was
not different than pure TiO2) The observed light-off curves
shift about 50 °C toward lower temperatures for the TiFe50Ca1
and TiFe50Ca3 samples compared to TiFe50 (cf. Figure 5).
This temperature shift is similar to what was observed for
samples prepared by the sol-gel method (cf. Figure 3).
However, in this case, improvement of the catalytic perfor-
mance of the samples containing calcium oxide could not
be explained by the change in the dispersion of iron oxide.
The surface area of the samples doped with calcium did not
change significantly (Table 1) to force better dispersion of
iron oxide species. This is also confirmed by XRD results
(Figure 4, spectrum 3), where contrary to SGTiFe50, the lines
characteristic of the hematite crystallites in the spectrum of
TiFe50Ca3 were similar to the TiFe50 samples.

Effect of Calcium Doping in Combination with Sol-Gel
Preparation. The combination of both sol-gel preparation
methods as well as calcium oxide doping resulted in further
improvement of the 2-MCP destruction properties of the
iron oxide/titania catalyst. Comparisons of the performance
of SGTiFe25Ca and SGTiFe50Ca series of catalysts are
presented in Figures 6 and 7, respectively. For the SGTiFe25Ca
series, the best results were achieved for a very small amount

of CaO admixtures1% of the active phase. Above this
concentration, the light-off curves shifted toward higher
temperatures, SGTiFe25Ca3 demonstrating the same activity
as SGTiFe25. Further increase in calcium oxide concentration
to 5% resulted in the light-off curve being pushed up to the
temperature of the nonmodified TiFe25 catalyst. Neverthe-
less, the combined effect of preparation method and CaO
doping (1%) resulted in significant improvement of the 2-MCP
destruction compared to the TiFe25 sample, with a 75 °C
shift of activity toward lower temperatures.

The effect of calcium doping together with the sol-gel
preparation method is even more profound in the case of
the TiFe50 catalyst (cf. Figure 7). The sol-gel preparation
method by itself resulted in significant improvement of the
2-MCP decomposition. Addition of calcium oxide allowed
further improvement of the activity, with the maximum
improvement reached for the SGTiFe50Ca3 sample. The
samples with both higher and lower calcium oxide content
appeared to have lower activity, though much better that
SGTiFe50.

The application of both calcium doping and sol-gel
preparation method affected the structure of the catalyst.
The XRD spectrum of the SGTiFe50Ca samples did not show
the presence of hematite crystallites, which indicates a good
dispersion of iron oxide (cf. Figure 4, spectrum 4). Further-
more, in contrast to the SGTiFe50 sample, the presence of
small amounts of calcium oxide prevented the formation of
the rutile structure of titania. Moreover, the peaks originating
from the anatase form of TiO2 are much broader compared
to other samples, indicating a less ordered material.

Discussion
Oxidation of organics over a surface oxide can occur
according to two different mechanisms: the Mars-van
Krevelen (MvK) mechanism, which involves the reaction of
adsorbed species with exposed surface lattice oxygen, or a
bimolecular reaction with gas-phase or adsorbed oxidant
(12). Iron oxide catalysts have been reported to catalyze
oxidation reactions according to both mechanisms, giving
different products of the reaction (13).

2-MCP has been reported to undergo a MvK-type oxida-
tion over a supported copper oxide catalyst (14). The surface
of an iron oxide/titania catalyst has been previously found
to be oxygen-deficient during the oxidation of methanol (15),
which indicates an MvK mechanism. If 2-MCP oxidation on

FIGURE 5. Effect of calcium doping on 2-MCP destruction ability
of Fe2O3/titania catalysts (impregnated samples).

FIGURE 6. Effect of calcium doping on 2-MCP destruction ability
of TiFe25 catalysts (sol-gel samples).

FIGURE 7. Effect of calcium doping on 2-MCP destruction ability
of TiFe50 catalysts (sol-gel samples).
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our supported iron oxide catalyst is also an MvK reaction,
the destruction of 2-MCP should be related to the reducibility
of the iron oxide. Since the reduction properties of supported
iron oxides are significantly influenced by its structure and
crystallite size (16, 17), better dispersion of the active phase
should result in improvement of activity. In fact, application
of the sol-gel method of preparation resulted in improved
dispersion of the active phase and much better catalytic
destruction of 2-MCP (vide supra).

Figure 8 presents temperature-programmed reduction
(TPR) profiles of our catalyst candidates. The observed peaks
correspond to the transformation of Fe(III)2O3 to lower
oxidation state iron oxides and iron. Application of the sol-
gel method significantly shifts the reduction peaks to lower
temperatures compared to the impregnated samples, with
the first two TPR peaks appearing at 198 and 379 °C. Since
the shift of these two peaks is so great, it is difficult to
conclusively identify the type of iron oxide transformation
related with a particular peak. Generally, Fe2O3 TPR profile
peaks are attributed to the transformations of Fe(III)2O3

f Fe(III,II)3O4 f Fe(II)O f Fe0 (17-20). However, the
reduction peaks observed for SGTiFe are at much lower
temperatures. The lowest temperature for a TPR peak for
iron oxide was reported to be at 295 °C, although the authors
attributed it to undecomposed precursor rather than a
reduced iron oxide species (20) due to low-temperature
pretreatment conditions. Since all our samples were pre-
calcined at 450 °C in air, this seems to be an unlikely scenario
for our catalysts.

The XRD spectrum of the SGTiFe samples did not exhibit
peaks characteristic of any crystalline iron oxide structure,
which suggests that the surface species are two-dimensional.
Crystallites of R-Fe2O3 are very difficult to reduce to coor-
dinatively unsaturated ions because of their high geometrical
stability of [FeO6] octahedral units (21), and the titania surface
forces the formation octahedral structures (22). However, it
has also been previously reported (23) that the sol-gel
preparation method may favor formation of γ-Fe2O3

(maghemite), which will not be visible in the XRD spectrum
if the crystallites are smaller than 5 nm. γ-Fe2O3 has a cubic,
spinel structure with the cationic vacancies and iron cations

in a tetrahedral coordination and is more readily reducible
compared to R-Fe2O3. Although this can explain the much
lower reduction temperature of Fe2O3 in the sol-gel prepared
samples, more research is needed concerning the nature of
surface iron oxide species in this catalyst. We are in the
process of studying these samples with X-ray spectroscopic
techniques, EXAFS, XANES, and XPS, which will help resolve
the details of their structure.

The effect of calcium doping on the catalyst seems to be
of a very different nature than modification of the oxidation
state or crystalline structure of iron oxide. Since the best
improvement of the oxidation properties of 2-MCP is
obtained for the samples containing only up to 3% of calcium
with respect to the active phase content, it is reasonable to
assume a synergistic effect of calcium and iron oxides. TPR
profiles of TiFe50Ca3 samples indicate small reducibility
changes compared to the TiFe50 sample, i.e., the first
peak at 450 °C is slightly shifted toward lower temperature
and better developed than the one at 465 °C for TiFe50
sample. Although the changes are visible, they can only
partially account for the significant improvement of the
catalytic properties of the TiFeCa series in 2-MCP decom-
position.

The small shift in reduction peak in TiFeCa may be a
result of incorporation of the calcium cation in R-Fe2O3 oxide
crystallites. In such a case, since the calcium in CaO has a
lower oxidation state than the iron in Fe2O3, to sustain
neutrality of the crystal lattice, oxygen vacancies are created.
Oxygen vacancies are electron-acceptor sites and can have
a localized effect on host cations to be more electron
accepting (24).

This explanation of Ca effect on TiFe samples is in
agreement with the XRD results that indicated the presence
of R-Fe2O3 crystallites in both TiFe50 and TiFe50Ca samples.
If the concentration of calcium increases above some point,
phase separation of CaO and Fe2O3 will occur, decreasing
the synergistic effect of calcium and iron oxides. As a result,
the decrease of catalytic activity of the TiFeCa samples will
be observed above certain calcium levelssin fact, such a
negative effect of calcium content above 5% has been
detected.

Another phenomenon of the calcium effect has to be taken
into consideration. Calcium oxide has been previously
reported to improve the decomposition of chlorinated
hydrocarbons over iron oxide catalysts (10, 11). This effect
is attributed to ion exchange between the CaO and FeCl3, the
latter being formed as a result of interaction of iron oxide
with chlorinated hydrocarbons. In this case, calcium serves
as a sink for chlorine ions, regenerating iron oxide. Moreover,
once CaCl2 is formed, it was reported to be able to catalyze
dechlorination reactions of hydrocarbons more efficiently
than the oxide (25). For efficient chloride ion exchange
between iron and calcium in an interfacial process, good
contact between the phases is necessary. The catalyst systems
discussed in the paper cited above were composed of
transition-metal ions (Fe, Co) supported on calcium oxide,
which ensured interface between the reacting solids. In
the case of our system, calcium ions are likely to be
incorporated into iron oxide crystallites, which may further
improve the ion exchange between the iron and calcium.
Once chloride ions are withdrawn from iron by calcium,
to maintain the ion exchange efficiency, calcium chloride
needs to be reoxidized to CaO. The activation energy for
CaCl2 oxidation by molecular oxygen is low (23 kcal/mol)
and even lower in the presence of water vapor (12 kcal/mol)
(26), which is a product of the oxidation reaction of
hydrocarbons. Thus, CaO is readily regenerated to continue
catalyst activity. The stoichiometric interaction between

FIGURE 8. TPR profiles of the Fe2O3/titania catalysts.
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the calcium oxide and iron chloride can be described as
follows:

or

At higher calcium oxide concentrations, however, phase
separation of CaO and Fe2O3 may occur resulting in lesser
contact. Consequently, iron oxide regeneration would have
to be completed by gas-phase oxygen. This helps to explain
the retardation of the catalyst efficiency with increasing
calcium content. Since improvement in catalyst efficiency is
only observed at low levels of calcium doping and higher
calcium doping results in decreased catalyst efficiency,
dechlorination of CHCs by CaO itself is an unlikely explana-
tion for the improved efficiency for 2-MCP destruction
observed in our system.

Addition of calcium oxide can also affect the stability of
adsorbed species. Alkali dopants have been reported to
influence the behavior of oxide catalysts through the
stabilization of enolic forms of the ketones on the surface
(27), which increases the total oxidation yield. Similarly,
addition of calcium into palladium catalyst resulted in
stabilization of methoxy species during methanol reaction
(24, 28). Generally, since CaO is a basic oxide, it can enhance
the adsorption of weak acids such as phenols and contribute
to its catalytic destruction.

The best performance of our catalyst was observed for
the samples prepared by the sol-gel method doped with
small amounts of calcium. The sol-gel method favors the
formation of γ-Fe2O3 on the surface, which is more readily
reduced and thus more active in the MvK process. The
admission of calcium in sol-gel samples further increases
the amount of γ-Fe2O3 formed. TPR profiles presented in
Figure 8 reveal a significant increase of the low-temperature
reduction peaks attributed to the conversion γ-Fe2O3 f Fe3O4

and Fe3O4 f FeO after introduction of calcium into sol-gel
prepared samples. Additionally, after introduction of calcium,
the lower temperature peak shifted 40 °C to higher tem-
perature, while the higher temperature peak shifted to lower
temperature by 10 °C. These shifts, together with the distinct
increase of the intensity of the peaks, indicate structural
impacts of calcium doping on iron oxide species.

γ-Fe2O3 has a spinel structure with some of the iron ions
residing in tetrahedral positions and presence of cationic
vacancies. This structure is similar to γ-Al2O3, and as such
it can be compared to γ-Al2O3 transformations. Admission
of calcium can result in stabilization of the structure by
incorporation of Ca2+ ions into cationic vacancies of the oxide,
as similarly observed for MgAl2O4 (29). As a result, more iron
oxide surface species will exist in the form of γ-Fe2O3 than
in the more thermodynamically stable R form.

Concomitantly, incorporation of calcium ions into cationic
vacancies results in the γ-Fe2O3 spinel becoming more
resistant to reduction. This causes the shift in the TPR
reduction peak attributed to the transformation of γ-Fe2O3

to Fe3O4. Calcium ions may still be present in the crystallites
after the transformation into Fe3O4 (both oxides have a very
similar geometry, with iron in both tetrahedral and octahedral
interstitials (30, 31). Thus, the reduction is simplified to
removal of some oxygen ligands, without rearrangement of
the structure, creating vacancies and perturbation of the
lattice. As a result, further reduction to FeO is enhanced.

Oxidation of hydrocarbons according to the MvK mech-
anism requires involvement of surface lattice oxygen of the

active phase as well as the redox cycle of the cations involved
in the oxygen transfer process. In a previous manuscript on
the formation of PCDD/F over a copper oxide/silica surface,
we demonstrated that electron transfer occurs between the
adsorbed molecule and surface cation resulting in the
reduction of the latter (32). We believe that this is also
occurring in the iron oxide-based catalyst.

Different types of iron oxide species have been attributed
to the catalytic activity iron oxides, i.e., R-Fe2O3 and FeO (30,
31). We observed correlations between the transition from
Fe3O4 and FeO oxides in TPR profiles and light-off curves of
2-MCP oxidation. In particular, this is true for the sol-gel
prepared samples, where the steep portion of the light-off
curves appears at the same temperature as the Fe3O4 f FeO
transition. Fe3O4 has a reverse spinel structure with both
Fe2+ cations and Fe3+ cations, part of the iron(III) having a
tetrahedral coordination (31). At the temperature range of
the Fe3O4 f FeO transformation, reduction of Fe3+ is favored.
In the presence of gas-phase oxygen, the reverse process
also can occur, resulting in redox cycling of iron cations.
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