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The catalytic properties of Fe–MCM-41 and other iron-based
catalyst materials for sulfur dioxide oxidation in highly concen-
trated gases have been characterized for the first time. Independent
of whether the catalysts were synthesized by incipient wetness im-
pregnation, solid-state impregnation, or in situ synthesis, the ac-
tivity is found to be substantially higher than that observed for an
industrial iron-on-silica reference catalyst. Although some activity
is lost during the formation of the catalysts, Fe–MCM-41 catalysts
are remarkably stable at temperatures of up to 1023 K. Fe–MCM-41
catalysts appear to be efficient for the conversion of highly concen-
trated gases that cannot be processed by conventional vanadium-
based catalysts due to thermal breakdown. c© 2000 Academic Press

Key Words: sulfuric acid; catalyst; iron; Fe–MCM–41; sulfur
dioxide oxidation; sulfuric acid; mesoporous oxide.
INTRODUCTION

The oxidation of sulfur dioxide is the basic step in the
production of sulfuric acid. Conventionally, vanadium pen-
toxide catalysts are used. Since BASF was granted a patent
for these catalysts in 1913 (1), little effort has been invested
in developing alternative catalysts. However, the search for
novel catalyst systems has become interesting again from
an economical as well as an ecological point of view.

In metallurgical plants copper, zinc, and lead sulfides re-
act with oxygen to form the corresponding metaloxides.
Sulfur dioxide is obtained as a by-product and has to be
removed from the tail gas for environmental reasons. As
environmental legislation becomes more restrictive, this
sulfur dioxide accounts for a continuously increasing pro-
portion of the total sulfur dioxide used for sulfuric acid
production. In metallurgical plants air is increasingly re-
placed with oxygen (2), and in such processes the sulfur
dioxide content of the tail gas is drastically increased. If it
were possible to handle such highly concentrated gases di-
rectly, the sulfuric acid plants could be built considerably
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smaller and would, therefore, be cheaper in construction
and operation. In addition, high sulfur dioxide concen-
trations lead to high temperatures, since the sulfur diox-
ide oxidation is a strongly exothermic reaction. At high
temperatures heat recovery is favored and high-pressure
steam could become a valuable by-product. Conventional
vanadium-based catalysts, however, are not suitable for
handling such high temperatures due to thermal break-
down and loss of vanadium, entailing pollution of the prod-
uct acid. Furthermore, vanadium-based catalysts require
an O2/SO2 ratio of about 1.1 to provide high conversions
(3). Therefore, the reaction gas from oxygen-based smelter
processes needs to be diluted to a greater extent than
would otherwise be necessary to maintain the stoichiomet-
ric O2/SO2 ratio of 0.5. Today tail gases with concentrations
of 50% to 70% of sulfur dioxide (Kivcet process) (4) or
even 80% (Inco Flash Smelting process) (5) are diluted and
processed with a maximum sulfur dioxide concentration of
about 8%.

In combination with an indispensable high-temperature
stability, low-temperature activity is highly desirable for a
new catalyst, since it would increase the range for the adia-
batic temperature rise, especially in the first bed. This range
is limited, since external cooling becomes necessary as soon
as the equilibrium conversion is reached (6).

The active phase of vanadium-based catalysts is a melt
under reaction conditions; therefore, the reaction is not sur-
face limited, but the whole volume of the active component
is used. In order to obtain comparably active catalysts with
solid active phases, high surface areas of the active phase
are required.

The discovery of the M41S family of mesoporous silicate
and aluminum silicate materials by scientists at Mobil Oil
Corp. in 1992 (7) has offered new possibilities to develop ac-
tive catalysts based on active components other than vana-
dium. We have used MCM-41, the hexagonally structured
member of the M41S family, as a support for iron oxide.
MCM-41 exhibits surface areas of about 1000 m2/g and high
thermal stability and should be chemically resistant against
the demanding conditions in sulfuric acid plants.
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METHODS

The MCM-41 was synthesized in alkaline medium as de-
scribed by Kresge et al. (7). The iron was loaded into the
MCM-41 by three different methods. Fe(NO3)3 was used as
the precursor in the case of both incipient wetness and solid-
state reaction. For the solid-state loading, the oxide and the
iron nitrate were thoroughly ground together, heated at a
rate of 5 K/min to 673 K, held at this temperature for 3 h,
heated at 5 K/min to 973 K, and maintained at this temper-
ature for 3 h. For in situ incorporation, K4[Fe(CN)6] was
used instead of the nitrate, and was added to the surfactant
solution (C16H33N(CH3)3Cl in water) before it was com-
bined with the silica solution. The samples were calcined at
973 K to ensure that the temperatures reached during the
catalytic experiment did not lead to thermal breakdown of
the catalyst.

Structural information was obtained by X-ray diffraction
(Stoe, StadiP) using CuKα radiation. N2 adsorption exper-
iments were made at 77.35 K (Micromeritics ASAP 2000).
Transmission electron microscopy (TEM) was performed
with a Hitachi HS2000 (cold field emitter) equipped with
an EDAX system (Nora) with an Si(Li) detector. The spa-
tial resolution of the EDAX analysis was about 10 nm. 57Fe
Mössbauer experiments (Halder) were carried out at room
temperature.

Catalytic sulfur dioxide oxidation was investigated with a
gas composed of 20% SO2, 22% O2, and 58% N2. The cata-
lysts were pressed in a manual pellet press to cylindrical
pellets, crusted in a mortar, and sieved to obtain the frac-
tion of particles between 500 and 1000 µm. An open flow
reactor (i.d. 10 mm) system equipped with nondispersive
IR (URAS 3G, Hartmann & Braun) for the sulfur diox-
ide analysis was used. The catalyst bed height was about
10 mm. The catalyst temperature was measured by a ther-
mocouple placed within a capillary in the catalyst bed. For
most experiments a stainless steel system has been used.
For reactions at temperatures exceeding 973 K, however,
the blank activity of the system was too high (>5% con-
version). These experiments were therefore carried out in
a reactor made from fused silica. The sulfur trioxide was
removed from the product gas prior to analysis using sul-
fur trioxide filters (Fuhr) and the offgas was only passed
through the IR cell during analysis. For the investigation of
the temperature dependence of the conversion, each tem-
perature was held constant for 2 h before the conversion
was determined and the temperature was raised. Although
this particular time period might not be sufficient to fully
reach steady-state conditions in all cases, it was regarded as
suitable for comparison of different catalysts.

RESULTS AND DISCUSSION
For incipient wetness impregnation utilizing Fe(NO3)3 as
the iron precursor the Si : Fe ratio was varied in the range
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of Si : Fe= 100 : 1 to Si : Fe= 5 : 1. With increasing iron con-
tent, samples show a decrease in both mesopore volume
and BET surface area, even if the additional weight of iron
oxide deposited is considered as not contributing to the sur-
face area and is therefore neglected when normalizing sur-
face area to weight. The decrease may be caused by pore
blockage. The BET surface area decreases less than the
mesopore volume. This is because the total surface area
is the sum of internal and external surface area, and only
the internal surface is influenced by the loading. However,
the full pore volume is affected by the introduction of the
iron. While many samples have been evaluated catalytically,
only selected results typical for each class of materials are
shown. For the sample for which catalytic results are shown
below, the MCM-41 support material had a BET surface
area of 775 m2/g before impregnation and a BET surface
area of 530 m2/g after impregnation with Si : Fe= 5 : 1 and
calcination at 973 K.

For in situ synthesis, K4[Fe(CN)6] turned out to be a
highly suitable iron precursor. Previous studies carried out
in our laboratory led to the conclusion that the synthesis
of pure silica MCM-41—if fumed silica is used as silica
source—is highly sensitive to slight changes in the synthesis
procedure such as using magnetic stir bars of different
sizes (8). The addition of K4[Fe(CN)6] to the synthesis
mixture, however, seems to promote the reproducibility of
the synthesis of a material with several sharp, well-defined
XRD low-angle reflections. For Si : Fe ratios in the range
of Si : Fe= 20 : 1 to Si : Fe= 35 : 1 highly ordered materials
with high mesopore volume, sharp pore size distribution,
and high BET surface areas can be obtained. Increasing or
decreasing the iron content leads to materials for which the
features described above appear to be less pronounced.
The sample for which catalytic results are shown below
was synthesized with Si : Fe= 20 : 1 and calcined at 973 K.
In transmission electron microscopy this sample appears
to be hexagonally ordered throughout almost the whole
sample, in contrast to samples which were synthesized via
an identical procedure, but without the iron salt. In the
case of pure silica MCM-41, hexagonally ordered areas
seem to be more rare and ordered only over shorter length
scales. In addition, most of the TEM pictures presented
in the literature show materials calcined only at 823 K.
After calcination at 973 K, pure silica MCM-41 materials
sometimes exhibit partially destroyed structures, which was
not observed for the sample synthesized in the presence
of K4[Fe(CN)6]. The X-ray diffractogram of this sample
shows four well-resolved peaks, which can be indexed
hexagonally. The nitrogen sorption isotherm shows a steep
increase in the volume adsorbed in the range of relative
pressures which is typical for condensation in the meso-
pores; the surface area is 940 m2/g. The Si : Fe ratio obtained

for this sample was 26 : 1, as measured by EDAX analysis in
the TEM.
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FIG. 1. X-ray diffractograms for samples synthesized by the incipient
wetness technique (a) and by solid-state impregnation (b).

The samples obtained via solid-state reaction had an al-
most unchanged diffraction pattern in the low-angle range.
The reflections of the iron nitrate precursor, however, had
vanished after the heating step at 973 K; instead, reflec-
tions for hematite appeared which were broadened due to
particle size effects. Surface areas were reduced to approx-
imately the same extent as for the samples prepared by
incipient wetness impregnation, which is also in this case
probably due to pore blocking by the iron species.

In order to investigate the state of the iron compound,
X-ray diffractograms of samples from the three synthesis
pathways were recorded. Figure 1 shows the traces for sam-
ples prepared via incipient wetness and solid-state reaction
prior to catalytic experiments. For the sample obtained via
in situ synthesis no iron phase could be detected via X-
ray diffraction; the diffraction pattern was featureless in
the wide-angle range. For both samples in Fig. 1 the ob-
served reflections can be assigned to Fe2O3 (hematite). In
the case of the sample impregnated by the incipient wet-
ness technique, the peaks are of low intensity and a strong
broadening underlying the sharp reflections indicates an at

least bimodal distribution of particle sizes. The line width
in the case of the sample prepared by the solid-state im-
ET AL.

pregnation technique allows calculation of the crystallite
diameter using the Scherrer formula (9). The calculated
particle size is 43 nm. However, due to the relatively low
intensities of the hematite reflections it could be concluded
that only a fraction of the iron was present in the form
of particles detectable via XRD. In order to obtain more
information about possible X-ray amorphous particles we
carried out additional experiments using Mössbauer spec-
troscopy. In Fig. 2 the spectra of the samples impregnated
by the incipient wetness technique and by solid-state im-
pregnation are shown. The observed sextets are typical for
ferromagnetic hematite, and, as expected from the intensi-
ties of the peaks in the X-ray diffraction experiment, also
here the intensity of the sextet is much stronger for the sam-
ple prepared by the solid phase impregnation technique. In
addition to the sextets, several other lines are observed.
These lines can be fitted by doublets, with isomeric shifts
and quadrupole splitting constants typical for a distribu-
tion of superparamagnetic hematite (10). Transition from
ferromagnetic to superparamagnetic behavior occurs with
decreasing particle size, since the time evolution of the mag-
netization vector is short compared to the time scale of the
experiment. Therefore, there is no effective magnetic field
at the nucleus on the Mössbauer time scale. For surface
atoms, the quadrupole splitting constant is increased due
FIG. 2. Mössbauer spectra for samples synthesized by the incipient
wetness technique (a) and by solid-state impregnation (b).
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to their asymmetric environment. Hence, the magnitude of
the quadrupolar splitting allows estimation of particle sizes
(10) for particles not detectable by X-ray diffraction. For
the sample synthesized by the incipient wetness technique, a
particle size of 2.9 nm was obtained; in the case of the sample
synthesized by solid-state impregnation, a bimodal distri-
bution with particle sizes of 2.3 and 10.0 nm was calculated.
The spectrum of the in situ prepared sample only showed a
doublet which could be fitted by two different particle sizes
of 1.5 and 4.4 nm. However, since the fitting of the doublets
remains somewhat ambiguous, the numerical values should
be considered as only an estimation of the particle sizes.
Moreover, since it is probable that a distribution of particle
sizes is present, fitting by many lines would be more appro-
priate. However, the data quality is not sufficiently good to
fit a distribution. The values for the smaller particles, be-
low about 4 nm, suggest that these are species which are
located within the MCM-41 channel system. On average,
the iron dispersion seems to be lower for the samples pre-
pared by the solid-state reaction, which could be the reason
for the lower catalytic activity (see below). There was no
indication for iron species present in the freshly prepared
catalysts other than the hematite particles of different sizes.

Catalytic experiments were carried out for many dif-
ferent samples with consistent behavior for each mode
of preparation. In addition to the samples mentioned
above, two industrial catalysts were used as references:
a vanadium-based commercial catalyst for sulfur dioxide
oxidation (BASF V4-111) and an iron-on-silica catalyst,
Si : Fe= 23 : 1 (BASF V1605). In the following the discus-
sion will focus on selected samples which are prototypic for
all samples of the series. In Fig. 3 the conversion of sulfur
dioxide as a function of temperature is shown, measured at
a gas hourly space velocity of 3000 h−1. The Si/Fe ratio of

FIG. 3. SO2 conversion vs T: m, incipient wetness impregnation; r,
solid-state impregnation: j, in situ synthesis; d, V1605 Fe reference; ×,
V4-111 V reference. The connecting lines are just a guide for the eyes. The

dotted line shows the equilibrium conversion.
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the V1605 catalyst was higher than those for the materials
based on MCM-41. In order to check whether this would
strongly influence catalytic performance, the iron content
was also increased to 5 : 1 by solid-state loading with iron
nitrate. The effect on the conversion achieved, however,
was small (shifts of<10 K in the conversion curves). Many
curves similar to those shown in Fig. 3 have been recorded
for different catalyst batches with comparable results. In
the following, the typical observations will be discussed for
one particular set of materials.

As expected, the low-temperature activity of the MCM-
41-based catalysts is considerably lower than that of
the vanadium-based catalyst. However, it is substantially
higher than that of the iron-based reference catalyst. The
differences in the catalytic activities of the Fe–MCM-41
catalysts prepared by the different pathways are small but
significant. Considering the rather low iron content, the ac-
tivity of the sample obtained by in situ synthesis is remark-
ably high. However, materials synthesized with increased
iron content showed decreased long-range order and de-
creased mesopore volume, as described above. The conver-
sions achieved over such catalysts were lower than those
for the samples impregnated by postsynthesis methods. In
addition, incipient wetness impregnation and solid-phase
impregnation are favorable from the industrial point of
view, since the support material is in principle commercially
available and the loading methods can easily be scaled up.
Therefore, further investigations were focussed on materi-
als obtained by postsynthesis loading with iron.

The conversion achieved for the sample impregnated by
the incipient wetness technique was slightly higher than
that for the one obtained by solid-phase impregnation.
This difference, which was not very pronounced, but was
consistently observed for many different catalyst batches,
might be due to the higher dispersion of the iron species.
When conversion versus temperature curves were recorded
a second time, significant changes could be observed for all
iron-based catalysts. As can be seen in Fig. 4, the activity
decreased in the second cycle, resulting in a shift of the
conversion curve to approximately 50 K higher tempera-
tures. The extent of the decrease was equal for all three
different kinds of Fe-MCM-41 materials examined as well
as for the iron reference catalyst. However, the period of
time the catalyst was held at 973 K does not influence the
degree of deactivation, as investigated for the sample im-
pregnated by the incipient wetness technique in the range
of 1 to 90 h. Moreover, in a third cycle the same activities
were observed as in the second cycle, indicating that no
further short-term deactivation took place under the given
reaction conditions. It thus seems more appropriate to de-
scribe this initial period over which the activity loss occurs
as a formation period.

The catalysts used usually do not show more than two

low-angle peaks of relatively low intensity in the X-ray
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FIG. 4. SO2 conversion vs T in two consecutive catalytic cycles, in-
cipient wetness impregnation in first (m) and second (4) cycles, in situ
synthesis in first (j) and second (h) cycles, V1605 Fe reference (first
cycle, d). The connecting lines are just a guide for the eyes. The dotted
line shows the equilibrium conversion.

diffraction experiment, and both mesopore volumes and
BET surface areas are strongly decreased (by about a fac-
tor of 3, see Fig. 6). The loss of structural integrity does not
take place for the pure silica MCM-41 support under the
given reaction conditions, though. As expected for a silica
material, the pure silica parent MCM-41 did not show any
change in its properties after being held in an equilibrated
reaction gas mixture at 973 K for 12 h. Therefore, this degra-
dation of the support structure must be related to the active
iron phase. In order to elucidate whether structural collapse
can be responsible for the initial deactivation, the catalytic
reaction was interrupted at an identical temperature for
one catalyst in the first and for another one only in the sec-
ond cycle, as shown in Fig. 5 for the sample impregnated by
the solid-phase impregnation technique with Si : Fe= 5 : 1.
N2 sorption measurements revealed that the total decrease
in mesopore volume and BET surface area could already
be observed after interruption in the first cycle without the
FIG. 5. Interruption of the catalytic experiment in one of two consec-
utive cycles. The connecting lines are just a guide for the eyes.
ET AL.

FIG. 6. N2 sorption isotherms for solid-state impregnated samples be-
fore catalysis (r) and after interruption of the catalytic experiment in the
first (♦) and second (4) cycles.

corresponding decrease in catalytic activity. The isotherms
are shown in Fig. 6; the BET surface area decreased from
360 m2/g before catalysis to 170 m2/g after interruption in
the first cycle and 190 m2/g after termination of the exper-
iment in the second cycle. Obviously, structural collapse is
not responsible for the initial decrease in catalytic activ-
ity, since the catalysts obtained in the first catalytic cycle
already show structural collapse.

Comparison of the crystallite sizes of the iron species ob-
served by peak broadening of the hematite reflections in
X-ray diffraction experiments did not show a decrease in
dispersion of the hematite species that could be responsible
for the observed decrease in activity between the first and
the second cycles. Energy dispersive analysis of X rays cou-
pled to transmission electron microscopy was carried out
to determine the iron and silicon contents at spots 10 nm
in size. At almost all spots iron was detected, indicating a
highly dispersed iron species in addition to crystallites de-
tected by X-ray diffraction. However, no clear difference
in Si : Fe ratios or their standard distribution could be de-
tected for samples obtained after breaking off the catalysis
during the first or second cycle.

However, during the catalytic reaction part of the
hematite is converted to an iron sulfate species, as detected
in XRD analysis of the used catalysts. The phase distri-
butions for samples removed in the first and the second cy-
cles are slightly, but consistently and reproducibly different.
In Fig. 7 the X-ray diffractograms are shown for materials
synthesized by the solid-state impregnation technique and
incipient wetness impregnation. Two phases are observed
in the used samples, Fe2(SO4)3 and Fe2O3 (hematite). Al-
though the intensity of the Fe2(SO4)3 peaks is always much
higher than that of the Fe2O3 peaks, the Fe2O3/Fe2(SO4)3
cle. This might indicate that part of a highly dispersed and
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FIG. 7. X-ray diffractograms for solid-state impregnated samples af-
ter interruption of the catalytic experiment in the first (a) and second (b)
cycles. The reference diffractograms displayed represent Fe2(SO4)3 (a) and
hematite (b).

active iron species, which forms sulfate under reaction con-
ditions, is converted to less active hematite under catalytic
conditions relatively rapidly. It would be tempting to spec-
ulate that these are iron species not located in the MCM-41
pore system. However, at present we do not have exper-
imental evidence for this. It must also be mentioned that
the X-ray diffraction experiments were carried out in air
at room temperature after cooling the catalysts down from
reaction temperature in a stream of nitrogen. During this
procedure, new species may be formed while others may
disappear. Investigations utilizing in situ X-ray diffraction
would be needed to further substantiate this interpretation.
However, due to the corrosive nature of the gases and the
problem of SO3 condensation, such experiments have not
been possible so far.

An industrial sulfuric acid catalyst has a service time of
several years. From an industrial point of view it is of great

importance to obtain information about the loss of activity
during prolonged exposure to reaction conditions. A lab-
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oratory study cannot fully address this problem; however,
deactivation studies were performed over several weeks.
Figure 8 shows the activity for a sample impregnated by
the solid-state impregnation method and for the iron ref-
erence catalyst as a function of the time the catalysts were
kept under reaction conditions at 961 and 966 K, respec-
tively. The amount of catalyst was chosen in each case to
reach conversions below the equilibrium conversion, be-
cause deactivation might go unnoticed under conditions
where the conversion reaches equilibrium. (Note the differ-
ence in the time scale between Figs. 8a and 8b.) The activity
of the solid-state impregnated sample (Fig. 8a) decreases
much more slowly than that of the iron reference catalyst
(Fig. 8b). Since it was rather difficult to maintain this kind
of experiment running for a longer period of time due to
the availability of the reaction system for such experiments,

FIG. 8. SO2 conversion vs time at elevated temperature for the solid-
state impregnated sample (a) and the iron reference catalyst (b). Note

the difference in the time scales. The dotted line shows the equilibrium
conversion.
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catalysts were also brought into a quartz tube purged by a
reaction gas mixture which had been equilibrated at 1023 K
over a catalyst placed before this quartz tube. The quartz
tube was closed at both ends at 1023 K and kept at this tem-
perature for 67 days to simulate long-term experiments at
this temperature.

After this treatment, the conversion obtained over the
catalysts was measured as a function of temperature. The
data obtained following this procedure are not very pre-
cise, since the amount of catalyst which could be kept in
the quartz tubes is too small for a very reliable catalytic
test under flow conditions. However, the conversion versus
temperature curve was not shifted by more than about 50 K
to higher temperatures compared to the catalysts after the
formation period, which corresponds to a loss of activity by
a factor of about 2 after this harsh treatment. The reason for
the long-term deactivation could not be elucidated thus far;
no single analytical technique revealed pronounced differ-
ences between catalysts after the formation stage and aged
catalysts. The deactivation might be the result of a combi-
nation of several factors.

Additional long-term experiments at higher tempera-
tures up to 1023 K were carried out under flow conditions
at Lurgi AG and showed results comparable to the ones
presented in Fig. 8. This deactivation behavior of the cata-
lysts was sufficiently promising such that a pilot plant was
installed in a bypass stream of an industrial smelter and has
been in operation successfully over several months.

In summary, iron-based catalysts, especially those based
on high surface area silica, can be used for the sulfur diox-
ide oxidation in highly concentrated gases. Catalysts with
MCM-41 or similar materials as supports were superior
to conventional catalysts based on precipitated silica and
show activity versus temperature curves which are shifted
to about 50 K lower temperatures. All iron-based catalysts

studied show some deactivation during the formation pe-
ET AL.

riod. This deactivation was also observed for the reference
catalyst and is probably due to a change in the phase compo-
sition whereby more iron is incorporated in hematite parti-
cles. Samples prepared by the incipient wetness technique
and held at 1023 K for 67 days still show higher catalytic
activity than the iron reference catalyst after the forma-
tion period. Therefore, these catalysts seem to be very well
suited for the economically and ecologically advantageous
oxidation of sulfur dioxide in highly concentrated gases.
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