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Tribochemical Activation of Iron Oxide for the
Reduction of NO with CO: How Lattice
Defects Can Influence the Catalytic Activity

Thomas Riihle, Olaf Timpe, Norbert Pfander und
Robert Schlogl*

The cleavage of NO, molecule into its constituent elements
is an important goal for environmental catalysis.'l Massive
metal oxides are, in principle, a suitable class of compounds?
and have been discussed for a long time as potential
catalysts,®’l however had neither the required activity nor
stability against reduction.

Iron oxide is non-toxic and chemisorbs NO very welll and
is thus a promising material, provided that the active centers
can be regenerated by a reducing agent such as CO.I! Iron
oxide nano particles are currently the subject of extensive
investigations in NO reduction processes.’l nonstationary
kinetic measurements’] show that in hematite (a-Fe,0;) NO
is absorbed and activated at defects in the oxygen sublattice.®!
Conversion into N, proceeds via the intermediate N,O. The
active sites are regenerated by the reaction of CO with
oxygen. In comparison to other catalysts iron oxide exhibits a
high selectivity for N, but not for N,O* an important
feature for application in environmental catalysis.

When the reaction with CO is not limited to the surface
active sites then the catalysts is rapidly following the
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chemistry of the blast-furnace reduction of iron oxide. This
reaction pathway requires the diffusion of iron out of the bulk
material and onto the surface.l'’’ Thus it is necessary to
maximize the number on active sites but at the same time the
bulk diffusion of the iron atoms has to be controlled.

The tribochemical (that is, induced through high-energy
ball milling) activation of commercial hematite leads to a
clear improvement in the catalytic properties of the material.
The conversion-—temperature profile (Figure 1) shows a
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Figure 1. Conversion —temperature profile of the NO-CO reaction on
pure unactivated (A) and activated iron oxide (B) (For B/CO, it is not the
conversion but the yield curve). After activation the Brunauer— Emmett—
Teller (BET) surface is not measurably different from the starting value.
The modified residence timel”! was in each case 100 kgsmol .

considerable increase in catalytic activity after the grinding
process. At the temperature at which the unactivated oxide
begins to react the activated sample shows its greatest activity.
Compared to supported oxide particles” that give active
catalysts with an internal surface of 302 m?>g~! the catalyst
presented herein, which has an internal surface of only
8.2m?g~!, is significantly more active, as can be seen by
comparing the measured values at 50% conversion (here
482 K, supported sample 578 K) and at 80 % conversion (here
532 K, supported sample 615 K). The comparison of the
almost identical NO conversion and CO, yield curves in
Figure 1 demonstrates clearly the excellent selectivity!"] of
the catalyst to N,, that is achieved here even without a high
surface-area activated charcoal support and the addition of
promoter oxides.'2l This result also demonstrates the high
stability of the ground iron oxide against irreversible reduc-
tion.

The effect of the tribochemical treatment on the activity
was emphasized by comparing the activation energies of the
NO reduction by iron oxide and by a highly dispersed
platinum catalyst!"®l. Figure 2 shows the Arrhenius plot of the
corresponding data from stationary measurements. The
activation improves the specific activity of the iron oxide
compared to that of the supported platinum metal. Moreover,
the apparent activation energy of the reaction on the iron
oxide reduces from 82 to 45 kJmol~! and is thus comparable
to that of the platinum catalyst (50 kJmol~!; a value that
compares well with literature datal'¥l). This observation is
noteworthy because the mechanism of the reactions on
platinum and iron ought to be different.[*”]
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Figure 2. Determination of the apparent activation energy from the NO
conversion; A) unactivated iron oxide, B) platinum on aluminum oxide,
C) activated iron oxide. The errors are about twice as large as the data
symbols for sample A.

The catalytic activity remained constant for 30 hours,
during which the concentrations of the reaction gases and
the temperature were changed many times in a steps-wise
manner. This confirms the excellent stability of the active sites
up to a maximum temperature of 773 K. Thermal pretreat-
ment up to 873 K did not have a negative effect on the
catalytic behavior.

The chemical stability after activation was tested through
pulse treatment under reducing conditions. Figure 3 shows
pulse responses to CO (5% in He carrier gas) at 673 K. After
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Figure 3. Pulse responses of an activated catalyst to the addition of CO
(5% in He carrier gas) to the reaction gas mixture; n=IMR mass
spectrometer count rate [events per second].

a very short period of improved NO conversion the SCR
activity (SCR = selective catalytic reduction) reduces by 70 %
conversion, then after the end of the reductive pulse, slowly
recovers to the initial value. The regeneration process, which
has a time span of around 5 min, is assigned to the reoxidation
of the iron (2+) centers in the bulk material; these result

4380 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

from a fast reaction under the influence of CO, as the CO,
pulse responses in Figure 2 suggest. The unactivated sample is
completely and irreversibly deactivated by a single one of
these CO pulses

The stability of the activated catalysis to gaseous oxygen is
an important point as the defects near to the surface of the
oxygen lattice in hematite seem to be responsible for the
catalytic properties. Figure 4 reveals that the selectivity of the
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Figure 4. Pulse response of an activated catalyst to the addition of O, (2%
in He carrier gas) to the reaction gas mixture. The pulse response in the
CO, channel is shown as a broken line; x, = relative amount [%].

SCR reaction in the presence of oxygen (2% in He) is
significantly diminished, however, rapidly recovers. The pulse
profiles for CO and CO, are clearly not mirror images of one
another which indicates that, in addition to the expected
competition between the SCR reaction and the total oxida-
tion of CO, other processes must also be occurring. After
longer exposure to oxygen the conversion of CO, shows a
transient effect that is distinguished by the combustion of
carbon which does not come directly from the gas phase.
Apparently the catalyst is able to store CO when the catalyst
surface is transformed into a particular oxidation state that is
higher than that under stationary opperation.l'* In response
to the composition of the gas phase the surface of the iron
oxide changes its composition!'”] and thus, its coverage of CO
and NO. As a result of this behavior we observe a change in
the selectivity of the SCR reaction and a CO storage effect.

The catalytic behavior demonstrates that the tribochemical
activation leads to considerable disorder in the oxygen lattice
at the surface, but without the occurrence of irreversible
deactivation by reduction. The limitation of the catalytic
activity by diffusion processes in the oxygen lattice was
confirmed by modeling the nonstationary kinetic measure-
ments for N,O reduction on a supported iron oxide sample.['*]
The resulting activation energy for oxygen diffusion
(47 kJmol~') corresponds very well to the value determined
here for the activated sample.["”]

1433-7851/00/3923-4380 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 23



COMMUNICATIONS

A significant change in the internal structure of the
hematite was demonstrated by means of transmission electron
microscopy (TEM). Figure 5 A shows at the edge of an oxide
particle a nano particle (green) that has been formed by the

Figure 5. TEM image (Philips CM200FEG, 200 kV, samples dispersed by
ultrasound in CCl,, measured on charcoal) of an activated catalyst
(images A-C, E) and the untreated material (image D). In images A-C
the (104) crystal planes with an average separation of 0.27 nm and in
image D the (012) crystal planes with a separation of 0.37 nm can be seen.
The crossed lattice planes in the oxide cluster (green) in image A
correspond to the (024) crystal plane with a separation of 0.18 nm.

grinding process and that is surrounded by an amorphous
layer which also forms the outer surface of the particle. The
internal structure of the polycrystalline particle?” is highly
disrupted (Figure 5B and C). It seems plausible that the
amorphous regions (green in Figure 5B, blue in Figure 5C)
and breaks in the (104) crystal plane (green in Figure 5C)
hinder the migration of the iron ions in the bulk material.
Under the present reaction conditions this migration controls
the reduction to iron.?!l. Figure 5D displays the intact
structure of starting material prior to grinding, which is free
from an amorphous covering layer (red in Figure 5D). The
diffraction pattern of the activated hematite (Figure 5E) does
not show any foreign-phase reflections and indicates that
disrupted crystalline regions (large dotlike reflections) and
highly amorphous substance (ring structure) lie next to each
other. The X-ray powder diffraction diagram®! also does not
show a foreign phase but indicates the loss of around 90 % of
the scattering power of the sample after activation.

The inhibition of the migration of iron ions by tribochem-
ical activation up to “the grinding equilibrium”®! was

Angew. Chem. Int. Ed. 2000, 39, No. 23
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confirmed by temperature programmed reduction (TPR) in
a hydrogen atmosphere. From the integrated mass loss®! the
contribution of vacant oxygen sites®! was determined to be
1.8 mass %. The profile of the two-step reaction?’ from
hematite to magnetite (Fe;0,) and then to iron has a relative
hydrogen consumption of 1:9 which indicates the phase purity
of the activated sample. The profile of the reduction of the
ground material indicates two double structures which
intergrate in the ratio of 10:90, the first of which (at 584 and
724 K) can be assigned to the reduction of the crystalline
hematite and the second (at 640 and 803 K) corresponds to a
kinetically delayed reduction reaction. The quantitative
agreement of this analysis with the loss of scattering power
in the X-ray powder diffraction shows that around 90 % of the
mass of the hematite becomes amorphous and thus kinetically
hinders the reduction.

Through variation of the heating rate in the TPR?" and a
deconvolution corresponding to the two differently damaged
lattice sections of hematite it was determined that only the
formation of magnetite from hematite®! is kinetically hin-
dered while the subsequent reaction to metallic iron is in fact
significantly easier after activation.]

The results show that it is possible to increase the number of
defects in the oxygen lattice that are necessary for catalysis
and at the same time to increase the kinetic stability of the
activated iron oxide in the form of hematite.’” This apparent
contradiction to chemical intuition®!! can be explained in that
the metal-oxide reduction is at least a two-step process and
the rate-limiting steps (the reorganization of the iron lattice
for the formation of the magnetite and the oxygen migration
for the formation of iron) are dependent in different ways
upon the induced lattice defects. This example shows further
that the controlled change of the bulk structure of a material
really can cause significant improvements in catalytic activity
and stability without the need to alter the usual ,design
variables“ of heterogeneous catalysis, the chemical composi-
tion and the particle size.

Experimental Section

Hematite (Fluka, 99.5 % pure) was activated in a Retsch-Kugelmiihle S2 in
a steel grinding vessel. Dry grinding gave the grinding equilibrium after
45h (first 24 h with 50 kgms=2 and then 21 h with 100 kgms=2). The
determination of the metallic impurities by X-ray fluorescence analysis
before/after the activation gave the following values: Cu: 1130/1190; Cr:
1640/2000; Ni: 140/400 ppm. Photoelectron spectroscopy (XPS) could not
detect the presence of any of the impurities in the surface of the sample.

The activity measurements were carried out in quartz-glass flow reactor
(blind activity with SiC substitute filling: 4 % conversion of NO at 723 K)
using 20 mg of activated sample. A flow of dry helium (100 mL min~"), that
contained NO (1700 ppm) and CO (10000 ppm), was employed as the
reaction gas mixture. Detection was with an ATOMIKA 1500 IMR mass
spectrometer (IMR =ion molecule reaction), which with the use of the
primary gasses Kr, Xe, and CF;I could analyze quantitatively the gas
components NO, CO, NO,, CO, without cross sensitivity. The amount of N,
was determined partially quantitatively through electron impact ionization
mass spectrometry. For the IMR mass spectroscopic quantification relative
sensitivity factors of 1:100:600 for NO:CO:CO, were used. For calibration
benzene was used as an internal standard.
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