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The catalytic activity in the reduction of NO by ammonia
in the presence of oxygen (SCR process) is reported for CuO-
TiO, and for different catalysts belonging to the MgO-Fe;0,
system. These materials show high activity even at relatively
low temperatures, with a maximum NO conversion near 520
K (CuO-TiQ,) and 600 K (MgO-Fe;0;). At higher tempera-
tures, NO conversion is reduced because of the competitive
NH; oxidation by O, to NO, and N,. The adsorption and trans-
formation of ammonia over these systems has been investigated
by FT-IR spectroscopy in vacuum and in contact with oxygen
and NO. In all cases ammonia is first coordinated over Lewis
sites and later undergoes hydrogen abstraction giving rise either
to NH, amide species or to its dimeric form N,H,, hydrazine,
detected over CuO-Ti0Q; and y-Fe,0;. Other species tentatively
identified as imide NH, nitroxyl HNO, nitrogen anions N; , and
azide anions Nj are produced further. In the presence of NO,
coordinated ammonia rapidly disappears, the above intermedi-
ates are not found, and water is produced, showing that the
SCR reaction occurred. Ammonia protonation to ammonium
ion is not detected at all over these systems. It seems conse-
quently demonstrated that Brgnsted acidity is not necessary
for the appearance of SCR activity. A comparison with the
previously-published data on V,0;—TiO,-based systems is done
and mechanisms of ammonia oxidation by oxygen and by NO

are proposed. © 1995 Academic Press, Inc.

INTRODUCTION

The so-called SCR process is based on the selective
catalytic reduction of NO by ammonia, through the
main reaction

4NO+4NH3+02=4N2+6H20. [1]
This process is now well established and is widely used

for the abatement of nitrogen oxides from waste gases of
stationary sources (1, 2). The industrial catalysts are based
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on V,0s-TiO, anatase with addition of either WO; or
MoO; (1, 2). These formulations are optimal in order to
have sufficient catalytic activity in the SCR reaction, but
with limited activity in several concurrent unwanted reac-
tions, like the reduction of NO to N,O, the oxidation of
ammonia to N, and NQO,, and the oxidation of SO, (fre-
quently present in waste gases) to SO; (3). Other catalyst
formulations, such as copper-oxide- (4), iron-oxide- (5),
chromium-oxide- (6) and manganese-oxide- (7) based cata-
lysts, have been tested (1) and show high or very high
catalytic activity for the SCR reaction, but with lower selec-
tivity to N,, smaller working window, higher conversion
of SO, to SO;, and/or lower stability in SO,-containing
environments (8).

The mechanism of the SCR reaction has been investi-
gated over vanadia-based catalysts by several authors.
Most of them agree that reaction [1] occurs by activation
of ammonia by strong adsorption over the catalyst, while
NO reacts from the gas phase or from a weakly adsorbed
state (1, 9). However, authors disagree on the activation
mode of ammonia over the catalyst. Early studies by Ta-
kagi et al. (10) and by Miyamoto er al. (11) suggested that
the active ammonia species over vanadia-based catalysts
is in the form of ammonium ions, so activation of ammonia
would occur on the surface Brgnsted acid sites. The role
of ammonium ions as active ammonia species has been
supported by more recent investigations (12—14). Alterna-
tively, Janssen et al., on the basis of isotopic labeling experi-
ments, proposed ammonia activation over vanadyl! sites
giving rise to V-O-NH; species (15), i.e., formally an ad-
sorbed form of hydroxylamine. This hypothesis has been
recently assumed also by Ozkan et al. (16). Based on IR
experiments over bulk V,05 (17), V,0s-TiO; (18), and
V,0s-WO;-TiO, catalysts (19), a mechanism involving
ammonia activation over vanadyl centers giving rise to
—NH, amide species has been suggested. This mechanism,
similar to that proposed previously on the basis of a kinetic
study over ferric oxide catalysts (20), involves hydrogen
abstraction from coordinated ammonia. Other authors
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TABLE 1
Surface Areas and XRD Phases of the Catalysts
under Study
Notation Surface area” XRD phase
10% CuO-TiO, 85 anatasc (traces of brookite)
a-Fe, 0Oy 20 hematite
y-Fe, 04 22 maghemite (defective spinel)
Mg, 4Fe; 054 100 defective spinel
MgyecFe20x 60 129 defective spinel
MgFe.O, 128 magnesioferrite (inverted spinel)
Mg.Fe,Os 83 nonstoichiometric spinel
Mg Fe,O5 80 spinel + MgO
MgFe Oy 79 spinel + MgO
MgO 17 periclase
a mZ/g

seem to agree with this conclusion (21, 22) and used this
mechanism for kinetic modeling (23).

To obtain further evidence for the mechanism of the
SCR reaction [1] we investigated it over active systems
other than those based on V,05-TiO,, although their ap-
plication in the industrial case is ruled out in relation either
to their too low selectivity to nitrogen or to their behavior
in the presence of SO,.

In this paper, we report data on ammonia adsorption
and activation and on the SCR reaction over catalysts
belonging to the CuO-~TiO; and MgO-Fe,0; systems.

EXPERIMENTAL

Some data on the catalysts are summarized in Table 1.
The CuO-TiO; catalyst (10% CuO w/w, 85 m?/g) was
prepared by impregnation of Tioxide TiO, (anatase with
traces of brookite) with copper nitrate, as reported pre-
viously (24). The preparation and characterization of Mg-
ferrite aerogels has also been described previously (25).
The sample y-Fe;O; is a commercial one from Bayer.

Catalytic experiments with CuO-TiO, were carried out
in a continuous, fixed bed reactor operating at atmospheric
pressure (26). The reacting mixture (80 liter/h) contained
650 ppm NO, 650 ppm NHj3, 3% v/v O,, and Ar as balance.
The reactor was loaded with 100 mg of catalysts with grain
dimensions of 150-212 um. NO concentration was mea-
sured with a Beckman 955 chemiluminescence NO ana-
lyzer. Ammonia concentration was measured with a Uras
3G Hartmann & Braun IR spectrophotometer, while N,O
and N; were measured by GP (HP5890 with a double
packed Porapak Q molecular sieve column, TCD).

The catalytic experiments over Mg-ferrites were per-
formed in a continuous flow unit, with a 26 mm ID Pyrex
glass reactor and 100 mg of catalyst. The inlet gas composi-
tion (200 liter/h) was 2000 ppm of NO and 3000 ppm of
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NH; in air. NO conversion was measured with a Thermo
Electron Series 44 chemiluminescent NO analyzer. The
aerogels were pretreated in situ with flowing air at 773 K for
2 h. N;O analysis was performed by gas chromatography.

FT-IR spectra were performed with Nicolet 5ZDX and
Magna 750 Fourier Transform spectrometers (4 cm™' reso-
lution) using self-supporting pressed disks of the pure cata-
lyst powders, previously pretreated by calcination in the
IR cell at 673 K for 2 h and outgassing at 673 K for 30
min. Adsorbates were taken from commercial cylinders
from SIAD (Milano, Italy).

RESULTS

(a) Catalytic Activity

The catalytic behavior of the CuO-TiO, catalyst is
shown in Fig. 1. The catalyst is very active already at 473
K, while its activity increases with a maximum at 523 K.
At higher temperatures the activity decreases because of
the concurrent fast ammonia oxidation by oxygen, as
shown by the increased converted NH;/converted NO ratio
and the presence of N,O in the reaction products. The
selectivity to N, is quite high, although the selectivity to
N,O increases with reaction temperature up to near 10%. A
comparison with the behavior of vanadia—titania catalysts
with vanadia loadings approaching the monolayer in the
same conditions (26) shows that the catalytic activity of
CuO-TiO; is comparable or even higher at low tempera-
ture, but selectivity to N; is lower. The general trend is
similar to that reported previously over similar CuO-TiO,
catalysts (4, 27) and agrees with the high catalytic activity
of similar catalysts for the oxidation of ammonia by O, (28).

In Table 2 the specific rate constant of the SCR reaction
per m?® of catalyst for samples belonging to the MgO—Fe,O;
system is given. In most cases the NO conversion activity
shows a maximum in the range near 600 K and later de-
creases, going down to negative values, showing that NO
is formed by ammonia oxidation by oxygen. In one case,
however, two maxima are found. This can be due to the
presence of two different sites, one of which is more active
than the other in ammonia oxidation by both NO and O,.
The most active catalysts in this series are those constituted
by Mg-defect nonstoichiometric spinels. The sample
Mg, 4Fe,O5 4 under our conditions gives rise to conversions
not far from 80% in the temperature range 550-700 K.
Interestingly, the maghemite ferric oxide polymorph (y-
Fe,05) is apparently less active in both SCR and ammonia
oxidation by O, than the hematite polymorph («-Fe,05)
at the same temperature, but the balance of the activity
in the two reactions results in better NO conversions in
the range 600-650 K. In all cases no N,O was detected,
within the sensitivity of our equipment.

These data agree with literature data showing that oxide
materials containing ferric ions, like Fe,O;/AlLO; (5),
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Fe,04/TiO; (29), Fe-03-Si0; (30), Fe,03-Cr,05-ALO;
mixed oxides (31, 32), and Fe-zeolites (33), are active SCR
catalysts in the range 500-600 K. For example, Janssen and
van den Kerkhof reported on the activity of Fe,0;-8i0O; in
the SCR reaction, with a maximum NO conversion just
near 600 K (30) and a small production of N,O above this
temperature. On the other hand, catalytic systems con-
taining ferric ions have also been found to be active in
ammonia oxidation by O, giving rise to mainly N; at low
temperatures (34) and NO at high temperatures (35).
The behavior of both CuO-TiO; and MgO-Fe,0; cata-
lysts seems to be parallel to that of catalysts based on

TABLE 2

First Order Rate Constants k (m*/h-m?) per m’ of Catalyst
Surface Area for the Selective Catalytic Reduction of NO by
Ammonia over Catalysts of the MgO-Fe,0 System

Temperature (K)

Catalyst 450 500 550 600 650 700
a-Fe;04 1230 4160 5850 3720 —10.180 —42.430
y-Fe,0, 0 850 7.590 16040 20740 16,670
Mg, 4FesOs 15 1,782 9816 28545 21044 27,128
Mg, FesOz 0 239 839 3920 11,000 6.742 6.004
MgFe, O, 0 S3 1809 6,782 3,056 2
Mg:Fe,05 616 3097 8123 14265 9072 —4302
Mg,Fe 0, 152 341 660 746 —464 0
Mg,Fe;0, 0 0 644 1076 —496  —3.101
MgO 0 0 2,100 4229 1429 —13.782

Note. Negative rate constants mean that NO is produced by NH; oxida-
tion by O,.

250
Temperature (°C)

15
- 12
Canversion % 0
-9
6
Reaction ratio
-3
— 0
300 350 400

Catalytic activity of CuO-TiO;.

V,05-TiO,, that also show at low temperatures a substan-
tially selective behavior with increasing activity by increas-
ing temperature, and with a maximum followed by a de-
crease of conversion associated to ammonia oxidation by
oxygen. At the temperature at which NO conversion begins
to decrease, selectivity to N, begins to decrease from 100%,
due to N;O production (36-39).

(b) FT-IR Study of Ammonia Adsorption and Activation
over CuO-TiO,

The FT-IR spectra of the adsorbed species arising from
contact of the CuO-TiO; catalyst surface with ammonia
are reported in Fig. 2. The spectrum after contact at r.t.
(Fig. 2a) is dominated by a rather sharp although very
strong band at 1602 cm ' and by a slightly weaker one
centered at 1160 cm™', having an additional pronounced
component at 1225 cm'. These two features are associated
to the asymmetric and symmetric deformation of ammonia
coordinated over Lewis acid sites (40). Correspondingly,
bands are found at 3395, 3340, 3250, 3200, and 3140 cm™!
in the NH stretching region (as shown in Fig. 4a). The
splitting of the symmetric deformation band and of some
NH stretchings is associated to the presence of species
adsorbed on more than one site. The position of the most
sensitive mode, the symmetric deformation, only slightly
differs from that measured on the bare support (1215, 1170
cm™' (41, 42)). The evolution with increasing temperature,
we will describe below, strongly differs from that observed
over the pure TiO, support (where only progressive de-
sorption is observed (41, 42)). This indicates that adsorp-
tion occurs over the supported CuQ, species typical of the
“monolayer” (24).
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FIG. 2. FT-IR spectra of the adsorbed species arising from NHj; adsorption (20 Torr) over CuO-TiO; at (a) r.t. and successive outgassing at

(b) 300 K, (c) 423 K, (d) 523 K, and () 623 K.

Under these conditions we did not find any band in the
regions 3000-2500 cm~! and 1800-1650 cm™', and we did
not detect the strong and broad band near 1450 cm™!,
typically found after ammonia absorption over Brgnsted
acidic solids, where ammonium ions are formed by ammo-
nia protonation. This indicates that the CuO-TiO, catalyst
is not Brgnsted acidic, as expected on the basis of the lack
of Brgnsted acidity both on the pure TiO; support (41, 42)
and on the pure copper oxide CuO (43).

By outgassing at 423 K (Fig. 2¢) the bands due to coordi-
nated ammonia decrease in intensity, as expected. How-
ever, surprisingly, in the asymmetric deformation region
now only a single sharp band is observed at 1187 cm™!,
while also the band near 1600 cm™' is strongly sharpened
and shifted to 1611 cm!. Simultaneously, other sharp
bands grow at 1480 and 1440 cm™', both strong, and at
1346 cm™', weak. Sharp components are also observed at
1560 and 1325 cm™!. These spectra strongly suggest that
coordinated ammonia transforms by heating into more
than one species. This reactivity is not observed at all over
the bare support, and consequently involves reaction of
ammonia related to the surface CuO phase.

The bands at 1440 and 1480 cm™! apparently correspond
to two different species, one of which (1440 cm™") is formed

first and disappears later. The band at 1480 cm™! instead
forms and disappears quickly, so it is possibly associated
to a species intermediate with respect to the formation
of other species. The assignment of these bands will be
attempted below.

Finally, the bands found at 1612, 1560, 1345, 1325, and
1187 em™', apparently behaving in parallel with each other
should correspond to a species formed by ‘““aggregation”
of more than one ammonia fragment. These bands closely
correspond to those observed on hydrazine complexes like
FeCl, X 2 N,H, (44), ZnCl; X 2 N,H, (45), and for hydra-
zine adsorbed on a Fe/MgO catalyst (46) as shown in Table
3. To have a confirmation of this hypothetical assignment
we investigated also the adsorption of hydrazine over our
catalyst. The spectra recorded after contact of the activated
surface with hydrazine vapor at r.t. and outgassing at in-
creasing temperatures (Fig. 3) show a surprising similarity
with those obtained after ammonia adsorption and oxida-
tion. The spectra observed from hydrazine show the bands
at the same positions as those from ammonia (within shifts
< 3 cm!) and very similar relative intensities. This sup-
ports the above identification of hydrazine as an ammonia
oxidation product and also shows that the other species
formed by ammonia transformation are also given by hy-
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TABLE 3

IR Spectra of Hydrazine Species

Fe/MgO FeCl, X 2 ZnCl, X 2
CuO-TiO» y-Fe 05 adsorbed N:H, N-H,4 N,H, liq. Assign.
adsorbed adsorbed Ref. (46) Ref. (44) Ref. (45) Ref. (47) Ref. (45)
1611 1612 1605 1607 1610 1608 NHs scissoring
1560 (1580) 1500 1575 1570 1608 NHj; scissoring
1346 1360 1351 1345 1324 NH; wagging
1325 1307 1310 1283 NH, wagging
1187 1221 1205 1179 1170 1098 N-N stretching
1185 1165 1164 1150 1042 NH; rocking
1156

drazine transformation. Hydrazine is also responsible for
a sharp band at 3080 cm™! (NH stretching), found after
ammonia adsorption and transformation.

At 523 K, both after ammonia and hydrazine transforma-
tion, all the above bands have strongly decreased or disap-
peared, but new bands are found near 2200 and 2030 cm "',
These bands are due to species formed by further transfor-
mation of the above species. They should necessarily be
due either to the stretching mode of a diatomic molecule
with nearly a triple bond or, alternatively, to the asymmet-
ric stretching of a linear triatomic molecule. An assignment
to triatomic species implies the detection of another band

due to the corresponding symmetric stretching mode. From
Fig. 2d it seems evident that a third band at lower fre-
quency, namely near 1280 cm ', also grows simultaneously
with these higher frequency bands. So, a very reasonable
assignment for the bands at 2030 and 1280 ¢cm™' is to a
nearly free azide N;- species, by analogy with the bands
of KNj (2041 and 1344 cm™' (48)). As for the band near
2200 cm™', a possible assignment to NO* species is ruled
out by experiments of NO adsorption (see below). The
band near 2200 cm™! is formed by ammonia transformation
slightly before those assigned previously to azide species.
The most reasonable assignment is to dinitrogen anion

0.1

Absorbance
=~
f=5]

J ]

3200 3000 2800 1700

FIG. 3.
and at (b) 423 K.

1100

Wavenumber (cm')

FT-IR spectra of the adsorbed species arising from the contact of hydrazine vapor with CuO-TiO, and further outgassing at (a) r.t.
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FIG. 4. FT-IR spectra of the adsorbed species arising from NH; adsorption (20 Torr) over CuO-TiO; at r.t. and successive outgassing at (a)

300 K, and from further interaction with NO 20 Torr at (b) 423 K.

Nz complexes, in agreement with the recent data of Martra
et al. (49).

These assignments find additional support on the experi-
mental evidence that the bands above 2000 cm™! are not
found if ammonia is heated in contact with NO gas instead
of in vacuum (Fig. 4). In fact, NO reacts with adsorbed
ammonia at lower temperatures and gives nitrogen and
water, through the so called SCR reaction (see below).

(¢) NO Adsorption and NO/NH; Coadsorption over
CuO-TiO,

The interaction of NO with activated CuO-TiO, (Fig.
5) gives rise to a strong band at 1895 cm~!, with a weaker
one at 2135 cm™'. Outgassing causes the fast decrease of
the intensity of the band at 1895 cm™!, while the other
resists short outgassing at r.t. but disappears at higher tem-
peratures. The main band at 1895 cm™! is found at slightly
higher frequency with respect to the NO stretching of gas-
eous NO (1880 cm™! (50)) and can be assigned to surface
metal-nitrosyl species. This band resembles, for its posi-
tion, the main one observed over the bare support (1900
cm™! (42)), although over the bare support another compo-
nent near 1915 cm™! is also found. Previous data on CO
adsorption over the same catalyst (24) indicated that nearly
free Ti** cations are indeed exposed over this surface.
However, it seems not excluded that NO over copper cat-
ions can give nitrosyls with nearly the same stretching
frequency. According to Spoto et al. (51), Cu?>*~NO species
over ZSMS zeolite are characterized by a single band just
at 1895 cm™!. The other band is instead definitely not ob-
served over the pure support. The band at 2135 cm™,
associated to a species more stable to outgassing than the

Absorbance

| !
2300 2100 1900

Wavenumber (¢cm'!)

FIG. 5. FT-IR spectra of the adsorbed species arising from NO (20
torr) adsorption over clean CuO-TiO; at (a) r.t. and successive outgassing
at (b) 300 K and (c) 423 K; and from NO interaction with ammonia
precovered CuO-TiO, at (d) r.t. and at (e) 423 K.
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previous one, can be assigned to NO" species, likely due
to the reaction of NO with Cu®* sites, so giving rise to a
Cu*-NO" species. This assignment is supported by the
similar frequency for the CO stretching of the isoelectronic
Cu*-CO complex observed over the same catalyst (2112
cm™!) and similarly stable to outgassing at r.t. (24).

If NO is put into contact at r.t. with a CuO-TiO, surface
previously covered by ammonia and outgassed at r.t., the
above bands are not observed at all (Fig. 5d), likely due
to the “‘poisoning” of the adsorbing sites by coordinated
ammonia. However, after contact with NO already at 423
K the spectra show a strong decrease of the bands due to
coordinated ammonia (very evident for the NH stretchings
near 3400 cm™! and for the deformations at 1225 and 1160
cm™! (Fig. 4b)) while absorptions grow in the region 3600—
3400 cm™! and at 1620 cm™!, typically due to the formation
of surface OH’s and adsorbed water. Simultaneously bands
due to NO oxidation products are also found in the region
1600-1200 cm™".

Under these conditions, the band at 1895 cm™!, due to
surface nitrosyl species, appears again, although weak.
These data strongly suggest that NO reacts with coordi-
nated ammonia giving rise to adsorbed water, together
with nitrogen, that desorbs and cannot be detected by IR
in the gas phase. This frees some of the surface cationic
sites where NO can adsorb, giving rise to the band at 1895
cm ! (Fig. 5e). It is remarkable that in the presence of NO
the multiple bands observed when ammonia alone interacts
and is oxidized are not found at all.

These data strongly support the following points:

(i) Ammonia is adsorbed more strongly than NO over
CuO-Ti0, like over V,0:-TiO, (18).

(i) Coordinated ammonia reacts with NO giving rise to
water, so the SCR reaction is observed in our cell already
starting at 423 K. The occurrence of this reaction agrees
with the catalytic measurements reported above.

(iii) The lack of detection, in the presence of NO, of the
complex chemistry observed when ammonia is adsorbed
alone is due to the fast reaction of ammonia (or of one
of its very first transformation products) with NO. This
reaction should be faster than the above-described ammo-
nia fragmentation and “‘aggregation’ to produce different
oxidation species including hydrazine N,H,. So, the first
intermediate very reasonably involved in the reaction with
NO is the reactive species amide NH, that in the absence
of NO can dimerize to N,H,, while in the presence of NO
can give N, + H,O.

(d) FT-IR Study of Ammonia Adsorption and Activation
over MgO-Fe,O; Catalysts

The spectrum of ammonia adsorbed at room tempera-
ture on the stoichiometric spinel MgFe,O, (Fig. 6a) is char-
acterized by bands at 1606 and 1172 cm™! (asymmetric and
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symmetric deformation of coordinated NH;), with addi-
tional components at 1636 and 1130 cm™! that can be as-
signed to ammonia H-bonded over basic sites (40). After
outgassing at 473 K the molecular adsorbed forms of am-
monia are almost gone; while a broad band is clearly
formed at 1550 cm™!, another sharper band is formed at
1425 cm™! together with a sharp doublet at 2195, 2175
cm™' (Fig. 6b). If contact is carried out directly at higher
temperatures, e.g., 473 K (Fig. 6¢c), sharp bands predomi-
nate at 2195, 2175 (doublet), 1565 (shoulder), and 1425
cm! (sharp). The spectra on MgFe,O, can be discussed
taking into account those previously reported for ammonia
adsorption and oxidation over a-Fe,0O; (52) and MgO (49,
53). According to these previous studies, the relatively
broad band near 1560 cm ' is certainly due to the scissoring
mode of an amide species M-NH,, the sharper one at 1425
cm' is due to the bending of imido M-NH species and
the split band near 2180 cm™! is assigned to the N=N
nearly triple bond stretching of N5 ions. From the experi-
ments reported in Fig. 6, it seems clear that amide species
are formed from coordinated ammonia, and that both
N; species and imido-species arise from amide species,
The picture is quite similar to that reported previously for
adsorption over a-Fe,O; (52), where also amide, imide,
and N3 species were found after heating of adsorbed am-
monia.

Over the Mg-deficient spinel Mg ¢sFe,05 46 (Fig. 7) am-
monia adsorption gives again bands at 1602 and 1190 cm ™!,
due to coordinated ammonia, without any evidence of am-
monium ions. A shoulder at 1635 cm™! is due to ammonia
H-bonded over basic sites. However, a couple of bands
grow already at r.t. by increasing contact time at 1470 and
1404 cm™!, while a split band also grows at 2193, 2184 cm .
These bands are even more evident after outgassing at 473
K, although the couple of bands in the region 1500-1400
cm™' completely disappears at higher temperatures.

The analysis of the spectra indicates that the band near
1470 cm™! is formed more slowly than that at 1404 cm ™!
(likely due to an imido species), but successively it grows
faster and disappears also faster. So this species seems to
be associated to a real intermediate species between the
amide NH, and nitrogen or other volatile species like NO.

In any case, the detection of the imido species and of
N; species already at r.t. agrees with the higher catalytic
activity of this catalyst with respect to MgFe,0, (see
above).

The spectrum of ammonia adsorbed at r.t. over y-Fe, O,
(Fig. 8) is similar to that observed previously over the a-
Fe, 05 polymorph. It consists of a pointed but rather broad
band at 1603 cm™!, due to the asymmetric NH; stretching,
and of a stronger and even broader band centered near
1230 ecm ™. The spectrum is cut in the region 14001300
cm™! because of the presence of a negative band at 1362
cm™! due to the perturbation of the S=O band of traces
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FIG. 6. FT-IR spectra of the adsorbed species arising from NH; adsorption (20 Torr) over MgFe,04 at (a) r.t. and successive outgassing at (b)

473 K, and from NH; interaction (20 Torr) over MgFe,0, at (c) 473 K.

of sulphates present as an impurity over this sample. No
bands were observed at r.t. in the regions 1700-1650 cm™*
and 1500-1400 cm™!, showing that ammonium ions were
not formed. This confirms previous data on both ferric
oxide polymorphs (52, 54) that showed no Brgnsted acidity.

After outgassing at 373 K the spectrum is deeply modi-
fied. Only very sharp bands were observed at 1610, 1450,
1220, and 1190 cm™!. These bands persist after outgassing
at 473 and 573 K, but the sharp band at 1450 cm™' is
substituted by a couple of slightly broader bands at 1473
and 1445 cm™L.

The comparison of the features observed over MgFe,O,
and Mg, sFe>Os 66 With those observed on y-Fe,O; allows
us to assign the band near 1445 cm™' to an imide NH
species. So, the same assignment can be given for the spe-
cies responsible for the band detected at 1440 cm™ over
CuO-TiO, (see above). Instead, the band at 1475 cm™!
should correspond to the same intermediate, observed also
on the nonstoichiometric Mg-ferrite and over CuO-TiO;.
A tentative assignment for this species will be proposed
below. However, on y-Fe,O; another species should be
present, responsible for very sharp bands at 1612, 1220, and
1190 cm . These features could correspond to coordinated
ammonia, surprisingly stable to heating. However, the
sharpness of these features is unusual. Moreover, sharp

and weak components can be also be found near 1580 and
1360 cm ! (the latter superimposed to the bands of sulphate
impurities) and can be due to the same species. These
features look like those observed above over the CuO-
TiO; catalyst, certainly due to adsorbed hydrazine species
(Table 3). So, they can be assigned to adsorbed hydrazine
formed by ammonia oxidative dehydrogenation also on y-
Fe,O;. Hydrazine over on y-Fe,O; disappears after heating
at 623 K.

NO adsorption over these systems gives rise to nitrosyl
complexes characterized by the NO stretching in the region
1830-1790 cm . These complexes are weakly bonded and
do not form if ammonia is previously adsorbed. Contact of
NO with ammonia-precovered surfaces in the temperature
range 300-500 K produces the progressive disappearance
of coordinated ammonia and the formation of water, in a
similar way as previously described for CuO-TiO,. So,
analogous conclusions can be reached.

DISCUSSION

The experiments performed by using CuO-TiO, and
different MgO-Fe,O; powders as catalysts for the catalytic
reduction of NO by ammonia show that these materials
are active in the temperature range 400-700 K. These
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FIG. 7. FT-IR spectra of the adsorbed species arising from NH; adsorption (20 Torr) over Mgy esFe,0164 at (a) r.t. and successive outgassing

for 10 min at (b} 300 K and for 10 min at (c) 473 K.

data confirm those already reported in the literature for
CuO-TiO, systems (4, 27) as well as for a number of other
Fe,0s-based catalysts (5, 29-32). A rough comparison be-
tween the catalytic activities of these systems with the
V,0s-TiO, based systems indicate that the working win-
dow of these catalysts is likely smaller than that of indus-
trial vanadia-titania-based catalysts, mainly because of the
higher activity in ammonia oxidation by oxygen found over
our systems. However, at relatively low temperatures these
systems appear to be active and selective catalysts for the
SCR process.

Previous IR studies of ammonia adsorption over va-
nadia-titania systems (13, 17, 18) showed that ammonja
adsorbs in two different forms, i.e., coordinated ammonia
on Lewis acid sites and ammonium ions on Brgnsted acid
sites. From this, the question arises of which is the active
site for ammonia activation over these systems. Our spec-
troscopic results convinced some of us that the active am-
monia species over vanadia—titania systems is the coordi-
nated form of ammonia (17-19), with protonated ammonia
being essentially a spectator species. However, other au-
thors have the opposite opinion (10-14).

Concerning ammonia adsorption over CuO-TiO, and
MgO-Fe,0;, IR spectra show clearly that ammonia is not

protonated at all. This corresponds to the lack of Brgnsted
acidity found on the simple oxides CuO (43) and TiO, (41,
42), as well as MgO (40, 49, 53) and Fe,O; (52, 54). This
contrasts with the Brgnsted and Lewis acidity of pure V,0;
(55), the active component in the industrial SCR catalysts.

The main conclusion is consequently that ammonium
ions do not exist over CuO-TiO, and MgO-Fe,O; and
consequently cannot act as the active species in the SCR
process over these materials. On the other hand, the above
data show without doubt that ammonia, first coordinated
over Lewis sites, undergoes deep transformation over all
of these systems, in the absence of NO. Although the
spectra observed are very complex and only tentative as-
signments can be given to some of the observed bands,
both on spectroscopic and on chemical bases, some other
data are unequivocal.

In particular, over all of these surfaces ammonia is rather
easily deprotonated giving rise either to a NH, amide spe-
cies, well evident in the absence of NO over «-Fe,O; and
MgO-Fe,O; mixed oxides, or to its dimeric form N,H,,
hydrazine, observed over CuO-TiO; and y-Fe,0;.

Over all catalysts discussed here, two other species are
observed to form both in ammonia and hydrazine transfor-
mation, one of which is formed rather easily and character-
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FIG. 8. FT-IR spectra of the adsorbed species arising from NH; adsorption (20 Torr) over y-Fe,O; at r.t. and outgassing at (a) r.t., at (b) 373

K. (c) 473 K, and (d) 573 K.

ized by a band in the region 1450-1400 cm™'. This band
can be assigned to the NH deformation of imido-species,
likely bridging over two or three cations, in agreement
with literature data (40, 49, 53). The other one is formed
later and is characterized by a band near 1480 cm™'. This
band forms relatively slowly but also disappears fast, so it
is likely a very reactive intermediate. The assignment of
this species is not easy at the moment. In our previous
study of NO and ammonia coadsorption over V,05~TiO,
we also found the formation of a sharp band at 1490 cm™',
and we tentatively assigned it to the N=O stretching of a
nitrosamide species NH,NO (18). In the present case a
similar intermediate could also occur. In any case, ac-
cording to the IR spectra of inorganic (50) and organic
(56) N-containing compounds, this band should be due to
a N=N or N=0 double bond stretching. On the other
hand, the study of NO, NO,, and N,O adsorption over
these systems seems to rule out a possible assignment to
nitrogen oxides as well as to nitrite and nitrate species.
We can tentatively propose it to be to the N=0 stretching
of something like an adsorbed HNO species (nitroxyl),
intermediate for the production of NO, the main ammonia
oxidation product at high temperature. This molecule is
reported to show the NO stretching at 1570 cm™' when
isolated in inert gas matrices (50), but upon interaction

with the surface this band can be very reasonably shifted
down strongly.

Finally, over these catalysts terminal strongly adsorbed
transformation products of ammonia are observed and
have been identified on the basis of literature data as
N3 and N3 species.

The above data show that the fragments produced
by ammonia dissociation tend to ‘“‘condense.” So, N,
undetectable by IR and easily desorbed, is likely the
primary product of the surface reaction we were observ-
ing, while N; can be taken as a strongly adsorbed form
of it.

So a mechanism like the following (where only adsorbed
species are considered, for simplicity) can be proposed for
the surface reactions observed by ammonia oxidation in
the absence of NO:

NH;— NH, + e + H* (2]
2 NH, — NH,-NH, (3]
NH,-NH, — N, + 4H* + 4e [4]
2H" + O = H,0. [5)

Obviously, the electrons produced by these “oxy-dehy-
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drogenation” reactions are assumed by reducible cations
(Cu?* and Fe**) that are just reduced. In the presence of
oxygen these sites are reoxidized, giving rise to

120, + 2 e — O~ [6]

The reaction sum 2 X [2] + [3] + [4] + 3 X [5] + 3 X {6]
gives rise to the overall reaction

2 NH; + 3/2 0, —» N, + 3 H,0, {71

i.e., the selective catalytic oxidation of ammonia to N,
by oxygen (SCO process). Interestingly, CuO-TiO,-based
catalysts have been proposed for this reaction (28).

The reaction mechanism [2] to [6] has features in com-
mon to that proposed some years ago by Williamson er al.
to occur over Cu-exchanged zeolites (57), where the slow
step in excess of oxygen was found to be reaction [2], i.e.,
the reduction of Cu(II) to Cu(I) by ammonia. The above
mechanism seems also roughly consistent with the data of
Bierman and Janssen that investigated the selective oxida-
tion of ammonia by O, over MoQ5/SiO, catalysts and de-
tected the presence of N- and H-containing adsorbed spe-
cies as reaction intermediates (58), as well as with some
conclusions of de Boer ef al. (59) over the same system.
Finally, this mechanism agrees with that proposed to occur
over chromia surfaces (22). On the other hand, this mecha-
nism is also supported by the known chemistry of hydra-
zine, that can be produced by ammonia oxidation and is
further oxidized easily to N, by transition metal cations
in a high oxidation state like Mo(VI), V(V) and Cr(VI)
possibly with the intermediacy of diimide (60). This mecha-
nism is of the so-called Mars—van Krevelen or redox type
(61), so implying the reduction of the surface by the reduc-
ing agent and its reoxidation by oxygen, with no involve-
ment of adsorbed oxygen species.

The side reactions

NH,—»NH + H* +e 8]
NH + 0> - HNO + 2¢ [9]
HNO—NO + H* +e [10]

can give rise to NO, the main product of ammonia oxida-
tion at high temperatures, formed easily in particular over
Fe,O;-based materials. Also this suggested mechanism is
of the Mars-van Krevelen type. However, recently, oxida-
tion of ammonia has been investigated over MgO-CoO
solid solutions by Escalona-Platero et al. (62) and a reaction
of amide species with adsorbed superoxide species produc-
ing nitrite and nitrate species was evident. These anions
are likely precursors for NO. This result agrees with the
high activity in ammonia oxidation to NO of MgO-rich
samples belonging to the MgO-Fe,O; system including
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pure MgO (Table 3), for which a Langmuir-Hinshelwood
mechanism is likely. In effect, the involvement of molecular
oxygen in ammonia oxidation to NO over oxides has been
proposed by other authors (34) and cannot be excluded
to be active also over our systems.

These mechanisms should occur in the absence of NO.
In the presence of NO we cannot detect these species (in
particular hydrazine, imide, and nitroxyl) but we observe
a rapid decrease of the bands due to coordinated ammonia
and the formation of adsorbed water. This behavior can
be interpreted assuming that a new fast reaction occurs in
the presence of NO:

NHZ + NO — Nz + Hzo. [11]

This is what we previously proposed as a key step in the
SCR process over vanadia-titania and similar catalysts
(17-19). A side reaction like

NH + NO —» N,O + H* + ¢ [12]

can be responsible for N,O production by reaction of NO
with ammonia, according to Duffy er al. (22). However, it
must be mentioned that N,O can also be produced from
NO in the absence of ammonia and from ammonia alone
both in the presence and in the absence of NO.

Reaction [11] is likely faster than reaction [3] if NO is
present, at least at low temperatures. This reaction, that
likely has an intermediate step in the production of a ni-
trosamide-like intermediate, frees the cation, now reduced,
to be reoxidized by oxygen (reaction [6]). This makes the
SCR reaction faster than the SCO of ammonia, so allowing
it to occur. This is also supported by the work of Bierman
and Janssen (58) that showed that the same N- and H-
containing surface intermediates over MoQO,/SiO, could
react either with oxygen or with NO giving rise mainly to
N, and H,O in both cases. Interestingly, with this scheme
in mind, we can propose that the first hydrogen abstraction
from ammonia is both in the case of SCR and in the case
of SCO a slow step. In the latter case it should represent
the rate determining step (according to Williamson et al.
over Cu-zeolite (57)). In the case of the SCR process most
authors agree that the reaction order is nearly 0.8 with
respect to NO at low temperature (23, 63) and in excess
of ammonia, while first order with respect to NHj in excess
of NO. This could be interpreted by assuming that the
first step influences the reaction rate also in the excess of
ammonia, thus being a slow step (64).

The data reported here allow us to propose the reaction
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NO(gas) -> |
i-> NHNO -> N;O |
INH > HNO -> NO I
|
NH3 (gas)-> NH3 (ads)-> NHzll-> N2Hg -> N2Hj -> N2 11
| ->NH2NO -> Np v

No(gas) > |

Scheme 1. Proposed reaction scheme for NH; oxidations by O, (paths
II and III) and by NO (paths I and IV).

Scheme 1 concerning Cu- and Fe-containing catalysts,
where the SCR reaction is competitive with ammonia oxi-
dation by NO through the common intermediate amide
NH,. Their extrapolation to other systems, like vanadia-
based systems is certainly not straightforward. However,
to our knowledge data are not available that support the
statement that the SCR mechanism is different in these
cases. In contrast, a strong parallelism can be found be-
tween the catalytic behavior of these systems.

CONCLUSIONS

The main results of this investigation can be summarized
as follows:

(l) CUO*TiOZ, ‘)/'Fezo3, MgO.%FeZOS.GGa and MgFeZO4
catalysts are all active in the catalytic reduction of NH;4
by ammonia at rather low temperatures, although their
working windows are likely smaller than in the case of
vanadia-titania-based catalysts because of their high activ-
ity in ammonia oxidation by oxygen.

(i) These materials do not show any Brgnsted acidity,
ammonium ions not being formed by ammonia adsorption.

(iii) In all of these cases ammonia coordinates molecu-
larly over Lewis acid sites but also easily transforms by
hydrogen abstraction giving rise either to amide NH, spe-
cies or to its dimeric form hydrazine N,H,. Both these
species are likely intermediates in the production of N,
through ammonia oxydation by O, (SCO reaction).

(iv) Other ammonia transformation products are clearly
found and are identified (with a higher or lower certainty
degree) as imide NH species, nitroxyl HNO, nitrogen
anions N, and azide ions N;.

(v) A reaction path from NH; to NO via amide—imide—
nitroxyl is proposed.

(vi) Gas-phase NO reacts with coordinated ammonia,
causing its fast disappearance. During this process water
appears.

(vii) These data strongly support a mechanism of the
reaction between NO and ammonia (SCR reaction) oc-
curring via coupling of gas-phase or weakly adsorbed NO
with an amide species, like previously proposed to occur
over vanadia-titania.

RAMIS ET AL.

(viii) In any case, it is demonstrated that Brgnsted acid-

ity is not necessary for low-temperature SCR activity.
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