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The reaction mechanism and catalytic cycle for the selective
catalytic reduction of nitric oxide by ammonia over vanadia/tita-
nia catalysts has been elucidated by in situ on-line FTIR studies
under steady-state conditions. Under all reaction conditions, a
large concentration of ammonia is adsorbed on both Lewis and
Brgnsted acid sites, whereas no significant amounts of adsorbed
NO are adsorbed. The catalytic activity is found to be related to
the ammonia adsorbed on the Brgnsted acid sites associated with
V5*—OH. Surface V==0 groups are involved in activation of the
adsorbed ammonia and are also found to play an important role in
the catalytic cycle. The activation involves a transfer or a partial
transfer of a hydrogen and reduced V-OH groups are produced.
The V3+=0 surface species are regenerated by oxidation. The
results, therefore, show that the catalytic cycle consists of both
acid—base and redox reactions. The ammonia adsorption is ob-
served to be a fast equilibrated step under all the conditions stud-
ied but the other catalytically significant steps may shift depend-
ing on the reaction conditions. At high O, partial pressures, the
rate is mainly determined by the concentration of Brgnsted acid
sites and the NO partial pressure, whereas at low O, partial pres-
sures, surface reoxidation is slow and the rate becomes dependent

on the concentration of V3*==0 groups. < 1995 Academic Press, Inc.

INTRODUCTION

Many different types of reaction mechanisms have
been proposed in the literature for the selective catalytic
reduction of nitric oxide by ammonia over vanadia—tita-
nia catalysts in the presence of oxygen (1). These mecha-
nisms range from Eley—Rideal-type processes not involv-
ing strongly adsorbed NO species to processes where NO
is adsorbed in some manner. Adsorbed NO has also been

! Presented at the ACS Spring Meeting, San Diego, March 1994,

2 To whom correspondence should be addressed.

¥ Permanent address: Department of Chemical Engineering. Univer-
sity of Wisconsin, Madison, W1 53706.

suggested to play a role in a number of quite different
proposals for the mechanism. Odriozola et al. (2) consid-
ered V,0s/TiQ, as a bifunctional catalyst and suggested a
Langmuir-Hinshelwood reaction between adsorbed NO
on TiO, and adsorbed NH; on V. Went ¢f al. (3) pro-
posed a mechanism involving a reaction between ad-
sorbed NH; on Lewis acid sites and adsorbed NO on
some other unspecified sites. Such proposals are appar-
ently not in agreement with the failure to observe signifi-
cant amounts of adsorbed NO under reaction conditions
(4-6). Our previous TPD studies (7) have also shown that
the adsorption of NO is weak. Takagi ¢t al. (8, 9) pro-
posed a Langmuir-Hinshelwood-type reaction between
adsorbed NO, and adsorbed NH,. However, such a
mechanism does not appear likely since later studies of
Inomata et al. (10) did not observe oxidation of NO to
NO; by O, in a flow of dilute gases (1000 ppm NO in 1%
0,) which resembles that encountered under industrial
conditions. Furthermore, recent direct in situ studies of
such catalysts, Topsge and Topsge (4) did not detect NO-
on the catalyst surface under typical SCR conditions.
Eley—-Rideal-type reaction mechanisms between ad-
sorbed NHy and gas-phase NO have been proposed by
Inomata and co-workers (10, 11) and by Gasior et al. (6)
Bosch et al. (12) proposed a redox mechanism where v+
is first reduced by NHs and is subsequently reoxidized by
NO via an Eley-Rideal-type reaction, producing nitro-
gen. This mechanism has also been favored by Janssen et
al. (13). More recently, Ramis et al. (14) also proposed a
redox mechanism in which the reaction takes place be-
tween a strongly adsorbed form of ammonia and gaseous
or weakly bonded NO. However, different adsorption
sites and mechanistic details were suggested in the above
studies. Inomata and co-workers (10, 11) proposed that
NH; adsorption occurs on dual sites involving V-OH and
an adjacent V=0 which assists in the activation of NH,.
They found that the rate of NH;—NO reaction is pro-
portional to the amount of V=0. Later studies (15-17),
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however, showed lack of correlation between V3+*=0
and SCR activity. Gasior et al. (6) proposed V-OH to be
the active site. This suggestion has since been supported
by several investigators (15-17). The interaction of am-
monia and V-OH was confirmed by Topsge (17), who, in
fact, observed a direct correlation between the concen-
tration of V-OH groups and the Brgnsted acidity.

Recently, Dumesic et al. (18) evaluated different mech-
anisms in a kinetic analysis of the deNO, reaction. It was
shown that a simple two-step Eley—Rideal mechanism
involving reaction between adsorbed NH; and gaseous
(or weakly adsorbed) NO is not consistent with all data.
Rather, these authors proposed a three-step mechanism
(18) consisting of equilibrated ammonia adsorption, fol-
lowed by an activation step of the adsorbed ammonia and
a subsequent reaction between the activated ammonia
species and NO. It was shown that it was not possible to
distinguish kinetically whether this last step was a true
Eley—-Rideal step involving reaction with gaseous NO or
a reaction with weakly adsorbed NO. The three-step
mechanism was able to quantitatively describe the NO
conversion data under industrial-type conditions for the
vanadia/titania catalysts. Furthermore, it gave at the
same time a very good description of the ammonia slip
behavior which was found to be much more difficult to
describe than the conversion of NO,. Although this
mechanism was also shown to be consistent with several
independent observations (18), it can still be regarded as
semi-empirical in nature due to the fact that detailed in-
formation on the surface chemistry was not available at
the time.

In view of this situation, we have carried out a series of
investigations of vanadia/titania catalyst systems in
which in situ FTIR spectroscopic studies of the surface
chemistry are combined with steady-state or transient
on-line activity measurements. The preceding paper (19)
dealt with the transient studies. The objective of the
present paper is to formulate a catalytic cycle based on
these in situ on-line results and the information obtained
from the transient studies. A brief account of some of the
findings has been given recently (20).

EXPERIMENTAL

The series of vanadia/titania catalysts and the titania
support investigated in this study are the same as those
used in the preceding paper (19). This previous paper also
described the preparation of the samples and the methods
for FTIR measurements.

Prior to reaction studies, each sample (100 mg) was
oxidized in a flow of 8% O,/Ar at 673 K for 14 h. A
reaction gas mixture, prepared in an attached gas han-
dling manifold, with the desired concentrations of NH;,
NO, and O,, was passed over the sample at 1 atmosphere
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and the desired temperature. Unless otherwise specified,
the flow rate was 150 N ml/min.

The catalyst surface was monitored irn situ during se-
lective catalytic reduction (SCR) reaction conditions by a
Digilab FTS80 FTIR spectrometer equipped with a liquid
N, cooled Mercury—-Cadmium-Telluride (MCT) detec-
tor. A Balzers QMG420 mass spectrometer described
earlier (4) was used on-line for the simultaneous measure-
ment of the concentration of reactants and products. The
mass spectrometer data were quantitatively analyzed us-
ing the fragmentation patterns determined experimen-
tally from calibration gases.

The isotopic tracer study was carried out by dosing 3
Torr of PNO (>99% enriched from Prochem) onto the
vanadia/titania catalyst with preadsorbed *NHj; after re-
moval of excess gaseous ammonia.

RESULTS

Figures la-1d show in situ IR spectra in flowing O,/Ar
at 525 K of oxidized TiO,, 0.6, 2, and 6 wt% V,05/Ti0,,
respectively. Figure le—1h show the corresponding spec-
tra at the same temperature during SCR reaction using as
feed a mixture of 500 ppm NO, 500 ppm NHj;, and 8% O,
(the balance being Ar). These concentrations of NO,
NH;, and O, are similar to those encountered during in-
dustrial SCR operation. The same ammonia absorption
bands are present in the spectra of Figs. le-1h as in
spectra obtained after ammonia adsorption at room tem-
perature (17), i.e., bands due to NH{ (3019, 2808, 1670,
and 1430 cm™!) and coordinated NH; (3364, 3334, 3256,
3170, 1605, and 1220 cm~'). However, a significantly
lower intensity is seen for these bands on all samples at
reaction conditions. Thus, the surface is apparently not
completely saturated by ammonia under these condi-
tions. The highest concentration of NH; on the surface is
seen for the 6% vanadia/titania catalyst, followed by the
catalysts with 2 and 0.6 wt% vanadia. The catalyst with
the lowest vanadia loading has only a very small amount
of NHy on the surface. No significant amount of NH{
species can be detected at reaction conditions on the tita-
nia support, which shows mainly NH; coordinatively
bonded to the surface.

In contrast to NH; adsorption studies at room tempera-
ture where essentially all OH groups are removed by
interaction with NH; (17), the presence of bands between
3600 and 3750 cm™~! for all samples under reaction condi-
tions indicates that some free OH groups are present dur-
ing reaction. The V-OH groups are the sites that react
with NHj; to form NH7 species (17). Thus, the presence
of free V-OH bands under reaction conditions with an
intensity slightly lower than for the oxidized samples re-
flects a partial surface coverage of NH;. Table 1 shows
the fractional ammonia coverages, 6, during reaction esti-
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FIG. 1. (a-d)Insitu IR spectra of the oxidized TiO;, 0.6, 2, and 6% V,05/TiO,, at 525 K, respectively; (e—h) the corresponding spectra of these

samples under SCR conditions at the same temperature.

mated from analyzing the NHJ bands (6ga). the coordi-
nated NH; bands (0.4), and the concentration of free OH
groups (foy), where BA denotes Brgnsted acid and LA
denotes Lewis acid. The first two values are relative to
the band intensities at saturation ammonia coverage at
room temperature, while the value of OH species is the
difference in band intensity relative to the band intensity
for the sample in O; at the reaction temperature. Table 1
shows that the BA/LA ratio increases with increasing
vanadia loading in accordance with earlier results (19).
The ammonia coverages, especially 0g,, decrease with

increasing temperature. This behavior is in accordance
with the general observation of lower heats of ammonia
adsorption on BA compared to LA sites (7).

It should be mentioned that the NH; saturation cover-
age in the absence of SCR reaction cannot be obtained at
the high temperatures by exposure to pure NHj; since
NHj at these temperatures reduces the catalyst (see be-
low). The NH; coverages were therefore measured in
NH; + O, mixtures (Table 1). The NH; surface cover-
age, Op,, is similar to that observed during the reaction
experiments, suggesting that NH; adsorption process is

TABLE 1

Ammonia Coverage on the Different Sites on the Catalyst Surface

NH; + NO + O, NH; + NO + O, NH; + 0,
(525 K) (625 K) (525 K)

Sample Bou Oga OLa fon Opa O Oou Opa A
TiO, b} 0 .5 5 0 3 —_— _— —
0.6% V,0s/TiO, 6 0 .5 .S 0 4 — — —
2% V,04/TiO, 2 2 .6 — 1 3 — — —
6% V,04/TiO; 3 3 ~.2 2 1 1 7 3 ~.3

Note. The ammonia coverage on OH groups, oy, during reaction at temperature T is calculated from

8 _ AOH,ox - AOH.rx
OH —
A0oH,0x

where Aonox and Aou,x refer to band intensities at temperature T in O, and under reaction conditions, respectively.
The ammonia coverage on Brgnsted (Lewis) acid sites, (6aa(fL4)), during reaction at temperature 7T is determined from the saturation coverage at
room temperature (Apa ,, (ALa ) according to:

— ABA(LA).rx
oBA(LAD - A .
BA(LA).1
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equilibrated. It is interesting that the ammonia coverage
estimated from analyzing the decrease in intensity of the
OH groups (Aoy) appears to be lower under SCR reaction
conditions than in the NH; + O, mixture. In view of the
similarity in the coverages determined directly from the
intensities of the NH; bank (fg,) in both cases, it does
not appear that the ammonia coverage is very different
under these two sets of conditions. Rather, the low value
calculated from the OH groups may indicate the forma-
tion of new OH groups during reaction as also observed
in the transient experiments (19).

Detailed analyses of the OH and the V==0 groups on
the different samples are shown in Figs. 2 and 3. Figure 2
shows the OH stretching region of the titania support, the
0.6, 2, and 6% vanadia/titania catalysts, both in flowing
0, (Figs. 2a-2d) and under SCR reaction conditions at
525 K (Figs. 2e=2h). Previous studies of the OH region at
room temperature (19) for the 0.6 and 2% samples
showed that the OH band envelope consists of some
overlap of the Ti—-OH groups of the support and V-OH
bands, whereas the 6% sample shows mainly a V-OH
band at 3642 cm~'. It is seen for all the samples that the
intensities of the OH bands are generally lower in the
reaction gas mixture than in O,. As discussed above, this
behavior is due to the partial coverage of V-OH groups
by ammonia. A comparison of the OH band positions
under SCR conditions and in O, shows a slight upward
shift for the vanadia/titania catalysts but no such shift for
TiO,. The upward frequency shifts observed for the vana-
dia-containing catalysts indicate that the V cation bonded
to OH has undergone reduction or that some new OH
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FIG. 2. (a—d) In situ IR spectra of the OH region of the oxidized

TiO,, 0.6, 6, 2, and 6% V,0s/TiO, at 525 K, respectively; (e-h) the
corresponding OH spectra of these samples under SCR conditions at
similar temperature.
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groups bonded to more reduced V species have formed.
The latter explanation is favored since, as discussed
above, the band intensities of free V-OH groups under
SCR reaction conditions are higher than those deter-
mined with the sample in NH; + O,. Thus, the spectra
under SCR conditions consist of free V-OH groups simi-
lar to those originally present on the catalyst surface and
additional V-OH groups associated with reduced V cen-
ters formed during the reaction. The observation that
only intensity changes and no frequency shifts are seen
for the titania support under SCR conditions indicates
that the nature of the Ti-OH group remains unchanged
during exposure to the reaction mixture. Therefore, these
results confirm that the reactions operative over vanadia/
titania catalysts are related to the presence of the vana-
dia.

Figures 3a-3¢ show the V=0 overtone band regions
at 525 K after oxidation of the 0.6, 2, and 6% vanadia/
titania catalysts, respectively. The corresponding spectra
obtained in situ under SCR reaction conditions are shown
in Figs. 3d-3f. For a clearer analysis of the differences
caused by the reaction, Figs. 3g-3i show the difference
spectra, where the initial spectra obtained in O./Ar have
been subtracted from those in the reaction mixture. Thus,
negative bands indicate species that have been removed
by reaction. In the spectra of the oxidized catalysts, the
band maximum is quite constant at 2040 cm~' with a
shoulder near 2020 cm !, and the band intensity increases
with increasing vanadia loading. Upon switching to the
SCR reaction mixture, this band at 2040 cm™! is nearly
completely eliminated. The contribution of the shoulder
band becomes apparent at 2025 cm ™! (Figs. 3d-3f) and is
only partially removed in the reaction mixture (Figs. 3g—
3i). Besides the removal of these bands, a broad band is
formed near 1970 cm~! which is most prominent in the
high loading sample. The band at 2040 cm™' has been
assigned by several authors (17, 21-26) as the overtone
band of the terminal V=0 of monomeric vanadyls. The
results in our previous paper (19) are consistent with this
interpretation. The simultaneous disappearance of the
2040 cm~! band and appearance of the 1970 cm™' band
may reflect a weakened vanadyl bond associated with a
more reduced V center resulting from a perturbation by
surface ammonia (19, 23, 25, 27).

To relate the various surface species and spectral
changes observed with catalyst performance, on-line ac-
tivity measurements were carried out simultaneously
with the in situ FTIR spectroscopic investigations by
monitoring mass spectrometrically the inlet and outlet
gas compositions. The results from such combined mea-
surements on TiO,, 0.6, 2, and 6% vanadia/titania are
summarized in Fig. 4. Since a detailed kinetic analysis is
not necessary for the discussion of the observed trends,
the data are simply represented in terms of the conver-
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sion of NO. Figure 4a shows the NO conversion plotted
against the absorbances of NH; (on BA sites) and coor-
dinated ammonia (on LA sites). Figure 4b shows NO
conversion as a function of the absorbance of the three
V=0 band contributions at 2040, 2025, and 1970 cm~!,
where the absorbances of the first and last bands are
estimated from differences between spectra in O, and in
the reaction feed. Under fixed conditions, one observes a
general increase in the NO conversion with the vanadia
loadings (up to 6%). Figure 4 also shows the NO conver-
sion measured with varying concentrations of O, (in 500
ppm NH;, 500 ppm NO, at 525 K) on these samples.
Reasonably good activity correlations are seen with the
BA and the V==0 overtone band at 2025 cm™!, whereas
an apparently inverse correlation is seen with LA sites.
Thus, the results suggest that BA and V=0 sites (the
2025 cm~! band), and not the LA sites or the other V=0
sites, may be involved in the catalytic cycle. Pure TiO, is
almost inactive. It should be noted that the frequency for
the NH; band is found to be lowest in the 6% vanadia/
titania, indicating that the N—H bond is weakest in the
6% sample. Such changes were discussed in the preced-
ing paper (19) and are in accordance with results in the
literature (7, 23, 25, 27) on the structural changes in such
catalysts. Thus, when comparing different catalysts, it is
not only the number of BA sites which is expected to
change but also the nature of the sites. Consequently,
activity correlations are expected to be best when the
process conditions and not the catalyst are changed.

In agreement with earlier adsorption studies (4, 19), no
evidence for the presence of strongly adsorbed NO is
detected in the present study for any of the samples dur-
ing SCR reaction conditions. Thus, NO may be only

S N

TOPSQE, DUMESIC, AND TOPSQE

weakly held on the surface and the SCR reaction appar-
ently occurs between this weakly adsorbed NO species
with more strongly adsorbed ammonia-type species.

Isotopic tracer experiments were carried out to study
the interaction between NO and NHi;. When “NO was
added to the 6% V,05/TiO, with preadsorbed '*NH;, a
characteristic N,O band was observed at 2178 cm™!
(rather than at 2224 cm™~! due to ¥N"NO as usually seen
with “NO and preadsorbed 'NH3) reflecting the pres-
ence of “NNO (28). Furthermore, no bands could be
detected at 2203 cm~! and 2156 cm ™! due to SN'¥NO and
BNBNO, respectively.

Figure 5 compares the ammonia stretching regions of
6% V,05/Ti0O; under SCR reaction condition at 525 K
(Fig. 5a) with spectra measured in the mixture after the
NO was removed (i.e., in flowing NH; + O,) (Fig. 5b).
The intensity of ammonia absorption bands is compara-
ble in the two cases. The main difference lies in the
greater intensity of the V-OH (3648 cm™') and NH
bands (between 2800-3020 cm™') during SCR reaction
conditions (Fig. Sa). This difference is, as discussed
above, attributed to new V-OH groups being formed un-
der SCR reaction conditions. It should be noted that if
NH; adsorption is carried out at the same temperature in
the absence of oxygen (Fig. 5¢), predominantly coordi-
nated NH; (between 3100 and 3400 ¢m™!) is observed.
This behavior shows that in the absence of O,, ammonia
apparently converts the BA sites to LA sites at these
temperatures, as also reflected by the negligible V-OH
band intensity. Thus, under these conditions, it appears
that ammonia reduces the catalyst and the Brgnsted acid
sites are therefore attributed to oxidized V-OH (V3*—
OH) species.
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In view of the above results further experiments were
conducted to understand the role of oxygen in the SCR
reaction. In situ reaction studies were performed on the
6% vanadia/titania catalyst in the presence of different
concentrations of oxygen. Decreasing the oxygen con-
centration from 8 to 1% resulted only in small decreases
in activity and concentration of surface NH;. However,
significant differences were seen when the O, sample was
completely removed. Figure 6 shows the spectra of the
sample in the N—H, O-H stretching, and V=0 overtone
regions recorded in 500 ppm of NH;, 500 ppm of NO, and
1% O, (bottom) and those recorded in the same gas mix-
ture but in the absence of O. (middle). The changes
caused by removal of O, are more clearly demonstrated
in the difference spectra (top) (positive bands indicate the
species which are removed upon removing O,). The sur-
face NH; concentration decreases upon removing O,, as
reflected by the positive band area in the high-frequency
N-H stretching region (Fig. 6c), whereas the concentra-
tion of the coordinatively bonded NH; species increases.
The difference spectrum in the V-OH region (Fig. 6f)
shows a decrease of the OH band intensity and a shift
upward upon removal of O,. Concurrently, in the V=0
overtone region (Fig. 6i), a clear decrease in the band at
2025 cm™! is seen, whereas the band at 1970 cm™' re-
mains nearly constant. The simultaneous activity mea-
surements show that the SCR reaction essentially stops
when the O, is removed. These results show that BA
sites and V=0 species cannot be regenerated in the ab-
sence of O, to provide important sites for ammonia ab-
sorption and activation.

Figure 7 summarizes SCR activity and spectroscopic
results for the V-OH region obtained during reaction in
500 ppm NH3, 500 ppm NO, and 8% O- (Fig. 7b), 500 ppm

NH;, 500 ppm NO, and 1% O, (Fig. 7¢), and after remov-
ing the oxygen for increasing lengths of time (Figs.
7d-7g). The changes in the V==0 sites are shown in Figs.
7i~7n (corresponding to Figs. 7b-7g). The spectra of the
oxidized sample in the same regions (Figs. 7a and 7h) are
included for comparison. Nitric oxide conversions of
66% and 62% are measured in the presence of 8 and 1%
oxygen, respectively. The NO conversion decreases to
58, 6, 2, and 1% after the O, is removed for 3, 30, 65, and
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FIG. 7. In situ IR spectra of the 6% V,0+/TiO, during SCR reaction
in 8% O, (b); during SCR reaction in 192 O, (c); after switching off O, for
3 min (d), 30 min (e), 65 min (f), and 90 min (g). The corresponding
V=0 overtone regions are shown in (i-n). Spectra (a) and (h) show the
V-OH and V=0 overtone band in the oxidized sample prior to reac-
tion.
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90 min, respectively. It is seen that the intensity of the
V-OH band is highest in the SCR mixture with 8% O,
and the position of this band does not change appreciably
when the O, concentration is reduced to 1%. After O; has
been switched off, however, the V-OH band is seen to
shift progressively upward compared to the frequency
observed in the presence of oxygen. A higher V-OH
band frequency, as discussed above, suggests a more re-
duced state of V. Besides the band shift, the width of the
band increases, reflecting a possible distribution of
V-OH groups.

Under SCR reaction conditions in the presence of oxy-
gen, three V=0 bands at 2040, 2025, and 1995 cm~! can
be resolved in Figs. 7i and 7j, and these bands are due to
terminal V=0 groups with different environments. The
intensity of the 2025 cm™! band decreases as the concen-
tration of O, decreases from 8 to 1%. Upon removal of
O,, this band is notably missing and only the band at 1970
cm™! due to vanadyl species associated with reduced V
species predominates on the surface. It appears from
these results that the presence of the more oxidized ter-
minal V=0 groups at 2025 cm™' is important for the SCR
reaction. In the absence of oxygen, these species cannot
be regenerated and are not present in appreciable
amounts, Under these conditions, one observes the si-
multaneous presence of V-OH species associated with
reduced V cations. The absence of the band at 2040 cm™!
under SCR reaction conditions suggests that the vanadyl
species associated with this band are not regenerated at a
sufficiently rapid rate in O, to be available for the SCR
reaction.

The effects of changing the relative concentrations of
NH; and NO have also been investigated and the results
are summarized in Fig. 8. Figures 8a—8c show the IR
spectra obtained during reaction at 575 K in gas feeds
containing 8% O, with Pyy3(ppm)/Pno(ppm) ratios of
700/700, 700/100, and 100/700, respectively. It can be
seen that at constant ammonia partial pressure the inten-
sities of the ammonia absorption bands are not affected
significantly by changing the NO partial pressure (Fig. 8a
vs Fig. 8b). The fact that similar spectra were also ob-
served in flowing NH; + O, also shows that NO does not
adsorb significantly on the ammonia adsorption sites.
Therefore, the ammonia coverage appears to be related
only to the ammonia pressure under these SCR reaction
conditions. In agreement with this result, the ammonia
absorption bands essentially disappear when Pyys is re-
duced from 700 to 100 ppm, while keeping Pno constant
at 700 ppm. Thus, under the present range of conditions
at constant O, concentration, the surface ammonia cov-
erage is in equilibrium with the gaseous ammonia concen-
tration. Traces of NO, begin to appear (centered at 1618
cm™!) at higher NO pressures and as the ammonia is
removed from the feed gas.
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FIG. 8. In situ IR spectra of the 6% V,04/TiO; obtained at 525 K
during reaction in feed gas consisting of concentrations (in ppm) of NH,
to NO of (a) 700/700, (b) 700/100, and (c) 100/700.

DISCUSSION

The present combined in situ FTIR and on-line mass
spectrometric studies indicate that the overall catalytic
cycle for the SCR reaction consists of the adsorption of
ammonia on Brgnsted acid sites, the reaction of some
form of adsorbed ammonia with weakly adsorbed NO,
and the regeneration of the active sites. We will now
discuss the nature of each of these interactions and sub-
sequently propose a catalytic cycle for the overall SCR
reaction.

Adsorption of Ammonia

In agreement with earlier findings (4, 9, 10, 15, 19, 28),
the in situ IR measurements reveal that ammonia is ad-
sorbed on both Brgnsted and Lewis acid sites under SCR
reaction conditions, and adsorption appears to be
stronger on the latter sites (7, 19). The present studies
further show that NHy{ is the predominant species on
high loading vanadia/titania catalysts under SCR reaction
conditions. In previous papers (17, 19), Brgnsted acidity
has been shown to be related to V-OH groups. Several
results in the present investigation show that the
Bregnsted acid sites are the active centers for the SCR
reaction. For example, the concentration of Brgnsted
acid sites in catalysts with different loading is found to be
correlated quite well with the NO conversion (Fig. 4a),
whereas no positive correlation was seen with the Lewis
acid sites. Furthermore, the experiments carried out in
different O, concentrations at steady state (Fig. 7) or
transient conditions (19) show a direct correlation of NO
conversion with the concentration of Brgnsted acid sites
and an inverse correlation with the number of Lewis acid
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sites. The results obtained with different NH3/NO ratios
also agree with this conclusion.

We have also observed that the coverage of ammonia
on the Brgnsted acid sites during steady-state SCR reac-
tion conditions is comparable to that observed during
separate experiments in flowing NH; + O, at the same
temperature. This behavior indicates that ammonia ad-
sorption is fast and can be considered as an equilibrated
step under typical SCR conditions. Thus, the SCR reac-
tion is initiated by an adsorption equilibrium involving
V3+*_OH sites:

NH; + VI*~OH <& V*"-ONH,. (1]

Surface vanadyl groups also appear to play an important
role in the SCR reaction. Ammonia adsorption leads to a
downward frequency shift of these groups, reflecting a
weakening of the V==0 bond. This effect could indicate
that reduction of V cations has occurred most probably
via the transfer or partial transfer of H from ammonia to
the surface. This behavior is also supported by the simul-
taneous formation of new OH species bonded to a more
reduced V center upon reaction of ammonia with NO, as
will be further discussed below. The vanadyl overtone
band consists of more than one band reflecting the pres-
ence of several types of V=0 in different environments
(27). The present results suggest that it is mainly the
monomeric terminal vanadyl species at 2025 cm™! that
are involved in this transformation of the adsorbed am-
monia which may be expressed as

V3'~ONH, + V**=0 & V¥*-ONH;H"-0-V*". (2]
We should note that the vanadyl species at 2040 cm™!
apparently does not participate in this reaction since its
concentration is very low under reaction conditions. For
example, this low concentration would suggest that the
equilibrium of reaction 2] would lie far to the right, and
the rate of the SCR reaction would be independent of the
ammonia pressure. This behavior is not observed experi-
mentally (18). Thus, it appears that the 2040 cm~' vana-
dyl species is not regenerated sufficiently rapidly in O, to
participate in the SCR reaction.

Previous kinetic analyses of the SCR reaction (18) sug-
gested that adsorbed ammonia first must undergo an *‘ac-
tivation step’’ before reaction with NO. No direct evi-
dence for such a step was given. The present results have
provided direct evidence for the existence for such a
step, and it will be shown that the species produced in
step [2] indeed reacts with NO.

Reaction of Activated Ammonia Complex with NO

Temperature programmed studies using FTIR to moni-
tor the surfaces of vanadia/titania catalysts (19) have
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shown that NH; species react in flowing NO and NO +
0O,, with simultaneous production of N, and H,0 accom-
panied by the formation of more reduced V-OH groups.
The analysis of the V-OH groups produced by the SCR
reaction showed that they consisted of both V¥*—~OH and
V4*_OH. Similar studies in flowing oxygen did not show
formation of new V4*—OH groups, and most of the pread-
sorbed ammonia desorbed instead of reacting.

Although “NNO is not a major product at the temper-
atures studies here (29), the fact that trace amounts may
be detected by IR when ¥NO is exposed to a vanadia/
titania catalyst surface with preadsorbed “NH; suggests
that the SCR reaction occurs via interaction of NO with
some form of adsorbed ammonia. Similar observations
were made by others (30—-32) using mixtures of “NO and
5’NH;. The fact that "N¥NO was not observed in the
present study shows that the "NO bond initially does not
dissociate and that NO attacks the nitrogen of surface
ammonia species via the N atom of NO. This result also
suggests that one of the N atoms of the N, product comes
from NO, while the other atom is from NHs.

Since significant amounts of strongly adsorbed NO
have not been observed on the catalyst surface during
transient experiments or under typical SCR reaction con-
ditions, the reaction may be suitably described by an
Eley—Rideal-type reaction between activated surface
NH; species and gaseous or weakly adsorbed NO as
proposed earlier (18). The above reaction may be de-
scribed as

V3*~ONH;H"-0-V** + NO > N; + H;O
+ V3*_OH + V*-OH".

(3]

Regeneration of Active Sites

The present in situ on-line IR studies show that both
V-OH and V=0 species are involved in the SCR reac-
tion. Ammonia adsorbs initially on V-OH and is subse-
quently activated on V=0. As mentioned above, reac-
tion of the activated ammonia species with NO leads to
SCR reaction products and new reduced V-OH sites. To
regenerate the active sites, it is important to reoxidize
these sites and, in fact, the SCR reaction stops in the
absence of oxygen. The transient experiments (19) also
showed that the oxidized V=0 sites are most readily
regenerated in the most oxidizing atmosphere, i.e., NO +
0, > NO > O,. This regeneration of V==0 groups is
accompanied by decreases in the V-OH band intensity
and frequency to those values seen for initially oxidized
samples (19). Thus, the results show that these oxidation
treatments can return the catalyst surface to its originally
oxidized state. In addition, the in situ on-line experi-
ments with O, concentrations higher than about 192 show
that the catalyst surface is predominantly in its oxidized
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state and exhibits high activity. Decreasing the oxygen
concentration below this value results in a decrease in
activity and an increase in reduced surface V-OH cen-
ters. At the same time, the V=0 overtone region shows
almost complete elimination of the terminal V3*=0 band
near 2025 cm™!, which is observed in high concentrations
under conditions leading to high SCR reaction rates.
These results show that in the absence of a significant
concentration of O,, the V3*—OH and terminal Vi*=0
groups needed for the ammonia adsorption and activation
steps are not regenerated and the SCR reaction stops.
The finding that TiO, may be capable of carrying out a
stoichiometric SCR reaction (19) but not the SCR reac-
tion in a catalytic manner suggests that equivalent redox
sites are not present on pure titania and the active BA
sites cannot be regenerated. These ideas suggest that the
coexistence of a redox site, such as V==0, and a
Brgnsted acid site, such as V-OH, is required for the
SCR reaction. The regeneration of the vanadyl species
may be schematically considered to occur via the follow-
ing types of steps:

2V4-OH* = H,0 + V3* + V3*=0 (4]

0, + 2Vt 2 2V3+=0, (5]
Step [4] is probably not very fast, since reduced V**-OH
species are observed under SCR reaction conditions.
Since V3* is not seen, step [5] is expected to be fast.
Formulation of Catalytic Cycle

The above results can be summarized schematically in
Scheme 1, which shows a catalytic cycle for the SCR
reaction under typical industrial conditions.

This scheme is composed of essentially two separate
catalytic functions on the vanadia/titania catalyst, i.e.,

DeNOy Catalytic Cycle

v5*.0"H- N’H3

5+ o 4 4
v HgN--H-0-v 4+ H,0
v+, O-H V
v5+.0 H3N -N=0--H-0-v4+
\ 02
v5+.0"-*HgN-N=0 H-0-v4*
Ny + H20
Acid Redox
SCHEME 1. Proposed scheme illustrating the catalytic cycle of the

SCR reaction over vanadia/titania catalyst.
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acid and redox functions. The SCR reaction is initiated
by ammonia adsorption on Brgnsted acid sites, or V3*—
OH. The adsorbed ammonia is then activated via the
transfer or partial transfer of a H atom to the V3*=0
site, leading to some reduction of V. Gaseous or more
likely weakly adsorbed NO subsequently reacts with this
activated ammonia, yielding the reaction products, N,
and H,0, while releasing V3*-OH and V**—OH (or some
other more reduced vanadium hydroxyl than the V3+-
OH species). The cycle is then completed with the oxida-
tion of V¥*—OH to V*=0.

The fact that the reduced or perturbed vanadyl and V-
OH species may be observed under SCR conditions sug-
gests that reoxidation of the catalyst is not very fast and
may become an important step. Indeed, reducing the ox-
ygen concentration from 8 to 1% (a value still in great
excess of the value required by stoichiometry) is seen to
increase the concentration of the reduced species and
lower the rate of the SCR reaction.

Kinetic Implications of Catalytic Cycle

Previously, Dumesic et al. (18) have proposed the fol-
lowing reaction scheme to describe the NO conversion
data as well as the ammonia slip behavior for vanadia/
titania catalysts under industrial SCR conditions

NH; + M & NH;-M (fast) [6]
NH;-M + S < NH;-S + M (slow) (71
NO + NH;-§ = Products + § (slow), [8]

where M represents an ammonia adsorption site and §
represents a reactive site on which ammonia becomes
activated. The activated ammonia subsequently reacts
with NO in a slow step. The rate expression which fol-
lows from this mechanism is

o kP K\ Pny,/Pno
NO T BENO T4 K, Pau/Pro + Ko/Prno + Knu, Pau,’
91

where K, = k2Knp,/k3 and K; = k_»/k;. Despite the suc-
cess of this model, the identities of M and S sites were
not well understood.

It is seen that the three steps [6]-[8] above are some of
the steps in the catalytic cycle proposed in the present
studies based on in situ FTIR and on-line activity mea-
surements. Furthermore, the present results have pro-
vided further insight into the detailed nature of the differ-
ent steps. For example, it is seen that the M sites in steps
[6] and [7] are V>*—OH, and the § sites in steps [7] and [8]
can be identified as V3*=0 surface groups. Beside the
three steps considered in the earlier study (18), we have
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FIG. 9. Percent NO conversion plotted as functions of (a) BA - Pyo and (b) BA - V=0. (@) Data obtained at 8% O,; (O) data obtained at <1%
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also found evidence for additional surface redox reaction
steps. The fact that reduced V-OH species (V#*—OH) are
observed during steady-state SCR conditions shows that
catalyst reoxidation may also be important kinetically.
Only quite small effects of O, were found when the O;
concentration was reduced from 8 to 1%, but the effects
are much more pronounced at lower oxygen concentra-
tions. Effects of oxygen were also reported previously (3,
10, 33-37) and Went et al. (3) found significant effects on
the SCR activity below 5000 ppm O,.

The present study also shows that the type of activity
correlation changes at high and low O; pressure. There is
a rather good correlation (Fig. 9a) between the NO, con-
version and the product of the concentration of the Br-
gnsted acid sites and the exit partial pressure of NO (BA -
Pyo) for different catalysts during reaction with 500 ppm
NO, 500 ppm NH;, and 8% O,. However, at oxygen con-
centrations lower than 1%, the correlation seen at higher
O, concentration does not seem to apply. Instead, the
activity appears to correlate with the product of the con-
centrations of the Brgnsted acid sites and vanadyl groups
(BA - V=0).

These results suggest that the relative importance of
different steps changes depending on the oxygen concen-
tration. At sufficiently high O, concentrations (8%), the
ammonia activation step (step [2]) is fast and equili-
brated, and the rate is equal to the rate of reaction of NO
with activated ammonia (step [3]). Specifically,
r=k[BA] - [V=0] - Pyoorrx k[BA] - Pyo since [V=0]
is approximately constant. At low O, concentrations (1%
or lower), the results indicate that step [2] becomes slow
and irreversible since the rate of this step is r = A[BA] -
[v=0l.

Under most industrial SCR conditions, oxygen is usu-
ally present in large excess. Thus, in view of the above
results we may expect that the rate is proportional to
[BA] - Pno. This then explains why a very good fit to

industrial-type data could be obtained by considering
only the three steps [6]-[8]. Under other conditions, the
reoxidation steps ([4] and [5] in the cycle) may also be-
come important and in order to explain data with large
variations in oxygen partial pressure, a microkinetic
model should include all the steps in the catalytic cycle.

CONCLUSIONS

Combined in situ FTIR and on-line activity measure-
ments have been used to identify the nature of catalytic
sites on vanadia/titania surfaces during actual SCR reac-
tions. Brgnsted acid sites, or the V-OH groups, are the
important sites for ammonia adsorption on the vanadia/
titania catalysts. One type of vanadyl groups are also
found to be important in the catalytic cycle, since these
species are responsible for activating the adsorbed am-
monia. During this ammonia activation, the vanadyl
groups are reduced and additional reduced V-OH are
released upon subsequent reaction with NO. Finally, the
reduced V-OH species are oxidized back to give the
vanadyl groups, thereby completing the catalytic cycle.
The rate expression derived from this catalytic cycle in-
volving the cooperation of acid and redox sites can satis-
factorily describe the SCR kinetics observed over a wide
range of concentrations. The relative role of the different
steps is seen to depend on the oxygen partial pressures
with surface reoxidation becoming increasingly more im-
portant at low partial pressures. In environmental cataly-
sis, one often has to deal with large changes in concentra-
tions and it has previously been suggested that in such
cases it may be especially dangerous to make simplified
kinetic treatments (18, 38—-40). The present results sup-
port that these shifts in the rate of the steps may take
place and this necessitates a full microkinetic treatment.
Whether other steps may play a role under other condi-
tions is presently being examined.
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