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The mechanism of the selective catalytic reduction of NO with
NH3; over low loaded MnO,/Al,O3 catalysts has been investigated
using TPRD, FTIR, and step-response studies with labelled compo-
nents. Attention has been focused on the reactivity of the adsorbed
NO and NH3; complexes, identified in the preceding paper, at reac-
tion temperatures below 473 K. FTIR shows that the reaction starts
with adsorption of NH3 on Lewis acid Mn®* sites and its subsequent
transformation to NH species; NHI ions, formed at Brgnsted acid
sites, hardly participate in the reaction. The NH; species can react
with both gas phase NO (Eley—Rideal mechanism) and reactive ni-
trite intermediates (Langmuir-Hinshelwood mechanism). Bridged
nitrites and monodentate nitrites are able to react at these low tem-
peratures. The role of O, cannot simply be explained by reoxidation
of the surface to close the catalytic cycle; O, appears to be impor-
tant both for H-abstraction from adsorbed NH3 and in assisting
in the formation of reactive nitrites. Bidentate nitrates are formed
at a slow rate in a NH3/NO/O;, mixture and partly deactivate the
catalysts at temperatures below 500 K. In contrast, they serve as re-
active intermediates for the SCR reaction at higher temperatures.
On the basis of these results, a reaction scheme in elementary steps
is proposed for this type of catalyst.  © 1997 Academic Press

INTRODUCTION

In part | of this study (1) the necessity for a detailed,
systematic study on the mechanism of the SCR reaction
of NO with NHj3 over low-loaded MnO,/Al,O3 catalysts
was outlined. Subsequently, the adsorption properties of
these catalysts with respect to the single reaction compo-
nents NO, NH3, and O, were examined. This study re-
sulted in an overview of the surface complexes that can
be formed at the reaction temperature (383-473 K), the
thermal stability of these complexes, and their location on
Mn and/or Al sites. An important point discussed in (1)
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was that the NH;—Mn—NO species, previously proposed as
active species by Kapteijnetal. (2), according to FTIR stud-
ies in the absence of Oy, does not exist in the presence of
O, due to the instability of nitrosylic species in oxidising
atmospheres. Hence, further mechanistic research in the
presence of O, is necessary. Recently, a characterisation
study (3) on these low-loaded Mn/Al,O3 catalysts turned
out that manganese is mainly present as isolated Mn** ions
in octahedral coordination, which results in a very high se-
lectivity towards N production. Therefore, N,O formation
is not further addressed here. In this paper we will evaluate
which of the complexes, observed in the preceding paper
(1), is present under reaction conditions and whether they
play a role in the SCR reaction mechanism. Attention is
focused on the next four questions.

First, the nature of the active NH3 species has not been
clarified so far. In the preceding paper (1) it was shown
that NH3 is adsorbed on both Brgnsted and Lewis acid
sites and that these adsorption modes have comparable
thermal stabilities. Besides, amide species are present at
the surface, mainly on Mn sites. The question whether
the SCR reaction requires Brgnsted or Lewis acid sites
is discussed extensively in literature. For V,05/TiO; cata-
lysts, several authors point, based on FTIR results, towards
the necessity of a Brgnsted acid site next to a redox site
(4-6), whereas other authors propose Lewis bound NHj,
followed by dissociation to amide species and recombina-
tion to NH, species to be the key route towards N, produc-
tion (7, 8). For CuO/Al,O3 a reaction mechanism via amide
species was also proposed (9), whereas for CuO/TiO; sig-
nificant SCR activity is shown without any Brgnsted acidity
at the catalyst surface (10). In this paper, the reactivity of
the observed three NH3 adsorption modes on low loaded
MnO,/Al,O3 will be determined by means of FTIR experi-
ments.

Second, it is not clear whether the reaction proceeds via
a Langmuir-Hinshelwood (LH) mechanism or an Eley-
Rideal (ER) mechanism. Previously published TPD results
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on higher loaded catalysts (2) point towards an instanta-
neous reaction of gas phase NO with preadsorbed NHs.
On the other hand, the preceding paper (1) very clearly
shows that a variety of nitrite and nitrate complexes are
thermally stable at the reaction temperature in the pres-
ence of O,. Moreover, kinetic studies reveal that the re-
action order with respect to NO is significantly lower than
one (11), which means that reaction of gas phase NO with
preadsorbed NH; cannot be the only reaction in which
NO is involved. The controversy whether the SCR reac-
tion proceeds via an ER mechanism or a LH mechanism
is discussed abundantly for most other SCR catalysts, with
contradictory conclusions. The reaction between adsorbed
NHj3 and gas phase NO was reported for V,0s/TiO; cata-
lysts (4-6, 10, 12-18) and Cu(ll)-exchanged zeolite Y (19).
On the other hand, the reaction between adsorbed NH;
and a NO-containing surface complex was reported, also
on V,0s5/TiO; catalysts (20-24), as well as on Cu-ZSM-5
(25), CuO/Al;0O3 (26), CrO./TiO, (27), unsupported CrOy
(28), and Ce-MOR (29). Nitrosyls (2), nitrosonium ions
(29), linear nitrites (28), monodentate nitrites (26), and
several nitrates (22, 25) are proposed as reactive interme-
diates. As several of these species can be formed on the
surface of 2 wt% Mn/Al,O3 at 423 K in the absence of
NHj3 (1), their role with respect to the SCR reaction will be
determined by means of FTIR, TPRD, and step response
techniques.

Third, the role of gas phase O, in the reaction cycle has to
be elucidated, Kinetic studies (11) show that the reaction
order with respect to O, is positive up to an O, concen-
tration of 10 vol%. Four mechanistic roles of O, are con-
ceivable. In the preceding paper (1) it was shown that one
of these roles, oxidation of gas phase NQO, is not significant
at these low temperatures and concentrations. Moreover, a
second role, the need for oxidised sites for H-abstraction,
could not be confirmed as gas phase O, does not enhance
the reaction from coordinated NH;3; to NH; species after an
inert pretreatment. The third role, creation of a more oxi-
dised surface to enhance NO adsorption, remains plausible
according to the adsorption studies (1), but it can only be
relevant if a LH mechanism is operative. Finally, O, could
simply act to close the catalytic cycle. These latter three
roles of O, will be investigated in this paper by FTIR and
step response experiments.

The fourth question to answer is the unexplained long-
term deactivation, observed during the first 200 h under
reaction conditions (with diluted SCR reactants) at 423 K.
Possibly, one of the reactants or products of the SCR re-
action blocks active sites at low temperatures (<473 K).
Transient experiments will be used to reveal the nature of
this deactivation.

After addressing these four questions an attempt is made
to construct a catalytic cycle which can serve for further
kinetic modelling and reactor design.
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EXPERIMENTAL

Catalysts

The catalyst was prepared by incipient wetness impregna-
tion of a Ketjen CK300 y -Al,O3zsupport (Sget = 192 m?g 1,
pore volume 0.5 cm® g~! and particle size 150-250 pm)
with an aqueous solution of (CH3COO);Mn - 4H,0. Sub-
sequently, the catalyst was dried in stagnant air overnight
at 383 K, followed by calcination in O, at 573 K for 1 h and
at 773 K for 3 h. Due to the limited solubility of the pre-
cursor the impregnation was performed in two steps with
drying in-between. In this way, a 2 wt% manganese loading
was established. A more detailed characterisation of this
catalyst was reported previously (3, 30).

Gases

The following gases, 0.40 vol% NO/He, 0.75 vol% °*NO/
He (99% isotopically pure), 0.40 vol% NHs/He, O, (99.6%
purity), 3.5 vol% 20./He (99% isotopically pure), and
He (99.996%), were used during the flow reactor studies
(UCAR). The O, was dried before use by molecular sieves
(5 A, Janssen Chimica). For in situ FTIR experiments pure
NO (99.9%), NH3 (99.998%), and O, (99.6%) were used
(UCAR).

Temperature Programmed Reaction
and Desorption (TPRD)

The TPRD experiments were performed in a setup de-
scribed elsewhere (31) containing a flow reactor connected
on-line with a mass spectrometer (UTI1 100C). Fragmenta-
tion patterns of N,O (m/e =44) on the NO and N signals,
as well as fragmentation of H,O on the NH3; signal were
determined. The MS was sampled twice a minute in the ex-
periments of Figs. 2-8, and four times a minute in the exper-
iment of Fig. 9. The connecting tubing was heated at 385 K
to avoid adsorption on the walls. The experiment started
with a pretreatment in 2 vol% Oy/He or He up to 773 K.
Subsequently, the sample, containing 100 mg of 2 wt%
Mn/Al,O3, was cooled down to 323 K in the same atmo-
sphere and purged with He to remove any physisorbed O..
After this pretreatment a gas mixture containing 1000 ppm
NO and 1 vol% O, or 1000 ppm NHj in He was passed
over the catalyst until saturation of the catalyst surface
was reached, as apparent from the MS data. Subsequently,
the sample was purged in He for about 60 min to remove
all physisorbed species. Finally, TPRD was carried out in
500 ppm NH3 or 500 ppm NO and 1 vol% O; in He at a
heating rate of 5 K min~! up to 773 K, followed by a 1-h
isothermal period. The experiments are always denoted as
follows: pretreatment/adsorption/desorption. All flow rates
were 50 cm® min~t. ®'NO and 'O, were used to reveal the
origin of the reaction products.
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Step-Response Experiments

Step-response experiments were all carried out with 80
or 100 mg 2 wt% Mn/Al,O3 in the same equipment as the
TPRD studies. In general, the following procedure was per-
formed. First, the catalyst was pretreated in 2 vol% O,/He at
673 K for 1 h and subsequently cooled down to the reaction
temperature, 423 K. Second, a mixture containing 450 ppm
NO, 500 ppm NH3, and 2 vol% O, was supplied to the cata-
lystduring 9 h to reach a pseudo steady state (less than 0.5%
conversion loss per hour). This mixture will be referred to
as standard reaction mixture. Third, one of the three reac-
tants was cut from the feed stream until all concentrations
reached a new, stable level, as apparent from the MS data
(0.5-6 h). Then, the missing reactant was resupplied to the
feed stream, and the concentrations were monitored until
a new steady state situation was established. All flow rates
were 50 cm® min~. In some of the experiments °NO and
180, were used to reveal the origin of the reaction products.

Fourier Transform Infrared Spectroscopy (FTIR)

Typically, 15-20 mg of material was pressed in self-supp-
orting discs. A detailed description of the in situ infrared
transmission cell is given elsewhere (32). Spectra were
recorded with a Biorad FTS 45 A spectrometer; 64 scans
were averaged to obtain a spectrum with 2 cm~! resolution
over the spectral range 4000-1000 cm~1. Samples were in
situ pretreated in vacuo at 673 K for 1 h and subsequently
cooled down to 323 K. At this temperature, two types of ex-
periments were performed. The first one started by adsorp-
tion of 2 mbar NO and 5 mbar O, during 30 min, followed
by evacuation. Then, increasing amounts of NH3 were ad-
sorbed on the surface. The second experiment started by
adsorption of 2 mbar NH3 during 15 min, followed by evac-
uation. Then, increasing amounts of NO were adsorbed in
the presence of 5 mbar O,. In both cases, the adsorption
was followed by heating up to 673 K; during heating, spec-
tra were recorded at increments of 25 K.

RESULTS

Stability Test

In the introduction, the need for an explanation for the
long-term deactivation of a 2 wt% Mn/Al,O3 catalyst in
a standard reaction mixture at 423 K was outlined. The
stability of the catalyst is shown in Fig. 1. Clearly, it takes
a long period to reach a stable activity. The NO conversion
decreases slightly but progressively during the first 150 h
down to a stable level of about 38% at the given space
velocity. Afterwards, no changes in activity are observed.

Temperature Programmed Reaction and Desorption

In part | of this study (1) it was shown that, after adsorp-
tion of NO and Oy, the surface is covered by NO complexes
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FIG. 1. NO conversion as function of time in a standard reaction mix-

ture at 423 K; VHSV =31.000 h~%; 2 wt% Mn/Al,Os.

(NO/Mn = 1), which can roughly be divided in weakly ad-
sorbed (desorption at 323-500 K during TPD in He) and
strongly adsorbed (desorption 500-700 K) surface species.
The TPRD profile for the O,/**NO + 80,/NH; experiment
is shown in Fig. 2. The temperature program is started im-
mediately after introduction of the NHs/He flow. Clearly,
NHj is able to remove weakly adsorbed NO from the sur-
face as °NO desorption directly starts upon NH3z admis-
sion. At 385 K, the production of N*N starts, formed from
one NO and one NH3; molecule, whereas the *®NO des-
orption decreases concurrently. At 473 K, no desorption of
®NO is observed anymore, while a strong peak of N°N
becomes visible from that temperature, accompanied by
minor N*®>NO desorption. The desorption of produced H,O
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FIG.2. TPD in 500 ppm NHjs after adsorption 1000 ppm *NO and
2 vol% 20, at 323 K; I5’NO (———), N®N (-—-), NHz (11m1), NNO
(—--) and H,0 (—--); 2 wt% Mn/Al,O3.
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TABLE 1

Molar Uptake (Positive) and Desorption (Negative), Normalised
per Mole of Manganese, during TPD Experiments after Adsorption
at 323 K, 2 wt% Mn/Al,O3

TPD NO \F3 NH;3 H,O N.O
NO + Oy/NH3 —0.38 —0.52 +1.08 —1.09 —0.04
NH3/NO + O, +0.99 —0.95 —0.22 —0.02

does not begin before the temperature is raised up to 525 K,
and continues at high rate up to 625 K, the temperature at
which the adsorbed °NO is exhausted and above which
no further N**N production takes place. Apparently, NO
complexes that are thermally stable up to 600-650 K (1)
can react with adsorbed NHj; at considerably lower tem-
perature, 500-525 K. Breakthrough of NH3 does not start
before 625 K. The amounts of desorbed NO, produced N,
and adsorbed NH3 are reported in Table 1, according to ap-
propriate mass balances. By consequence, the correct NH3
uptake is obtained after subtraction of the amount of N *°N
produced. When a summation is made of all products (both
desorption and reaction) originating from *®NO, a NO/Mn
ratio of 0.94 is obtained, which is close to the ratio of ap-
proximately one that was reported after NO adsorption in
the presence of O, (1). Besides, a large amount of NHj3 is
adsorbed on the surface in the course of the temperature
program (NH3/Mn > 1).

The O/NH3/NO + O, experiment provides a completely
different picture. As N, production starts immediately upon
introduction of the reactants at 323 K, it was chosen not to
initiate the temperature program before the N, production
decreased to zero. The concentrations as a function of time
are shown in Fig. 3. The instantaneous formation of N, up
to 150 ppm is followed by a gradually increasing N, produc-
tion during 35 min. The breakthrough of NO corresponds
with the maximum in N, production, which subsequently
decreases very gradually to zero. Table 1 reports the NO
uptake and the amounts of reaction products. In the pre-
ceding paper (1) it was shown that after NH3 adsorption
the NHs3/Mn ratio is slightly higher than one. The amount
of N, produced proves that the major part of the adsorbed
NHj3 species is able to react at these low temperatures. The
surface sites which are liberated as a consequence of re-
action are filled up by both NO (NO/Mn~ 1) and H0,
which is supposed to be formed 1.5 times the N, production,
but which is held on the surface in a ratio H,O/Mn =1.21
(= 0.95%x1.5—0.22; see Table 1). These ratios show that
additional surface sites, probably located on the support,
must be involved in the NO and H,O adsorption. During
the subsequent heating program (not shown), these high
amounts of H,O and NO desorb, together with some N,
resulting from the reaction between adsorbed NO and a
minor fraction of NH3, which did not react at 323 K.
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FIG. 3. Isothermal period at 323 K before start TPD: addition
500 ppm NO + 2 vol% O, after adsorption 1000 ppm NHj at 323 K; NO
( ), N2 (- =-) and H,O (1min); 2 wt% Mn/AlLOs3.

Step-Response Studies

Step-response studies are all performed starting from a
pseudo steady state (reached after 8-10 h) at 423 K in a
standard reaction mixture with a 2 wt% Mn/Al,O3 catalyst.
Upon replacing *NO by ®NO the concentration of both
14N O and *N, decreases rapidly to zero while the concen-
trations of >’NO and N*°N increase correspondingly (Fig. 4).
Within 15 min the original NO conversion and N, produc-
tion are restored. Moreover, the m/e = 30 signal (**NO or
5N,) does not exceed the value of the isotopic impurity,
showing that in the standard reaction mixture at423 K all N,
produced results from the reaction between one molecule
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FIG. 4. Switch at 423 K: 500 ppm NHg3, 450 ppm NO, 2 vol% O; =
500 ppm NHj3, 450 ppm *NO, 2 vol% Oy; 2 wt% Mn/Al,Os.
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FIG. 5. Switch from standard reaction mixture at 423 K: NO off/NO
on; 2 wt% Mn/Al,Os.

NO and one molecule NHa. This result is used to calculate
accumulation and desorption of reactants and products in
the following step-response experiments.

Switch NO off/on. Upon the removal of NO from the
gas stream (Fig. 5) the signals of both NO and N; instan-
taneously drop to almost zero in a few minutes, indicating
that both the rate of NO desorption and SCR reaction be-
come negligible. Apparently, hardly any reactive NO com-
plexes are present at the surface under reaction conditions
at 423 K. The withdrawal of NO results in an NH3 uptake
and concurrent H,O desorption, suggesting a new surface
equilibrium between both compounds due to the termina-
tion of H,O production by the SCR reaction. The amounts
of adsorbed/desorbed compounds are presented in Table 2.
Itis assumed that all N, produced desorbs instantaneously
into the gas phase. Uptakes and desorption of NO and NH3
are corrected for the produced N; in the corresponding pe-
riod. Upon reintroduction of NO to the reaction mixture,
the production of N starts again and the exit concentration
regains its original level within 10 min. The conversion of
NO during the first 10 min is higher than expected on the
basis of reaction stoichiometry, indicative for a small NO
uptake in that period. The concentration of NH3; does not

TABLE 2

Molar Uptake (Positive) and Desorption (Negative), Normalised
per Mole of Manganese, upon Removal and Reintroduction of NO
from the Standard Reaction Mixture at 423 K, 2 wt% Mn/Al,03
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FIG. 6. Switch from standard reaction mixture at 423 K: NH;3 off/NH3
on; 2 wt% Mn/Al,Os.

drop directly to the original level upon reintroduction of
NO, but it shows a desorption maximum after a few min-
utes. Probably, the coverage of NHj is lowered by the com-
petitive adsorption of H,O, the production of which restarts
simultaneously with the production of N,. The time it takes
for NH3; to reach its original concentration coincides with
the breakthrough of H,O. The adsorbed/desorbed quan-
tities upon the introduction of NO are also presented in
Table 2. The overall amount of adsorbed NO and NH3 has
not changed significantly after the entire step-response ex-
periment. Correspondingly, the NO conversion is compa-
rable before and after the two switches.

Switch NH3 off/on.  Upon withdrawal of NH3 from the
reaction mixture, the NO concentration drops slightly for
about 5 min after which a gradual increase is observed
(Fig. 6). This means that NO and NH3 adsorb competitively
on at least part of the surface sites. The increase of the NO
concentration is accompanied by a very slow decrease in
the N, production; the SCR reaction proceeds until about
1 h after the removal of NH3 from the gas stream, resulting
in a No/Mn ratio of 0.84 (Table 3). This means that under
reaction conditions the majority of the Mn sites are able to
coordinate a NH3; molecule that can react with NO and O,

TABLE 3

Molar Uptake (Positive) and Desorption (Negative), Normalised
per Mole of Manganese, upon Removal and Reintroduction of NH3
from the Standard Reaction Mixture at 423 K, 2 wt% Mn/Al,O3

NO N> NH; H,O NO N, NH; H>,O
NO off —0.004 —0.003 +0.25 —0.65  NHj;off +1.00 —0.84 —0.10 —1.33
NO on +0.03 —0.29 NH; on —-0.17 +1.12
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after switching off NHj3. The removal of NH3; from the gas
stream reduces the desorption rate of H,O, probably due
to competitive adsorption between these compounds (11),
resulting initially in an instantaneous decrease in H,O con-
centration. Subsequently, the H,O concentration decreases
very gradually due to the slowly stopping SCR reaction. The
NO concentration, which is apparently stable after 170 min,
does not reach the entrance concentration, indicating that
some uptake of NO continues for a very long period. It
must be noted that the reported NO uptake in Table 3
concerns the amount determined until the NH3; was rein-
troduced to the reaction mixture. Upon switching on the
NHjs, a part of the weakly adsorbed NO is removed from
the surface, as can be observed from the NO concentration
which exceeds the feed concentration during 15 min. Subse-
quently, the NO concentration reaches a steady state value
which is higher than the steady state value before switching
off the NH3. Hence, the catalyst is deactivated consider-
ably during the previous period of NO + O, supply. Note
that the extent of deactivation is comparable to the long
term deactivation under standard conditions (Fig. 1). The
amount of NO adsorbed after switching off the NH3 only
partly desorbs or reacts after the reintroduction of NHg,
suggesting that the amount of nitrites and/or nitrates on the
surface has increased considerably after the two switches
(Table 3). Upon reintroduction of NH3 the production of N,
immediately restarts; after a sharp increase, the production
progressively increases to a steady state value. The produc-
tion of H,O is observed significantly later, suggesting that
large amounts of freshly produced H,O remain adsorbed on
the surface before desorption starts. The breakthrough of
NHj3 is only observed 35 min after its reintroduction. Even
after subtraction of the produced N, the uptake of NHj3
amounts to 1.12 mole per mole of Mn (Table 3). This means
that the amount of NH; that desorbed or reacted after NH;
is removed from the gas stream is more than completely
readsorbed after switching on the NHs. The distribution of
adsorbed species after this step response experiment was
evaluated by TPD (Fig. 7). A strong N2 production peak
with a maximum at 510 K is observed, together with a NO
desorption peak at 630 K, accompanied by desorption of O,
confirming the formation of stable nitrates during the ab-
sence of NHj3 in the gas stream. The N, production at 510 K
(compare Fig. 2) confirms that stable nitrates are able to re-
act with adsorbed NH3; at temperatures higher than 500 K.
Both peaks are absent in the TPD pattern of the catalyst
operating at high NO conversion (11), at the start of the
step-response experiment. When the experiment shown in
Fig. 6 is repeated at 523 K, the NO conversion reaches its
original value after the two switches. Hence, stable nitrates
which are bidentate or bridged coordinated (1) do not de-
activate the catalyst at that temperature.

Switch 80, on/off.  In Fig. 8 the response to the instan-
taneous addition and removal of O, from the reaction mix-
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FIG.7. TPD after the step-response experiment of Fig. 5; NO
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ture is shown. Clearly, the SCR reaction immediately starts
upon the addition of O,, and a constant reaction rate is
attained in less than 2 min. Upon removal of O, the NO
conversion drops directly, although it reaches a zero value
only after 20 min. The N, production exactly matches this
trend. The calculated N, production after switching off the
O, remains very low: No/Mn = 0.03. This means that lattice
oxygen of the catalysts does not participate significantly in
the reaction upon removal of O, from the gas stream at this
temperature. The fact that the response to the reintroduc-
tion of 180, is so rapid indicates that the necessary oxidised
sites are easily formed by O, and not by NO. Besides, the
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FIG. 8. Switch from standard reaction mixture at 423 K: *¥O, on/off;
10, on; 2 wt% Mn/Al,O3.
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experiment shows that produced H,'20, containing oxygen
originating from gas phase '#0,, only becomes visible after
a long time, indicative for a large reservoir of OH groups
on the surface.

Switch NO + O, = ®"NO + NH3+O,. Finally a tran-
sient isotopic labelling experiment is carried out which is
comparable to the NH3 off/on experiment (Fig. 6), but the
reintroduction of NH; is accompanied by a switch 1“NO =
SNO. The experiment is considered as decisive whether a
Langmuir-Hinshelwood or an Eley-Rideal mechanism is
operative for this catalyst system. At the point prior to the
switch the surface is covered by nitrates and nitrites (see
Table 3). Upon introduction of NH3 and ®NO, NH; ad-
sorbs on the surface (compare Figs. 5 and 6). Subsequently,
it can react with adsorbed NO complexes or gas phase
BNO. In Fig. 9, the switch NO + O, = ®NO + NH3 + O, is
shown. Immediately after this step N*°N production starts,
indicative for an Eley—Rideal mechanism. The production
gradually increases to a steady state value 50 min after
the step. However, also a minor amount of *N; is formed
upon switching. This N, production continues at a low
rate during the entire experiment, which suggests that a
minor part of the adsorbed NHj; reacts via a Langmuir—
Hinshelwood mechanism under reaction conditions at this
temperature. The concentration of *NO strongly drops
upon the switch, subsequently increases slightly to a max-
imum 15 min after the step, and then progressively de-
creases to zero. The remarkable increased desorption of
NO after 15 min is accompanied by enhanced *®NO ad-
sorption in the same period. The breakthrough of both
NH3 and H,O is comparable to the responses observed in
Fig. 6.
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FIG.9. Switch at 423 K: 450 ppm NO, 2 vol% O, =500 ppm NHs,
450 ppm *NO, 2 vol% O; 2 wt% Mn/Al,Os.
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FIG. 10. Adsorption of 3 mbar NO + 2 mbar O, at 323 K on a sample
precovered with NH3 ( ), followed by heating to 423 K (-—-); 2 wt%
Mn/Al,O3. Spectra after NH3 adsorption and subsequent evacuation are
subtracted.

Infrared Spectroscopy

In order to determine the nature of the reacting species
at low temperatures, IR spectra are recorded of successive
adsorption of NO and NH3 and vice versa, both in the pres-
ence of O,. The sequence of adsorption and reaction steps
and the corresponding partial pressures are comparable to
those of the TPRD studies. In part | of this study (1) we
showed that the surface complexes formed upon both NHj3
and NO adsorption show several IR vibrations in the spec-
tral range 1000-1900 cm~2. By consequence, overlapping
bands are expected upon sequential adsorption. Therefore,
the spectra of the preadsorbed compounds are subtracted
for the sake of clarity. After preadsorption of NH3 and
O, the spectrum of a 2 wt% Mn/Al,O3 catalyst is char-
acterised by bands due to both NH; ions (1479 (vas) and
1690 (vs) cm~1) and coordinated NH3 (1603 (vas) and 1190-
1220 (vs) cm™1), as well as some amide species (1511 cm™2).
Upon NO adsorption in the presence of O, at 323 K
(Fig. 10), a sharp peak arises at 1231 cm~, together with
some weak peaks at 1321, 1398, 1574, and 1612 cm~, and
two stronger bands at 1459 and 1685 cm™2. The latter two
bands, as well as the band at 1398 cm~2, are attributed to ad-
ditional NHI ions, formed due to the H,O production of the
SCR reaction. A comparable shift in the distribution of ad-
sorbed NHj3 species by the presence of additional hydroxyls
was observed on both CuO/Al,O3 (9) and V,05/TiO; (33)
catalysts. Enhanced IR absorption in the 3400-3600 cm*
range due to hydrogen-bridged hydroxyls (not presented)
confirms that H,O production indeed takes place. At this
point, it is not easy to determine whether coordinated NH3
or NH ions preferentially react with NO. The bands at
1231 cm™! (bridged nitrites) and 1320 cm~! (monodentate
nitrites) show that even weakly adsorbed NO complexesare
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formed to some extent on asurface precovered by NHs. The
more stable bidentate nitrates (1579 cm™') and bridged ni-
trates (1612 cm™1) are also formed in small amounts. Upon
heating to the reaction temperature (423 K), significant
changes in the spectrum are observed due to the SCR reac-
tion. A strong negative band is visible at 1603 cm~?, accom-
panied by significantly decreased IR-absorption at 1180-
1200 cm™?, attributed to coordinated NH5; at Mn®* sites
(1, 30). Moreover, a substantial band grows at 1533 cm™,
showing that coordinated NHj is transformed to NH;
species to a large extent. In contrast, the bands due to NH;
ions even remain positive, which may be partly due to the
formation of linear nitrites (absorbing at 1466 cm™1) on the
liberated surface sites. Another explanation is that the for-
mation of additional Brgnsted acid sites still overrules the
consumption of NH; ions by the SCR reaction. The inten-
sities of the bands due to bridged and monodentate nitrites
are reduced with respect to the spectra recorded at 323 K,
showing that these surface species are able to react with
coordinated NHj3 at the reaction temperature.

Upon NH3; adsorption on a surface precovered by NO
(+0y), shown in Fig. 11, the spectra are overruled by the
bands due to adsorbed NHj3. After subtraction the spec-
tra remain positive, except for the band at 1070 cm~! due to
Al-coordinated linear nitrite (1) which is probably removed
from the surface by NH3. Bands are observed due to NH;
ions (1400, 1456, 1488, and 1687 cm™1) and amide species
(shoulder 1500-1530 cm™1), together with some bands of
bidentate nitrates (shoulder 1555 cm~1) and bridged ni-
trates (1623 cm™1) which still grow as a function of time
due to surface transformation from less stable nitrites (1).
The fact that hardly any coordinated NHj3 is observed at the
surface provides additional evidence that these species are
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FIG.11. Adsorption of 0.5 mbar ( ), 1 mbar (---), 2 mbar
() and 3 mbar (—--) NH3 at 323 K on a sample precovered with
NO and Oy; 2 wt% Mn/Al,Os. Spectra after NO + O, adsorption and sub-
sequent evacuation are subtracted.
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the first to react in the SCR reaction with unstable surface
nitrites.

DISCUSSION

Nature of the Active NH3 Species

In the preceding paper (1) it was shown that NH; ad-
sorbs on both Lewis acid and Brgnsted acid sites on low
loaded Mn/Al,O3 catalysts at 323 K, resulting in coordi-
nated NH3; and NHI ions, respectively. Moreover, NH;
species are present due to H-abstraction from coordinated
NHas. The coordinated NH3; and NH, species are present
both at Mn®** and AI** sites, whereas the NH] ions are pre-
dominantly observed on the Al,O3 support (1). The FTIR
results presented above clearly show that upon admission
of O, and NO at the reaction temperature (423 K) coordi-
nated NH3; species react to form NH; species. In contrast,
the amount of NH; ions even increases during the course
of the reaction; therefore, a SCR pathway starting from
these species is very unlikely. The increase of the amount
of NH; may be due to the formation of additional surface
hydroxyls as result of H,O production by the SCR reaction.
Interestingly, H-abstraction is hardly observed at 323 K, al-
though the SCR reaction proceeds at a significant rate upon
NO + O, adsorption on a sample precovered with NH3, as
demonstrated by both TPRD (Fig. 3) and FTIR (Fig. 10).
Apparently, H-abstraction is difficult at low temperatures,
but amide species react readily, once formed. On the other
hand, at 423 K the relative amount of NH; increases consid-
erably (asobserved by IR), showing that H-abstractionisan
activated process. At this temperature the reaction of amide
speciesto N, and H,O is no longer faster than the formation
of amide species. As a result, the amide species are more
clearly detected in IR. The results agree with the picture of
NHj3 adsorption and reaction on CuO/Al,O3 by Centi et al.
(9). These authors also propose the SCR reaction to pro-
ceed viaan amide intermediate, but the activated formation
of this species is only observable in IR at higher tempera-
tures. On CuO/TiO, systems, studied by Ramis et al. (10),
NHj3 transformation to NH; is hardly observable at 323 K,
whereas a strong NH; peak in IR is found at 423 K. The fact
that these catalysts do not exhibit any Brgnsted acidity was
used as evident proof that a SCR reaction pathway starting
from coordinated NHj is plausible.

Our results indicate that on the surface of MnO,/Al,Os3,
where both coordinated NHz and NH; ions with compara-
ble thermal stabilities are present, a SCR reaction pathway
starting from coordinated NH3 is operative in the low tem-
perature range.

SCR Reaction via Langmuir-Hinshelwood (LH)
vs Eley-Rideal (ER) Mechanism

There is general agreement that the SCR reaction
starts with NH3-adsorption; the adsorption is very strong
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compared to the adsorption of both NO and the reaction
products and, as a result, the reaction order with respect to
NH3, determined in kinetic studies, is zero for most SCR
catalysts. In contrast, there is no agreement on the way the
reaction continues: by (1) reaction of gas phase NO with
(activated) NHj3 to an activated transition state and subse-
quent decomposition in N, and H,O, or (2) adsorption of
NO on adjacent sites, followed by reaction to an activated
transition state and decomposition to the reaction products.

In part | of this study (1) it was shown that at 423 K, NO
adsorbs in the presence of O, on MnO,/Al,O3 as linear,
bridged, and monodentate nitrites and bridged and biden-
tate nitrates. The TPRD in NHj after adsorption of NO
and O; (Fig. 2) shows that the SCR reaction starts as soon
as part of the weakly adsorbed NO species (nitrites) has
been desorbed. The N, produced below 470 K originates
from weakly adsorbed NO, but it is difficult to determine
whether reaction takes place from the gas phase after forced
desorption or directly from an adsorbed state. On the other
hand, the fact that strongly bound NO complexes (bridged
and bidentate nitrates) which decompose at 600 K (1), can
react with adsorbed NHj3; to N3 at 500 K (Fig. 2) provides
evidence that these nitrates react via a LH mechanism.

If it is assumed that the SCR reaction proceeds at one
type of Mn®* site, the instantaneous N, production upon
NO and O, admission on a surface saturated by NH3 (Fig. 3)
strongly suggests a reaction of gas phase NO. If the reac-
tion proceeds exclusively by a LH mechanism the initiation
of the SCR reaction would require some NHj3 desorption,
which is not observed. Moreover, a gradually increasing
reaction rate is expected due to the increasing NO cover-
age until exhaustion of adsorbed NHj3 species becomes rate
limiting. On the other hand, if only an ER mechanism is op-
erative, one expects that the N, production rate reaches a
maximum directly upon NO and O, admission (when both
concentration of adsorbed NH;3 and gas phase NO are max-
imal) and declines monotonically as adsorbed NH3; species
become exhausted. In contrast, after a sharp initial rise the
observed reaction rate increases gradually for a significant
period before slowing down. Based on this “one site as-
sumption” the observed response to NO + O, admission is
clearly in-between the expected response for a LH and an
ER mechanism, suggesting that both are operative at this
low temperature. However, if it is assumed that the sites at
which NH3 and NO adsorb are (partly) different, the ob-
served response in Fig. 3 can be completely explained by a
quick adsorption of NO on sites which are unoccupied by
NHj3, followed by a rapid reaction to N, thus only viaa LH
mechanism.

The step-response experiment presented in Fig. 9 is con-
sidered to be decisive whether an ER mechanism is oper-
ative or not. At the point prior to admission of NH3; and
1’NO, the surface is completely covered by *NO; all types
of nitrites and nitrates reported in the previous paper (1)
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are expected to be present. Upon admission of NH3 and
’NO, NHj is expected to be able to remove some ¥*NO
containing nitrites from the surface as it is the stronger ad-
sorbent (compare Figs. 2, 5, and 6). ®’NO is not expected to
adsorb at the surface; some exchange with adsorbed *NO
may be possible, but only at a slow rate (T =423 K). The
fact that an instantaneous reaction to N*°N is observed at a
significant rate is considered to provide conclusive evidence
for an ER reaction pathway. As a result, there is no need to
assume two different active species to explain the N, pro-
duction in Fig. 2. ¥*N, is produced as well upon the switch
NO + O, = NO + NH3 + Oy, be it in lower amounts. Part
of the produced *N, can result from *NO that is forced
to desorb upon NHj3 addition. However, the fact that the
production continues for several hours is indicative for a
continuous contribution of a LH reaction pathway to the
total N, production. These results are in agreement with
the reaction order with respect to NO smaller than one, as
determined from kinetic studies (11). The fraction of ad-
sorbed NO reacts quickly via a LH mechanism as the cov-
erage of reactive NO species is low under standard reaction
conditions (see Fig. 5).

Interestingly, a previous study (11) showed that the for-
mation of nitrites is strongly inhibited by the adsorption
of H,O and that the reaction order in NO changes from
0.8 under “dry” conditions to about one in the presence of
H,O. These results can nicely be explained by blocking of
the LH pathway by chemisorbed H,O.

The infrared experiments did not unequivocally point
towards one reactive nitrite intermediate at low temper-
atures. Linear nitrites disappear upon adsorption of NH3
(Fig. 11), but in the preceding paper (1) it was shown that
these nitrites are only present at the Al,O3 area of low
loaded Mn/Al,O3 catalysts. The fact that bridged nitrites
can be formed on the surface at 323 K aside NH3 species
(Fig. 10) and react upon heating up to 423 K strongly sug-
gests that this species is reactive under standard reaction
conditions.

The occurrence of a LH mechanism has been previously
shown on a «-Cr,03 catalyst (28) on the basis of TPD af-
ter co-adsorption of ®°NO and NH; at room temperature.
The production of high amounts of N**N during heating
demonstrated adsorbed NO to be a reactive intermediate.
Kantcheva et al. (22) for their V,0s/TiO; catalysts came
to the conclusion that a LH mechanism was operative in
the NH3-NO; reaction on the basis of IR results. How-
ever, most of the SCR studies on V,0s/TiO; catalysts pro-
pose a reaction between adsorbed NH3 and gaseous, or very
weakly bound NO (4-7, 10, 12-16, 18). It must be pointed
that in some of these publications (15, 18) the possibility
of a LH mechanism was rejected simply by the fact that
hardly any NO adsorption was observed in the absence of
O,. The present study on MnO,/Al,Os3 proves that this is a
very dangerous criterion to use.
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Itis very remarkable that in all these studies the possibil-
ity of parallel LH and ER pathways has not been addressed.
Recently, competition of both reaction mechanisms was
proposed for CuO/Al,Oj3 catalysts (26). The similarities be-
tween the reported conclusions and the observations in the
present study are striking: the SCR reaction proceeds for a
considerable part via an ER mechanism, but the LH path-
way contributes to a certain extent to the total N, produc-
tion. The latter reaction is believed to proceed between
nitrite species and amides. The exact nature of the active ni-
trite has not been singled out by the authorsin (26), whereas
this study suggests bridged nitrites to be the main nitrite
source in a LH pathway.

Role of Oxygen in the SCR Reaction Cycle

In the introduction three possible contributions of O,
with respect to the SCR reaction are mentioned. The rele-
vance of these possible roles can be discussed according to
the results presented.

In many studies, both on chromia (28) and V.05 based
catalysts (4, 5, 7, 18, 28, 34, 35), the role of O, is proposed to
be the reoxidation of the surface. On both systems, kinetic
studies (36-38) show the reaction to be zero order in O, at
concentrations above 0.5-1 vol%. Moreover, the reaction
to N continues, be itatamuch lower rate, after removing O,
from the reaction mixture. These phenomena are explained
by the fact that lattice oxygen can participate in the reaction
in the absence of O,. The reaction rate is lowered due to
the increasing amount of oxygen vacancies, but continues
to some extent because NO can, be it at a lower rate than
O,, reoxidise the surface as well. As the reaction is studied
on these systems at 523-673 K, this participation of lattice
oxygen is in agreement with the reports on Mars and Van
Krevelen mechanisms (39, 40), operative in the 500-800 K
temperature window.

The results on MnO,/Al,O; differ at several points from
the above-mentioned catalysts. First, this catalyst is active
for the SCR reaction at temperatures below 473 K, thus
making Mars and Van Krevelen type mechanisms very un-
likely. Second, in kinetic studies (11) a reaction order in
O, of about 0.5 has been determined in the concentration
range 0-10 vol% O,. Third, the N, production quickly de-
creases to almost zero upon removal of O, from the gas
stream (Fig. 8); the No/Mn ratio is not higher than 0.03 after
this switch. As we know that the surface coverage of NH3
on the verge of switching is high enough to establish No/Mn
ratios close to one (Fig. 6, Table 3), the role of O, must
be the activation of one of the reactants at the surface (or
both). If the function of O, would simply be the reoxida-
tion of the surface the N, production would proceed until
every adsorbed NH3 molecule had reacted. Then, a lack of
oxidised sites to begin a new catalytic cycle (starting with
NHj3 adsorption) would stop the reaction. In part | of this
study (1) it was shown that O, has a strong positive influ-
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ence on the adsorption of NO as nitrites and nitrates. In
this paper we demonstrated that the SCR reaction partly
proceeds via a LH mechanism and that bridged and mon-
odentate nitrites are reactive intermediates at temperatures
below 473 K. Besides, it has been shown that under reac-
tion conditions at 423 K few reactive nitrites are present at
the surface, indicating that these nitrites quickly react once
formed. As a result, for the N, produced via a LH mech-
anism the response to withdrawal of O, can be explained
by an instantaneous deficiency of reactive nitrites. An im-
portant role of O, to assist in the formation of reactive NO
complexes was proposed on other SCR catalysts like Ce-
HMOR catalysts (29) and CuO/Al,O3 catalysts (26, 41).

The results in this study show that the larger part of
the produced N is formed via the parallel ER pathway.
Hence, formation of reactive nitrites cannot be the only
role of O, as the ER reaction pathway is also immediately
blocked (Fig. 8). By consequence, activation of the other
reactant (NHs) appears to be dependent on reactive oxy-
gen species at the surface. In the previous paper (1) it was
shown that O, hardly changes the relative distribution of
adsorbed NHj species at 323 K, whereas the present re-
sults show a considerable H-abstraction rate at 423 K in the
presence of both NO and O,. Hence, an indirect role of NO
in the H-abstraction reaction cannot be excluded. Possibly,
H-abstraction is an equilibrium which is drawn to the side
of NH> species due to the reaction of NO with these NH;
species. According to this equilibrium, it can be explained
that IR results at 323 K show only a small amount of NH,
species, whereas a high initial reaction rate is observed at
this temperature when NO and O; are added to a surface
with preadsorbed NHj3; (Fig. 3).

For Cu3V,0g SCR catalysts (42), it has been proposed
that O, facilitates both H-abstraction from adsorbed NH3
and formation of reactive NO-complexes. Probably, oxygen
plays a comparable role in the transformation of coordi-
nated NH3 to NH, species at the start of the catalytic cycle
(see the discussion above). Upon removal of O, from the
gas stream the NHj3 activation step is blocked, resulting in
instantaneous termination of the N, production via the ER
pathway.

Deactivating Effect of Bidentate and Bridged Nitrates

The results presented here show a deactivation of the
2 wt% Mn/Al,O3 catalyst under reaction conditions at
423 K, until a constant reaction rate is established after
approximately 150 h (Fig. 1). Moreover, a comparable de-
activation of the catalyst proceeds during a treatment of 9 h
in NO and O, at this temperature (Fig. 6). TPD of the de-
activated catalysts (Fig. 7) shows that stable NO complexes
are responsible for this deactivation. In the previous paper
(1) these NO complexes, with high thermal stability, were
already identified as bridged nitrates and (mainly) biden-
tate nitrates. These species are readily formed at 423 K
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in a NO + O, mixture, but only at a very slow rate in
a NO + NH3+ O, mixture, due to the strong adsorption
properties of NH3. Moreover, not all catalytic sites are
blocked by nitrate formation, as the residual NO conver-
sion remains significant.

The TPRD results of Fig. 3 show that at temperatures
above 500 K these nitrates are able to react with adsorbed
NH3to N, and H,O. The reactivity is confirmed by the addi-
tional step-response experiment in which NHj3 is removed
from the reaction mixture at 523 K and reintroduced af-
ter 9 h: the deactivation observed at 423 K is absent at
523 K. By consequence, bidentate nitrates, which are ther-
mally stable up to 650 K, are able to deactivate the surface
at temperatures below 500 K, whereas they act as active
SCR intermediates at temperatures above 500 K. This dis-
crepancy in the role of bidentate nitrates with respect to
the SCR reaction has rarely been reported previously. On
CuO/Al,0O3 (26), Centi et al. demonstrated that formation
of bidentate and bridged nitrates on the surface lowered
the activity for NH3 oxidation. In a subsequent paper (41),
they demonstrated how bidentate nitrates, formed from the
surface oxidation of nitrites, cause a self-deactivation of the
catalyst for the SCR reaction. However, they did not inves-
tigate the effect of the temperature on the role of nitrates;
therefore, they did not report on possible reactivity of these
nitrates at higher temperatures.

Catalytic Cycle of the SCR Reaction

According to the preceding discussion on the SCR re-
action mechanism on MnO,/Al,O3 catalysts the following
reaction scheme can be formulated for temperatures below
500 K:

O, + 2% = 20— [1]
NH; + % = NH;— Lewis acid Mn** site  [2]
NO + O—+ = NO-O—x
Bridged and monodentate nitrites [3]
NO-O—x + O— — NOsz—* + * Bidentate nitrate [4]
NH3—* + O—* — NH;— + OH—=x [5]
NHy—* + NO — N, + H,O + %
ER mechanism [6]
NHy—% + NO-O—% — Ny + H,O + O—x + %
LH mechanism [7]

20H-* = H,O 4+ O—% + * [8]

At temperatures above 500 K bidentate nitrates are also
able to react to N,. The reaction steps [6] and [7] run par-
allel, but the major part of the N, is produced via step [6].
Possibly, step [5] can be written as an equilibrium. Further
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modelling of steady state kinetic data on the basis of this
scheme will be performed in the near future.

CONCLUSIONS

In the preceding paper (1) the nature of the surface com-
pounds, formed upon separate low temperature adsorption
of NO and NHj3 in the presence of O, on MnO,/Al,O3 cata-
lysts, has been identified. In this paper, the reactivity of
these complexes with respect to the selective catalytic re-
duction of NO at temperatures below 473 K has been eval-
uated. The following conclusions can be drawn.

The SCR reaction starts with the transformation of coor-
dinated NH3 on Mn®* ions to NH; species. Ammonium ions
formed on Brgnsted acid sites do not react at the reaction
temperature in the presence of NO and O..

At temperatures below 473 K, the N, production exclu-
sively results from a 1:1 reaction between NO and NHs.
The SCR reaction can proceed between adsorbed NH,
species with both NO from the gas phase (Eley-Rideal
mechanism) and adsorbed nitrite species (Langmuir—
Hinshelwood mechanism). Labelling studies showed that
N, is simultaneously produced by both parallel pathways.
Bridged nitrites and, to a lesser extent, monodentate nitrites
are able to react with NH; at temperatures below 473 K.
These nitrites react very quickly once formed, resulting in
a low nitrite coverage of the surface under reaction condi-
tions.

Lattice oxygen cannot participate in the SCR reaction
in the absence of gas phase O, over MnO,/Al,O3 catalysts.
Therefore, the role of O, in the catalytic scheme cannot
exclusively be explained by reoxidation of the surface. As
far as an ER mechanism is operative, the main role of O, is
H-abstraction from adsorbed NHjs, resulting in NH, species.
In the parallel LH pathway O, assists in both H-abstraction
of NH3 and the formation of reactive nitrite intermediates.

In a NH3/NO/O, mixture bidentate nitrates are formed
on the surface at a slow rate at temperatures below 500 K,
thus partly deactivating the catalyst. In contrast, at higher
temperatures these species serve as active SCR intermedi-
ates.
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