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Abstract

Mechanistic aspects of low-temperature (423-723 K) selective catalytic reduction of NO with NH3 (NH3-SCR) over an Ag(1.7 wt%)/Al,O3
(2Ag/AlyO3) catalyst in the presence and absence of Oy and Hy were studied using a transient low-pressure (peak pressure < 10 Pa) technique,
the temporal analysis of products (TAP) reactor, in combination with isotopic traces. Preoxidized 2Ag/Al, O3 showed very low activity in the
NHj3-SCR reaction. The activity increased tremendously after ex situ reduction of 2Ag/Al>,O3 in a hydrogen flow (5 vol% H5 in Ar) at 373 K for
30 min. This observation was related to the creation of reduced Ag species, which catalyze O and NO dissociation, yielding adsorbed oxygen
species. O is a better supplier of oxygen species. Oxygen species played a key role in NH3 dehydrogenation, yielding reactive NH, fragments that
are important intermediates for nitrogen formation via a coupling reaction between NO and NH3. This reaction pathway predominated over direct
NO decomposition to N» in the presence of O,. In addition to generation of active oxygen species, gas-phase oxygen accelerated transformation of
surface N-containing intermediates into gas-phase reaction products. The role of hydrogen in the NH3-SCR reaction is to transform oxidized Ag
species into reduced species that are active sites for O, and NO adsorption. Our findings suggest that the reduction of oxidized Ag is responsible

for the boosting effect of Hy in the NH3-SCR reaction, and also that Hp helps decrease total N, O production.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Selective catalytic reduction of NO, with hydrocarbons
(HC-SCR) in the presence of oxygen has potential applications
in removing NO, from automotive engines under lean con-
ditions [1,2]. Alternatively, NH3-assisted selective reduction
(NH3-SCR) of NO, may become the basis of a future urea SCR
technology for NO, abatement from mobile diesel engines [3—
6]. Since the pioneering work of Held et al. [7], many catalyst
formulations have been prepared and tested for SCR reactions
in the presence of O>. Among the numerous catalytic materials
applied, silver-containing catalysts exhibit high activity in the
HC-SCR reaction at high temperatures [1,2]; however, they suf-
fer from low activity at temperatures below 623 K. Recently, it
was shown with the finding that the operating reaction tempera-
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ture is shifted down to 473 K if hydrogen is fed to a lean exhaust
gas mixture (A > 1) [8,9]. Recently, Richter et al. [10] found a
similar effect of Hy on the low-temperature NH3-assisted SCR
of NO, over the same type of Ag/Al,O3 catalysts. The NO con-
version to N> increased from 10 to 100% at 473 K on cofeeding
of Hy to the feed mixture (1000 ppm NO, 1000 ppm NHj3, 6
vol% O3, and 7 vol% H;O in He).

Although the origin and the mechanism of this so-called
“H, effect” for the HC-SCR reaction have been thoroughly in-
vestigated by many research groups, they remain incompletely
understood. There seems to be agreement in the scientific com-
munity that a functionalized alumina (or zeolite) surface is in-
dispensable, because neither Ag supported on «-Al,O3 nor Ag
supported on silica shows any beneficial influence of H, on ac-
tivity. The existence of well-defined Ag clusters is a suggested
prerequisite for the Hj effect [9-12].

Many authors have emphasized the role of hydrogen in for-
mation or decomposition of certain adsorbed species. Burch
et al. [13] suggested that Hy helps prevent accumulation of
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Ag—CN species, which have very low activity in the HC-SCR
reaction. Instead of Ag—CN species, organic cyanide species
are formed in the presence of Hj. These species are expected
to accelerate NO removal. But this effect is not observed at
temperatures below 523 K. Satokawa et al. [9] ascribed the pro-
moting effect of Hy on the SCR reaction of NO with C3Hg to
the promotion of hydrocarbon activation. This was concluded
after taking into account the appearance of surface acetate and
NCO species during the SCR reaction in the presence of H»
only. Many authors have emphasized the role of nitrite/nitrate
species in the SCR reactions [1,14—17]. Besides the heteroge-
neous nature of the H; effect, radical gas-phase reactions have
been postulated to play a crucial role in the HC-SCR reaction
in the presence of Hy [18-20]. A proposed mechanism for the
HC-SCR of NOy in [19] includes gas-phase reactions of NO;
with N-containing organic intermediates. Hy catalyzes the for-
mation of these intermediates and activates NO, species.

It should be emphasized that the above mechanistic con-
cepts were developed based mainly on catalyst characterization
studies using various physicochemical techniques. Despite the
potential of transient techniques to provide considerably more
mechanistic insight into individual steps of catalytic reactions
compared with steady-state experiments, they have been ap-
plied in only a few cases for mechanistic analysis of the SCR
reactions without drawing attention to the Hy boosting effect
[21-25]. Recently, the TAP reactor in combination with iso-
topic traces was shown to be an excellent tool for mechanistic
investigations of high-temperature (above 973 K) ammonia ox-
idation and related processes over Pt and Pt—Rh gauze catalysts
[26,27]. To the best of our knowledge, the TAP approach has
not yet been applied for mechanistic analysis of the effect of
H> on the selective catalytic reduction of NO with NH3 over
Ag/Al,O3 catalysts.

Consequently, the present study focuses on further elucida-
tion of the effect of added hydrogen on the NH3-SCR reaction
over an Ag/Al,O3 catalyst. To complete the mechanistic pic-
ture, not only NO-NH3-0O»—Hj>, interactions, but also NO-NH3
and NO-NH3-0O; interactions, were studied over preoxidized
and prereduced Ag/Al,Os3 catalysts using the TAP reactor at a
temperature range of 423-723 K. This temperature range was
chosen to cover the region where the accelerating effect of hy-
drogen was found for steady-state ambient pressure NH3-SCR
of NO over the same catalyst.

2. Experimental
2.1. Catalyst preparation

Details on the preparation procedure of Ag/Al,O3 catalysts
have been described previously [10]. In brief, alumina hydrate
powder (Disperal P2, CONDEA) was dispersed in water under
intense stirring at room temperature for at least 30 min. Then an
appropriate amount of 1 M AgNO3 solution was added to the
sol to achieve the desired Ag content. The gel thus formed was
filtered and dried at 393 K for 2 h. The obtained powder was
compacted to pellets and subsequently crushed yielding sam-
ples with mesh sizes (ASTM) of 42-24 (350710 um). In the

present study, a sample with Ag loading of 1.73 wt% (desig-
nated as 2Ag/Al,O3) was used. The silver content was deter-
mined by elemental analysis (OES-ICP). The alumina support
(pretreatment at 873 K in air for 2 h) had a y-Al, O3 phase struc-
ture after calcination, with a BET surface area of 235 m?2 g_l,
a pore volume of 0.43 cm® g~!, and an average pore diameter
of 5.2 nm. This texture was not significantly different for the

2Ag/AlL,O3 sample.
2.2. Transient experiments

Transient studies were performed in the TAP-2 reactor,
which has been described in detail previously [28]. The cata-
lyst (ca. 200 mg; dp = 250-355 um) was packed between two
layers of quartz of the same particle size in the microreactor
(Din ~ 6 mm) made of quartz. Before transient experiments,
the catalyst was pretreated at ambient pressure either in an O»
flow (50 cmgTP min—!) at 823 K for 2 h or in an H, flow (Ho/Ar
= 5/95; 50 cmgTP min_l) at 373 K for 30 min. The pretreated
catalyst samples are denoted as preoxidized and prereduced,
respectively. According to our previous characterisation stud-
ies [15], the prereduced sample contains both metallic Ag® and
Agr0 species, whereas nanosized Ag,O clusters are the only
species in the preoxidized sample. After the respective pretreat-
ment, the catalyst was exposed to vacuum (ca. 105 Pa), and
pulse experiments were carried out in the temperature range
of 423-723 K. The following transient experiments were per-
formed:

— To understand the effect of O, on NH3—-NO interactions,
0,/Xe = 1/1 and >'NH3/!*NO/Ne = 1/1/1 or "“NH3/!SNO/
Ne = 1/1/1 mixtures were sequentially pulsed with differ-
ent time delays (At) between the mixtures. The time delay
was varied from O to 2 s.

— NO reduction with NH3 in the presence of Hy was studied
by means of pulse experiments using '>NH3/!4NO/H,/Ne
= 1/1/10/1 or "“NH3/">NO/H,/Ne = 1/1/10/1 mixtures.

— Ternary NH3/NO/H,/O; interactions were investigated
in the sequential pulse mode using O,/Xe = 1/1 and
ISNH;/'*NO/H,/Ne = 1/1/10/1 mixtures with At of 0's.

— To determine whether N-containing intermediates, which
may be formed and retained on the catalyst surface during
the NH3—-NO-H; or NH3-NO-H,-0, reactions, are oxi-
dized by oxygen, an O»/Xe = 1/1 mixture was pulsed at
723 K over the catalyst after the above reactions were car-
ried out at different temperatures (423-723 K).

Due to technical reasons, isotopically labeled nitric oxide
(’NO) was used in the experiments with the preoxidized sam-
ple, whereas isotopically labeled ammonia (1’NH3) was used
in the experiments with the prereduced sample. The follow-
ing gases were applied: H, (5.0), Ne (4.5), Xe (4.0), O, (4.5),
14NO (2.5), "“NH;3 (2.5), '’ NH;3 (99.9% atoms of '"N), and
ISNO (98% atoms of 'SN). Isotopically labeled ammonia and
nitric oxide were purchased from ISOTEC. Transient responses
were monitored at atomic mass units (AMUSs) related to reac-
tants, reaction products, and inert gases at the reactor outlet
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using a quadruple mass spectrometer (HAL RC 301 Hiden An-
alytical). The following AMUs were analyzed: 132 (Xe), 46
(1*NO,, PNPNO), 45 (PN“NO), 44 (1*“N'*NO), 32 (0»), 31
(ISNO, H14NO), 30 (14N14NO, ]4NO, ISNISN), 29 (15N14N),
28 (1N!NO, “N!4N), 20 (Ne), 18 (H,0, SNH3), 17 (**NH3,
15NH3, H>0, OH), and 2 (H»). For each AMU, pulses were re-
peated 10 times and averaged to improve the signal-to-noise ra-
tio. In the experiments on O, pulsing over the catalyst prepulsed
by NH3-NO-O; or NH3-NO-H;—0O; mixtures, transient re-
sponses of Oy and reaction products were recorded without
averaging. The concentrations of feed components and reac-
tion products were determined from the respective AMUs using
standard fragmentation patterns and sensitivity factors arising
from the different ionisation probabilities of individual com-
pounds. The relative sensitivities were determined as ratios of
the areas under the response signals of each compound related
to the area under the response signal of inert gas. The respective
areas were corrected according to the contribution of fragmen-
tation pattern of other compounds to the measured AMU signal.
The fragmentation patterns and respective sensitivities of feed
components and reaction products were determined from sepa-
rate calibration experiments in which a mixture of the calibrated
gas and inert standard was pulsed in the reactor filled with SiO,
particles. There is assumed to be no difference in the calibration
values between the nonisotopically labeled and isotopically la-
beled compounds.

3. Results

Sections 3.1 and 3.2 describe the results of transient experi-
ments of NO reduction by NH3 in the presence and absence of
O, and H; over preoxidized and prereduced 2Ag/Al,O3 sam-
ples, respectively. In Section 3.2 particular attention is paid to
the formation of surface intermediates during the NH3—NO-O»
reaction and their transformation to various gas-phase products
on interaction with O». Finally, a detailed mechanistic concept
considering the role of O and Hy in the NO-NH3 interac-
tions over 2Ag/Al,O3 under transient vacuum conditions is
suggested.

3.1. Transient experiments over preoxidized Ag/Al,O3

3.1.1. ]4NH3—]5N0—02 interactions

The preoxidized 2Ag/Al,O3 sample was used without any
further treatment. The effect of oxygen on the NO-NH3 in-
teraction was studied in the temperature range of 423-723 K
by sequential pulsing of O»/Xe = 1/1 and "*NH3/>'NO/Ne =
1/1/1 mixtures with time delays (At) varying from 0 to 0.5 s be-
tween the mixtures. This procedure helps to determine whether
adsorbed oxygen species (formed in the O, pulse) influence the
product distribution in the '*NH3;—!3NO pulse. Conversely, it
can also show whether surface intermediates that can be formed
in the 'NH3—!3NO pulse and retained on the catalyst surface
are oxidized in the O, pulse.

15N20, I4NISN, and 14N2, as well as a signal at an AMU
of 30 (resulting from 14NO or PN,), were detected at the re-
actor outlet in the '*NH3-'"NO pulse. Only traces of *N'°N

and the signal at an AMU of 30 (resulting from *NO or ’Ny)
were detected in the O; pulse. This indicates that N-containing
species formed during the *NH3—!9NO pulse either are not sta-
bilized on the catalyst surface or are not significantly oxidized
by O,. The appearance of different nitrogen isotopes (1*N'>N
and '*Ny) in the reaction products proves activation of nitric ox-
ide and ammonia on the catalyst surface. However, the yield of
all detected reaction products was <0.5% even at 723 K; that is,
the preoxidized 2Ag/Al,O3 sample showed rather low activity
in the NH3-SCR under transient conditions in the temperature
range 423-723 K.

3.1.2. "NH3-1°NO-0,~H; interactions

To prove whether H, influences the NH3-NO interactions
over the preoxidized 2Ag/Al, O3 catalyst, transient experiments
with a "¥NH3/"NO/H,/Ne = 1/1/10/1 mixture were performed
at 423 and 723 K. In addition, '“NH3/!>NO/H,/Ne = 1/1/10/1
and Oy/Xe = 1 mixtures were pulsed simultaneously at the
same temperatures. In the latter experiments, the ratio of O3
to Y“NH;3 was >35. Compared with the results in Section 3.1.1,
no significant changes in catalytic performance of the preox-
idized 2Ag/Al,O3 catalyst were observed in the presence of
H;. Thus, the accelerating effect of H> on the NH3-SCR of NO
as observed at ambient pressure [10] does not appear over the
preoxidized 2Ag/Al,Oj3 catalyst under transient vacuum condi-
tions.

Another important observation is the influence of oxy-
gen on the interaction of nitric oxide with the preoxidized
2Ag/Al,O3 catalyst. Fig. 1 compares the shapes of transient
responses of PNO on pulsing of the '*NH3/">NO/H,/Ne =
1/1/10/1 mixture and simultaneous pulsing of the Ox/Xe = 1
and '*NH3/">NO/H»/Ne = 1/1/10/1 mixtures at 423 and 723 K.
This figure demonstrates that the transient response of >NO be-
comes broader and shifts to longer times when O is present in
the reaction mixture. Such changes in the shape of the tran-
sient responses indicate an increased ability of the preoxidized
2Ag/Al,O3 catalyst for NO adsorption and slower NO desorp-
tion in the presence of O;. These findings can be reconciled
with earlier results of FTIR measurements [17] indicating en-
hanced formation of nitrate surface intermediates in the simul-
taneous presence of Hy and O, in an NH3-NO mixture.

Summarizing the foregoing results, the preoxidized 2Ag/
AlyO3 catalyst is not found to be active for the NH3-SCR
reaction in the presence and absence of O, under transient con-
ditions of the TAP reactor. In addition, H, does not influence
the NH3-SCR reaction. Possible explanations for these phe-
nomena are given in Section 4, taking into account the results of
NH3-NO-0O,-H; interactions over the prereduced 2Ag/Al,O3
catalyst.

3.2. Transient experiments over prereduced Ag/Al,O3

3.2.1. PNH3-14NO interactions

NH3-SCR of NO was studied over prereduced 2Ag/Al,O3
by pulsing a NH3-'*NO mixture ("NH3/'*NO/Ne = 1/1/1)
in the temperature range 423-723 K. In contrast to the re-
sults given in Section 3.1.1, the prereduced 2Ag/Al,O3 catalyst
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Fig. 1. Normalized transient responses of I5NO after single pulsing of
14NH3/15NO/H2/Ne = 1/1/10/1 (grey lines) as well as simultaneous pulsing
of 05/Xe = 1 and *NH;3/>NO/H,/Ne = 1/1/10/1 mixtures (black lines) over
preoxidized 2Ag/Al> O3 at 423 (a) and 723 K (b). Pulse sizes of O, and 15N0
are ca. 6 - 1015 and 10'5 molecules, respectively.

showed considerably higher activity. 14N, was detected as the
main N-containing product; its yield increased from ca. 3% at
423 K to 7% at 723 K. Formation of *N, implies a decompo-
sition reaction of '#NO on prereduced Ag yielding '*N and O
atoms (Eq. (1)). The possibility that 14NO is adsorbed before
14NO dissociates to N and O cannot be excluded. Two N
atoms recombine, giving 14N, (Eq. (2)). Nitric oxide has been
also reported to dissociate over Pt-based catalysts [1,26,29,30]
and Cu-modified zeolites [31,32],

“NO) — "N + O (1)
and
N + ¥Ng) = ¥Nog), (2

where (s) and (g) denote the fixation of species to the metal
surface and gaseous components, respectively.

Identification of SN'#N in the reaction products indicates
a coupling reaction between Y'NH;3 and '“NO. But this reac-
tion pathway is not relevant, because only traces of PN!4N
were observed. Besides '*N; and NN, various isotopically
labeled nitrous oxides (N0, PNNO, and “N,O) were
also identified as minor reaction products. The appearance of
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Fig. 2. Transient responses of ISNI4N, 14N2 and ’NO upon single pulsing
of 15NH3/14NO/Ne = 1/1/1 (a) as well as simultaneous pulsing of O/Xe =
1 and 15NH3/14NO/Ne = 1/1/1 mixtures (b) over prereduced 2Ag/Al,O3 at
723 K. Pulse sizes of Oy and 15NH3 are ca. 5- 1013 and 5 - 10'% molecules,
respectively.

I5N-containing reaction products implies that Y'NH3 becomes
dehydrogenated by oxygen species. Equation (3) suggests the
first step of ammonia dehydrogenation by oxygen species. It
is concluded that oxygen species participating in this reaction
originate from the aforementioned decomposition of nitric ox-
ide (Eq. (1)). The I5NH, fragments thus formed can be further
dehydrogenated, yielding reactive ’NH and >N species. At
this stage, it is impossible to conclude which 15 NH, (x =0-2)
fragments participate in nitrogen ('*N'>N) and nitrous oxide
(M*N15NO and N, 0) formation,

ISNHj(5) + Os) — "NHy() + OHgg). 3)

3.2.2. BNH;-*NO-0; interactions

On simultaneous pulsing of "NH3/!*NO/Ne = 1/1/1 and
0y/Xe = 1/1 mixtures (with O2/'°NHj ratio >8), °N,0,
SNI4NO, “N,0, 1’NO, NN, and '*N, were identified as
reaction products. 15N, formed from "NHj3 oxidation cannot
be unambiguously determined in the presence of '*NO (which
is a feed component) by mass spectroscopic analysis, because
both components have a signal at an AMU of 30. Therefore,
15N2 formation is not discussed in this section, but is treated in
Section 3.2.4.
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Fig. 3. Distribution of various nitrogen isotopes upon simultaneous pulsing of
0y/Xe = 1 and SNH3/"4NO/Ne = 1/1/1 mixtures (solid symbols) as well as
simultaneous pulsing of Oy/Xe = 1 and 15NH3/14NO/H2/N6: = 1/1/10/1 (open
symbols) over pre-reduced 2Ag/Al,O3. Pulse sizes are as in capture of Fig. 2.

Fig. 2 compares transient responses of major products
(15N14N, 14N2, and 15NO) detected at the reactor outlet on
pulsing of PNH3/"*NO/Ne = 1/1/1 mixture as well as on si-
multaneous pulsing of O»/Xe = 1 and YNH3/!*NO/Ne = 1/1/1
mixtures at 723 K. Note in particular that the signal intensities
in Fig. 2a (pulsing of Y'NH3/'"*NO/Ne = 1/1/1 mixture) are
ca. 10 times lower than those in Fig. 2b (simultaneous puls-
ing of 0y/Xe = 1 and NH3/'*NO/Ne = 1/1/1 mixtures).
This means that the concentration of reaction products is con-
siderably higher in the NO-NH3-O, interactions than in the
NO-NH3 interactions. In other words, the presence of oxygen
strongly enhances the activity of the prereduced 2Ag/Al,O3
catalyst in the SCR of NO with NH3 under transient vacuum
conditions. This conclusion closely agrees with the results of
many previous studies over various catalytic systems at ambi-
ent pressure [33].

The occurrence of PNO in reaction products results from
oxidation of 1’NHjs. It is well known that ammonia is oxidised
to nitric oxide over various oxide catalysts and noble metals
including silver [34-36].

Among the identified nitrogen isotopes (NN and “Ny),
ISN4N was the main isotopic trace. Fig. 3 (solid symbols) il-
lustrates the ratio of YN'#N/!4N, as a function of temperature.
This ratio is ca. 4 at 423 K and increases with increasing tem-
perature. This observation leads to the conclusion that direct
14NO decomposition to 14N, (Egs. (1) and (2)) is less favored
at higher temperature compared with a coupling reaction be-
tween '“NO and '’NHj3 yielding '>N'#N. Previous mechanistic
concepts of NO-NH3 interactions over a Pt/Al, O3 catalyst [37]
and Pt-based gauzes [27] consider the formation of molecular
nitrogen with mixed isotopically labeled nitrogen atoms via a
complex reaction between adsorbed NO and NH, (x = 1-2)
fragments (Eq. (4)). It cannot be excluded that gas-phase NO
reacts with adsorbed NH, fragments. Based on this mechanis-
tic concept, an increase in the ratio of ISNMN/4N, with tem-
perature can be explained by temperature-accelerated oxygen
activation yielding active oxygen species, which participate in

ammonia dehydrogenation (Eq. (3)) to give reactive NH, frag-
ments, which take part in nitrogen formation (Eq. (4)),

BNHys) + “NOg) — NN + HxO). 4)

Based on the identification of three nitrous oxide isotopes
(15N20, ISNI4NO, and 14N20), three formal origins of their
production can be suggested: (i) YN,O originates from am-
monia only; (ii) 14N20 is a product of 14NO transformations;
and (iii) PN!#NO is a product of a coupling reaction of ’NH;
with '4NO. The contribution of individual isotopically labeled
nitrous oxides (ISNZO, 15N14NO, and 14NzO) to the total ni-
trous oxide production is shown in Fig. 4a as a function of
temperature. The contribution was calculated as the ratio of
mole fraction of individual nitrous oxide isotope to the sum of
mole fractions of all detected nitrous oxide isotopes. Fig. 4a
demonstrates that '>’N'#NO prevails at all temperatures, but its
contribution to total nitrous oxide production decreases with in-
creasing temperature. YN,O, which is formally formed from
two ]SNH3 molecules, is the minor product in the temperature
range 423-623 K. The contribution of *NO transformation to
14N, 0 is more or less independent of temperature and similar
to that of N,0 at 723 K.

3.2.3. PNH;-*NO-0,-H; interactions

To determine whether the NH3-SCR reaction in the pres-
ence of O is influenced by hydrogen, ’NH3/!*NO/H,/Ne =
1/1/10/1 and Oy/Xe = 1 mixtures were pulsed simultane-
ously over prereduced 2Ag/Al,O3 in the temperature range
of 432-723 K. The O,/>NHj ratio was >7. As in the case
of PNH;-1*NO-0; interactions, >N,0, 'N“NO, “N,0,
I5NO, PN'¥N, and N, were the main N-containing reac-
tion products detected at the reactor outlet. Hydrogen was not
found to significantly influence the activity of the prereduced
2Ag/Al,O3 catalyst in the NH3-SCR reaction; however, the
product distribution was influenced by the presence of hydro-
gen. Fig. 3 compares the ratio of PN!#N/!4N; in the PNH3—
14NO-0, and 'NH3-'*NO-0,-H, interactions at different
temperatures. YN'#N is the main nitrogen isotope in the pres-
ence and absence of hydrogen; however, in contrast to the
I5NH;-'4NO-0; interactions, where the ratio of Y N!4N/1*N,
increases with rising temperature, this ratio does not depend
on temperature in the presence of Hy. This observation can be
explained in the following way. From previous studies of H; ac-
tivation on Ag/Al,O3 [38] and even on Ag/SiO; catalysts [39],
it is known that molecular hydrogen dissociates over metal-
lic silver, yielding adsorbed hydrogen species. These hydrogen
species may promote direct NO decomposition to Nj, as sug-
gested earlier for Pt-based gauzes [27]. Thus, the formation of
both N, and N'*N is enhanced by temperature to a compa-
rable extent, and the ratio of 15N14N/14N2 remains constant.
In the absence of hydrogen, this promotion of NO dissocia-
tion plays no role; therefore, 'PN'*N formation, in contrast to
14N, production, increases with increasing temperature due to
increased ammonia dehydrogenation by oxygen species formed
via Oy activation.

Figs. 4a and 4b compare the contribution of individual ni-
trous oxide isotopes (PN,0, PNNO, “N,0) to the total
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nitrous oxide production in the I5NH;-1*NO-0; and ' NH;—
14NO-0,-H, interactions, respectively. It is obvious that hy-
drogen does not influence the distribution of isotopic labeled
nitrous oxides; PN'#NO is the main isotope at all temper-
atures. "NHj3 oxidation to "N,O plays a significant role
only at 723 K. Another interesting observation is the influ-
ence of hydrogen on the overall NoO selectivity, as depicted
in Fig. 5. This figure reveals a strong decrease in N>O se-
lectivity in the presence of hydrogen, corresponding to ex-
perimental findings under steady-state ambient pressure con-
ditions [10].

3.2.4. Reaction of surface intermediates with oxygen

The existence and reactivity of strongly adsorbed surface in-
termediates formed during the NH3-SCR of NO in the presence
of O, was proven in the following manner. An ’NH3-'*NO-
O, mixture was pulsed over the prereduced 2Ag/Al, O3 catalyst
at a specific reaction temperature (423-723 K), followed by
O, pulsing (ca. 4 pumol of 0») at 723 K. PN,0, PN*NO,

100

50+

S(N,O) / %

423 523 623 723
T/K

Fig. 5. Total N, O selectivity as a function of temperature upon simultaneous
pulsing of Oy/Xe = 1 and lSNH3/l4NO/NC = 1/1/1 mixtures (empty bars)
as well as simultaneous pulsing of Oy/Xe = 1 and 15NH3/]4NO/H2/Ne =
1/1/10/1 (grey bars) over prereduced 2Ag/Al, O3. Pulse sizes are as in capture
of Fig. 2.
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Fig. 6. Oy concentration measured at the reactor outlet upon Oy pulsing at
723 K over 2Ag/Al, 03 having been prepulsed by PNH3;-14NO-0, at 723 K.
O; pulse size is 5 - 1015 molecules.

14N,0, NN, “N,, NO, and a signal at an AMU of 30
were identified in the O, pulses. All nitrous oxide isotopes
were minor products; N'¥N and the signal at an AMU of
30 were detected as major products. The appearance of var-
ious reaction products after O, pulsing over the catalyst that
was prepulsed by YNH3-'“NO-0, proves the presence of sur-
face “N- and ’N-containing intermediates that react with O»,
yielding gas-phase products. These surface intermediates were
formed during NH3-SCR and remained on the catalyst surface
even at 723 K.

A typical profile of the reactor outlet concentration of oxy-
gen as a function of the number of oxygen pulses is given in
Fig. 6. Clearly, O, concentration is very low in the first Oy
pulses but increases with the amount of O; pulsed. Contrary
to the profile of O, concentration in Fig. 6, the outlet concen-
tration of all detected reaction products is highest in the first O,
pulse and decreases with an increasing number of O, pulses.
Fig. 7 shows concentration profiles of 15N14N, 14N2, 15NO, and
the signal at an AMU of 30. Similar profiles were also observed
for other products. Such concentration profiles of O, and reac-
tion products can be explained as follows. The concentration of
surface nitrogen-containing species is highest after the 1>’ NH3—
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1¥NO-0; pulse experiments; therefore, oxygen consumption is
expected to be high in the early O, pulses due to the reaction
with adsorbed nitrogen-containing species. With an increasing
number of Oy pulses, the degree of O, consumption should
decrease, because nitrogen-containing species are consumed.
Accordingly, the concentration of gas-phase reaction products
should be highest in the first O, pulses and decrease with an
increasing number of pulses.

We now consider the nature of signal at an AMU of 30.
Based on mass spectroscopic analysis, this signal can be as-
cribed to either '*NO or >N». The appearance of '*NO and
15N, on O pulsing may be due to O5-assisted *NO desorp-
tion or to oxidative transformation of >N-containing species,
respectively. The latter species can be transformed not only to
15N2, but also to NN and !NO, which were experimen-
tally identified as well (see Fig. 7). Because transient responses
of any detected gas-phase products contain information on all
processes occurring in the TAP reactor during a pulse exper-
iment, detailed analysis of the shape and appearance order of
ISNI4N, 15N, and the signal at AMU 30 may indicate whether
the signal at AMU 30 belongs to '*NO or to °N».

Fig. 8 compares normalized and averaged transient re-
sponses of NN, 15NO, and the signal at AMU 30 detected
on O, pulsing at 723 K over 2Ag/Al, O3 that was prepulsed by
ISNH;-1“NO-0, at 723 K. This figure clearly shows that the
normalized transient response of '>NO is broader and shifted
to a longer time compared with those of '’N!#N and the signal
at AMU 30, which are very similar to one another. In addi-
tion, the normalized transient response of I5NO has a long tail,
similar to that of 1*NO observed on pulsing YNH3-'“NO-0,
(Fig. 1b). Because the normalized transient response of the sig-

nal at AMU 30 does not have a long tail and is very similar to
that of SN14N, the signal at AMU 30 may belong mainly to
ISNQ.

Summarizing the results of this section, nitrogen-containing
species originating from both '#NO and '>NHj3 are formed and
retained on the surface of prereduced 2Ag/Al,O3 catalyst dur-
ing "“NO reduction by ’NHj3. These species are oxidized by
0O,, yielding nitrogen, nitric, and nitrous oxides, with the latter
being the minor products. Based on the distribution of nitrogen
isotopes, nitrogen-containing species originating from "NH;
are the main surface fragments.

4. Discussion

4.1. Mechanistic aspects of the NH3-SCR reaction in the
absence and presence of O3

The results presented in Section 3.1.1 clearly demonstrate
very low activity of preoxidized 2Ag/Al,O3 catalyst in the
NH3-SCR reaction both without and with oxygen under tran-
sient vacuum conditions in the temperature range of 423—
723 K. Indeed, consumption of NO and NH3 was observed, but
no adequate product formation was detected. This means that
adsorption (including, presumably, the alumina surface) occurs,
but reaction on the oxidized catalyst surface is negligible. This
finding agrees well with results previously reported by Richter
et al. [10] on the NH3-SCR reaction over Ag/Al,O3 catalysts
(1 and 5 wt% Ag loading) under ambient pressure conditions
(1000 ppm NO, 1000 ppm NH3, 6% O2, 7% H>0).

The low activity of the oxidized 2Ag/Al,O3 catalyst can be
explained as follows. Taking into account numerous mecha-
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nistic studies on the NH3-SCR reaction over various cata-
lytic systems [27,33,37,40], and including the results in Sec-
tion 3.2.2, NH, fragments play a significant role in the reac-
tion. In addition to direct NO decomposition (Eq. (1)), they
also open a new reaction pathway for NO decomposition:
NHj3-assisted NO decomposition (Eq. (4)). Such NH, frag-
ments are formed via reaction of ammonia with surface oxy-
gen species (Eq. (3)). Surface oxygen species are represented
either by lattice oxygen in the case of oxide catalytic materi-
als or by adsorbed oxygen species originating from either Oy
adsorption or NO decomposition (Eq. (1)) in the case of metal-
based catalysts. Oxygen adsorption occurs on oxide and metal-
lic sites. In contrast to oxygen adsorption, NO decomposition
(Eq. (1)) occurs preferentially on reduced sites [1,26,29-32].
Based on the foregoing discussion, low activity of the preox-
idized 2Ag/Al,O3 catalyst in the NH3-SCR reaction without
and with Oy is related to its low capability for ammonia activa-
tion. Oxygen species stabilized in the preoxidized 2Ag/Al,O3
catalyst are not assumed to be active for hydrogen abstrac-
tion from NH3 molecules. According to a previous transient
study of methanol oxidation over polycrystalline Ag [41], ox-

idized Ag species do not favour O, adsorption. Moreover,
the preoxidized 2Ag/Al,O3 catalyst is not active for NO de-
composition (Eq. (1)), which is a source of reactive oxygen
species.

The results presented in Sections 3.2.1 and 3.2.2 support the
foregoing discussion. Prereduced 2Ag/Al,O3 catalyst showed
considerably higher activity for the '*NO-SCR reaction with
ISNH3 without O, compared with the preoxidized one. This is
due to an increased activity of prereduced Ag species for #NO
decomposition, as proven by identification of N as the main
nitrogen isotope (Section 3.2.2). NN was also observed,
but in lower amounts. The formation of >N'#N implies S NH3
dehydrogenation by reactive oxygen species (Eq. (4)) originat-
ing from *NO decomposition (Eq. (1)). If O, is present in a
ISNH;-!#NO mixture, then the catalytic conversion increases
considerably with nitrogen formation involving nitrogen atoms
both from “NO and >NH; (Eq. (4)). In contrast to the SCR
reaction of *NO with 15NH3 in the absence of O, 1°N 14N be-
comes the main nitrogen isotope in the presence of O, (Fig. 3).
This means that NHz-assisted NO decomposition (Eq. (4)) is
the main reaction pathway of nitrogen production in the NH3-
SCR reaction. The accelerating effect of oxygen is related to
the activation of gas-phase O, over reduced Ag species, yield-
ing reactive oxygen species. Resulting oxygen species dehy-
drogenate ammonia and enable efficient liberation of molecular
nitrogen, with one N coming from NH3 and one N coming from
NO. Even if the same surface intermediates were formed on
the preoxidized catalyst, the further conversion of these inter-
mediates would not be feasible, because of the missing active
oxygen. Concerning the nature of active oxygen species, it is
well established that O, adsorption over silver at different tem-
peratures results in stabilization of various adsorbed molecular
and atomic oxygen species [42—44]. Molecular and atomic oxy-
gen species are formed at low and medium temperatures (up to
473 K), whereas subsurface and bulk-dissolved oxygen species
are formed at higher temperatures. Due to the variety of oxy-
gen species on silver, it is not possible at this stage to precisely
identify the nature of oxygen species responsible for the dehy-
drogenation of ammonia.

Another possible role of oxygen in catalyzing the NH3-SCR
reaction can be understood taking into account the results pre-
sented in Section 3.2.4. As shown in Fig. 7, 15N20, ISNI4NO,
14N, 0, PNO, PNy, I'N!N, and '*N; are formed on pulsing of
O, on 2Ag/Al, O3 directly after performing the NH3-SCR reac-
tion with O,. Compared with other reaction products, YN, and
ISN!#N were identified in significant amounts, with the former
being the major product. This means that SNH, or '’NH,—
14NO (x = 0-2) intermediates are formed during the NH3-SCR
reaction with O, and retained on the surface of 2Ag/Al;Os.
These intermediates are oxidized by O3, yielding various reac-
tion products. Therefore, active oxygen species not only accel-
erate generation of NH, fragments via NH3 dehydrogenation,
but also catalyze further oxidation of surface NH, or NH,—
NO intermediates. This results in regeneration of reduced Ag
sites.
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4.2. H effect on the NH3-SCR reaction: comparison of
steady-state ambient pressure and transient vacuum
performance

In a previous study [10], cofeeding of Hj to the NH3-SCR
of NO, (1000 ppm NO, 1000 ppm NH3, 6% O2, 7% H»O,
and 0.25-1.0% H,) resulted in a remarkable increase in the de-
gree of NO conversion, from 10 to 100% at 323—473 K over
Ag/Al;O3 catalysts (1 and 5 wt% Ag loading) under steady-
state ambient pressure conditions. At a first glance, the present
transient results do not support this finding. No clear and dis-
tinct accelerating effect of H, on the NH3-SCR reaction was
found over either the preoxidized (Section 3.1.2) or the prere-
duced (Section 3.2.3) 2Ag/Al,O3 catalyst. The only exception
is related to the influence of hydrogen on N»O selectivity over
the prereduced 2Ag/Al, O3 catalyst. Fig. 5 clearly demonstrates
that the N> O selectivity decreases significantly in the presence
of Hj. This observation corresponds to previously reported re-
sults [10], where the N>O selectivity had a maximum of about
20% at 473—673 K for Hp-free NH3-SCR reaction but was neg-
ligibly low with a hydrogen admixture. The observed decrease
in N> O selectivity is probably related to a decreased concentra-
tion of adsorbed oxygen species in the presence of H,. A recent
study on mechanistic aspects of nitrous oxide formation over a
Pt—Rh gauze catalyst at 1073 K [45] concluded that adsorbed
oxygen species are crucial to nitrous oxide formation in NO-
NH3 interactions. Moreover, the possibility that H, actually
does not inhibit N> O production, but rather increases its decom-
position, cannot be excluded. Burch et al. [46] studied the in-
fluence of Hy on N, O decomposition over a Pt/SiO» catalyst in
the temperature range of 473—773 K and explained the boosting
effect of Hy on N,O decomposition by (i) an H-assisted N,O
dissociation mechanism and (ii) the removal of “hot” oxygen
species formed from N, O through adsorbed hydrogen species,
thus regenerating active sites for NoO decomposition.

The promoting effect of Hy has been reported not only for
SCR reaction of NO with NH3 [10], but also with various hy-
drocarbons [8,9,12,15,19,46]. However, the mechanistic con-
cept has not been clearly evaluated and is still being debated.
Richter et al. [10] ascribed the accelerating effect of H, to re-
duction of nanosized Ag,O clusters to Ag®, which promotes
NO, dissociation. Using UV/vis [47,48] and ex situ EXAFS
[49] measurements, Satokawa et al. suggested that Ag”‘H‘ clus-
ters are formed from isolated Ag* species during the SCR re-
action in the presence of Hp and are responsible for the high
activity of Ag/y-Al,O3 and Ag/MFI catalysts. However, Breen
et al. [50] questioned the H-induced formation of Ag clusters
based on the findings of their in situ EXAFS study. These au-
thors found that the catalyst structure remained the same for
all SCR conditions used, with or without coreductant (H, or
CO); significant changes were observed only under reducing
conditions. They concluded that the Hj effect occurs due to
a chemical interference, not due to a change in the structure
of the active sites. Sazama et al. [12] proposed that the en-
hancing effect of hydrogen is not due to Ag cluster formation,
but instead, hydrogen reacts directly either to promote the for-
mation and storage of a reactive species that can then readily

reduce NO, or, alternatively, to remove a species acting as a
poison to the SCR reaction at low temperatures. Hydrogen dis-
sociation might occur during SCR of NO, over Ag/Al,O3. It
is assumed that silver hydride forms and immediately reacts
with oxygen to form hydroperoxy radicals (HO,), according to
Eq. (5). Hydroperoxy radicals, which are highly active oxidants,
should eventually react with NO, yielding NO;, and hydroxyl
radicals (Eq. (6)). Both of these radicals can react with hydro-
carbons to their oxo/nitro derivates. To support their assumption
these authors refer to the experimental observation of Burch et
al. [13], who found that Ag/Al,O3 responds immediately (and
completely reversibly) to hydrogen addition and removal with
increased and decreased NO conversion, respectively:

Ag-H) + Oag) — HOMg) + Agy, o)
and
HO/z(g) + NO(g) — NOz(g) + OH/(g). (6)

The time scale for changes in the number of small charged
Agn5+ clusters was estimated to be much slower, but there are
no reliable figures proving this hypothesis.

The present transient study, performed under conditions in
which gas-phase (radical) reactions are suppressed, does not
indicate a role of radicals in the mechanism. The most impor-
tant result of the present study is the identification of significant
differences between preoxidized (Section 3.1) and prereduced
(Section 3.2) 2Ag/Al,O3 catalysts in their activity in the NH3-
SCR reaction, with the latter catalyst having the highest activity.
This finding indicates that the ex situ reductive pretreatment
of the 2Ag/Al,O3 catalyst has transformed a marginally active
sample to a highly active sample. This seems to be the crucial
link between the present transient vacuum experiments and pre-
vious steady-state ambient pressure measurements [10].

Taking into account the experimental peculiarities of the
TAP reactor, the finding of no direct identification of the boost-
ing effect of H, on the NH3-SCR reaction over preoxidized and
prereduced 2Ag/Al,O3 catalysts can be explained as follows.
In contrast to the ambient pressure studies, oxidized Ag species
formed during O, pretreatment at 873 K (see Section 2.2) can-
not be sufficiently reduced with Hy under the transient vacuum
conditions, because of the small pulse size. One pulse contains
ca. 1015 molecules of H,, which is equivalent to 10~° mol.
Based on the H; concentration in the pulse, the number of H»
pulses needed for a full reduction of Ag>0 to Ag? in the sample
can be roughly estimated as ca. 10,000. Therefore, the acceler-
ating Hy effect would be hardly visible under the present tran-
sient conditions after a NH3—-NO-O,—H; mixture was pulsed
over the preoxidized 2Ag/Al, O3 catalyst. If prereduced ex situ,
the catalyst should already contain reduced Ag species, which
remain active (nonoxidized) even on pulsing an NH3-NO-O,
mixture. Now, in turn, the amount of pulsed O3 is too small to
cause appreciable reoxidation of reduced silver species under
transient vacuum conditions. Moreover, oxygen is consumed
for NH3 dehydrogenation. In a previous in situ UV-vis spectro-
scopic study [51] at ambient pressure, a reversible conversion
between oxidized and reduced Ag species was established on
switching from a Hj-containing mixture to an O;-containing
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mixture. This reduction process proceeds rapidly under ambient
pressure flow conditions and is responsible for the boosting ef-
fect of Hy on the NH3-SCR, as previously suggested by Richter
et al. [10].

Thus, the presence of reduced Ag species is a key factor in
the accelerating effect of Hj in the selective catalytic reduction
of NO with NH3 over a 2Ag/Al,O3 catalyst. These Ag species
are generated in situ during the SCR reaction in the presence of
H; at ambient pressure. In addition, they can be created by ex
situ prereduction of the oxidized sample with a diluted hydro-
gen flow under mild conditions (373 K). Reduced Ag species
are active sites for generation of reactive oxygen species from
O, and NO, which participate in ammonia dehydrogenation,
yielding reactive NH, fragments. The latter accelerate NO con-
version to Nj.

5. Summary

A detailed mechanistic analysis of the influence of O, and
H» on low-temperature (423-723 K) NH3-SCR of NO over pre-
oxidized and prereduced 2Ag/Al,O3 catalysts was performed
using transient measurements in the TAP reactor in combina-
tion with isotopically labeled '>’NO and 'NHj. This led to
an advanced understanding of individual reaction pathways,
including surface processes. The main conclusions can be sum-
marized as follows:

— The preoxidized 2Ag/Al,O3 catalyst is not active for the
reaction of NH3-NO or NH3-NO-O;. This inactivity is
related to the low ability of oxidized Ag species for NO de-
composition and activated O, adsorption. Both processes
generate reactive oxygen species, which participate in NH3
dehydrogenation, yielding surface NH, (x = 0-2) frag-
ments. These ammonia intermediates are key components
in the NHj3-assisted NO conversion to Nj.

— The 2Ag/Al,O3 catalyst prereduced by H, shows consid-
erably higher activity in the NH3-NO reaction than the
preoxidized catalyst in the absence of O,. This high activity
is due to NO dissociation to adsorbed N and O species, with
the latter participating in NH3 dehydrogenation. Based on
the isotopic distribution in the '*NO-'"NH; reaction, di-
rect NO decomposition to N> is the main source of total N»
production.

— The presence of O, significantly increases the activity of
prereduced 2Ag/Al,O3 in the NH3-SCR reaction. More-
over, a coupling reaction between NO and NHj3; becomes
the main reaction route of Ny production, as concluded
from the isotopic analysis. The increased activity and Nj
production via this coupling reaction are related to an in-
creased generation of reactive oxygen species from O, over
reduced Ag species. These oxygen species dehydrogenate
NH3, yielding NH,, fragments, which are important for the
N, production via NO and NH3 coupling. In addition, O»
was found to regenerate active catalytic sites via decompo-
sition of surface NH, and NO intermediates formed during
the NH3-SCR reaction.

— Itis concluded that reduction of silver surface sites is a nec-
essary requirement for the accelerating effect of H, on the
NH3-SCR reaction. This conclusion is also supported by
the effect of Hy on N> O selectivity, which decreased when
hydrogen is added to the feed, independently of whether the
measurements have been carried out at ambient pressure
or under vacuum conditions. Under steady-state conditions,
the catalyst reduction proceeds very rapidly due to the high
concentration of hydrogen in the feed. In contrast, however,
under transient vacuum conditions, the H, concentration
in one pulse (ca. 1078 mol) is too low to enable appropri-
ate reduction of Ag,O clusters. Consequently, the catalyst
seemed to be only marginally active. The activity is sig-
nificantly enhanced after ex situ prereduction. In this case,
reduced active Ag species were generated and kept under
TAP conditions.
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