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1. Introduction

Compliance with current NO, emission limits from Diesel vehi-
cles requires the application of exhaust gas aftertreatment technol-
ogies, such as Lean NOy Traps (LNT) or NHj/Urea-Selective
Catalytic Reduction (NH3/Urea-SCR). In NH3-SCR catalytic convert-
ers, excellent deNOy performances can be attained on the account
of the Standard SCR reaction (NO + O, + NH3) and especially of the
Fast SCR reaction (NO + NO, + NH3) [1]. In recent years, several re-
search efforts [1-9] were aimed at the study of the SCR catalytic
mechanism and at the identification of related intermediate spe-
cies both in the gas phase and on the catalyst surface. A number
of techniques have been employed, including Transient Response
Methods for the analysis of gaseous species evolution and in situ
IR spectroscopy for the investigation of surface species. Due to its
efficiency in reducing NOy at low temperatures, the attention has
been mostly focused on the Fast SCR reaction. A general agreement
on the Fast SCR mechanism has been achieved, identifying the
reduction of surface nitrates to nitrites by NO as the rate determin-
ing step at low temperature [5,10]. The Standard SCR chemistry,
however, is still subject of debate. In particular, several publica-
tions have recently investigated the relationship between NO oxi-
dation to NO, and Standard SCR on Fe- and Cu-promoted zeolites
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to clarify the similarities and the discrepancies in the mechanisms
of these two reactions [11-15]. We have recently reported multiple
experimental evidence to show that NO oxidation to gaseous NO,
cannot be the rate determining step of the Standard SCR reaction
[16]. An alternative mechanistic hypothesis [16] relies on nitrite
ad-species, NO,, in equilibrium with gaseous nitrous acid, HONO,
acting as common intermediates in the mechanisms of both the
NO oxidation [17] and the NO + NH3 Standard SCR reactions [18].
Due to their instability and high reactivity, however, NO, and
HONO can hardly be detected in reacting conditions. Moreover,
IR spectroscopic techniques cannot be used to identify nitrite ad-
species on metal-promoted zeolite catalysts, since their character-
istic bands, e.g. at 1260 cm™', fall in the absorbance region of the
zeolite framework (wavenumbers <1300 cm™!) [10,19]. Indirect
evidence of the relevance of nitrite-like species in the SCR mecha-
nism comes from the in situ FTIR detection of NO* species (nitros-
onium ions) both on Fe- and on Cu-zeolite catalysts [10,20]:
nitrosonium ions are in fact characterized by the same N oxidation
state of nitrites (+3), and are likely in equilibrium with nitrites
[10,20]. Nevertheless, a direct proof of the involvement of nitrites
in both the NO oxidation and the Standard SCR mechanisms is still
lacking to our knowledge.

We present herein a novel approach to the identification of NOy
reacting intermediates in SCR catalysis. To this scope, two different
materials, namely a Fe-ZSM-5 commercial catalyst, playing the role
of active phase, and in-house prepared BaO/Al,0s;, acting as
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chemical trap, have been combined to activate a synergic interac-
tion of their functionalities. Specifically, BaO/Al,05 has been cho-
sen for its capability to store stable nitrites and nitrates, as well
known from the LNT literature [21]. A mechanical mixture of Fe-
ZSM-5 and BaO/Al,05; powders was prepared and loaded in a flow
micro reactor, and simple experiments, focused on low tempera-
ture, 120 °C, involving the transient feed of both NO and O, were
performed. The goal was to trap on the BaO phase the intermedi-
ates possibly formed by interaction of NO and O, with the Fe-
ZSM-5 catalyst. Information on the chemical nature of trapped
ad-species was then gained in the first place by studying their ther-
mal decomposition via Temperature Programmed Desorption
(TPD). More chemical evidence was collected by probing the reac-
tivity of the trapped intermediates with NHs. Finally, ex situ IR
spectroscopy was also applied to conclusively identify the interme-
diates captured by the BaO component of the Fe-ZSM-5 + BaO/
Al,03 mixture.

2. Experimental

A mechanical mixture of Fe-ZSM-5 (22 mg) and of BaO/Al,05
(44 mg) powders was used in the present study. The relative
amounts of the two components ensured a large excess of potential
Ba storage sites in comparison with the Fe sites. The Fe-promoted
zeolite was a commercial (Zeolyst) catalyst with a Si/Al ratio of 12
and 1% w/w Fe content. The original zeolite powder was dried at
120°C for 4 h and sieved to 120-140 mesh (average particle si-
ze =115 pm). The BaO/Al,0; component (Ba content = 16% w/w)
was prepared in-house by the incipient wetness impregnation
method, using aqueous solutions of Ba(CH3COO), (Strem Chemical,
99%) to impregnate the y-alumina support calcined at 700 °C (Ver-
sal 250 from La Roche Chemicals: surface area = 200 m?/g and pore
volume = 1.2 cm/g). After impregnation, the powder was dried at
80 °C overnight, calcined at 500 °C for 5 h, and sieved to 140-200
mesh (average particle size =90 pm). The two powdered phases
were mixed and diluted up to 160 mg with cordierite (120-140
mesh) before being loaded in a quartz microreactor (i.d. ~6 mm)
where the bed was suspended by means of quartz wool. This re-
sulted in a packed bed approximately 1 cm deep. To enhance the
gas mixing, a bed of quartz grains was placed upstream of the cat-
alyst powder. The reactor was inserted in a vertical electric furnace
and its temperature was controlled by a K-type thermocouple in
contact with the top of the catalytic bed, which was located in
the isothermal zone of the furnace. Helium was used as balance
gas in all the micro-reactor runs. Gases were dosed using mass
flow controllers (Brooks Instruments), while water vapor was
added to the feed stream by means of a saturator operated at con-
trolled temperature. A blank transient without catalyst powder
confirmed a step change NO inlet profile. The catalyst bed was ini-
tially conditioned flowing 10% v/v of O, and H,0 for 6 h at 600 °C.
Prior to each experiment, the catalyst was pretreated feeding 8% v/
v O, and 10% v/v H,0 for 1 h at 550 °C. In a typical adsorption run
500 ppm of NO and 8% v/v O,, in a total volumetric flow of
120 cm?/min (STP), were fed to the reactor at 120 °C. The pressure
drop was of the order of 0.1 bar. The temporal evolution of the spe-
cies at reactor outlet was monitored by a quadrupole mass spec-
trometer (Balzers QMS 200) and a UV analyzer (ABB LIMAS 11
HW) arranged in a parallel configuration. The setup enabled the
simultaneous analysis of NO, NO,, NH3 (by UV analyzer and by
MS), N3, N,O and H;,0 (by MS) [3,22]. In some runs, the isothermal
adsorption phase was followed by a TPD phase up to 550 °C (15 °C/
min). In other experiments, the NO + O, feed was replaced by a
feed with 500 ppm NHs, still at 120 °C: in this case NO was step
changed to NH3, whereas O, was replaced by He to keep the volu-
metric flow unchanged.

Ex situ FTIR measurements were performed with a Thermo
Nicolet Nexus 870 FTIR instrument, after unloading the catalyst
bed from the quartz reactor after NO + O, adsorption at 120 °C.
The mechanical mixture for these experiments included 30 mg of
Fe-ZSM-5 and 60 mg of BaO/Al,O3 but no cordierite for powders
dilution. Moreover, the particle size of the two phases was inverted
(Fe-ZSM-5 =90 pm, BaO/Al,03 =115 pum), in order to facilitate
their separation by sieving. Pelletized samples for the IR analysis
were prepared by dilution with KBr, loaded in a sample holder
and placed in the sample compartment of the FTIR instrument. A
background spectrum was collected prior to the analysis. All the
IR spectra were recorded with 64 scans/run and a 2 cm™! resolu-
tion. Reference spectra of the clean Fe-ZSM-5 and of the clean
BaO/Al,0; powders, after the same pre-conditioning procedure al-
ready discussed, were used for subtraction and display of the IR
spectra in the absorbance mode.

3. Results and discussion
3.1. Transient reaction analysis: NO + O, adsorption and TPD

Fig. 1 shows the two stages of a micro-reactor experiment in
which NO and O, were co-fed at 120 °C to the mechanical mixture
prepared from the Fe-ZSM-5, BaO/Al,05 and cordierite powders. In
Fig. 1A (isothermal adsorption phase), the NO outlet concentration
trace shows a delay of around 25 s with respect to the NO inlet pro-
file. Moreover, the NO outlet concentration dynamics are very
slow, approaching steady state after over 2000 s. Simultaneous
NO, evolution is observed: NO, exhibits a dead time of over
200 s, then its concentration slowly increases up to about 30 ppm.

Once NO and NO, reached steady state, NO and O, were shut off
and the temperature was ramped up to 550 °C. The TPD results in
Fig. 1B show simultaneous desorption of NO and NO, in approxi-
mately equimolar amounts (confirmed by both the UV analyzer
and the MS), with a maximum at 200 °C. Equimolar NO and NO,
desorption continued up to 370 °C, at which temperature the NO
release began to exceed NO, desorption, likely due to the onset
of NO, decomposition to NO + O, on Fe sites. The integral of NOy
stored during the adsorption phase differed from the total NOy des-
orbed during the TPD by less than 10%. The moles of desorbed NOy
correspond to about 13% of the overall number of Fe + Ba sites:
similar occupations of Ba sites are reported in the LNT literature
[23].

While NO oxidation is known to be negligible over BaO/Al,O3,
Fe-zeolite catalysts exhibit a good activity in NO oxidation already
at 150 °C in the absence of H,0 [24]. A red-ox mechanism for NO
oxidation to NO, has been proposed recently for both Cu- and
Fe-zeolite catalysts [16]. In particular, for Fe-zeolites, assuming
the active centers to be monomeric hydroxylated ferric sites [25]
and starting from the catalyst in an oxidized state, the mechanism
at low temperature can be formulated as follows:

Fe**OH + NO « Fe?" -+ HONO (R.1)
HONO + Fe**OH « Fe**ONO + H,0 (R2)
Fe**ONO — Fe’" + NO, rate determining (R.3)
2Fe*" + %02 +H,0 — 2Fe**OH (R.4)

All the steps included in the red-ox mechanism above were inde-
pendently proposed in previous FTIR literature studies [4,26,27]
and are jointly discussed in [16]. According to R.1-R.4, NO oxidation
to NO, proceeds via a two-step (R.1 and R.2) formation of ferric ni-
trites, which are in equilibrium with HONO in the gas phase. This
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Fig. 1. (A) NO + O, adsorption at 120 °C on the Fe-ZSM-5 + BaO/Al,05; mechanical mixture. T= 120 °C; Q = 120 cm®/min (STP); feed: H,0 = 0%; O, = 8%; NO = 500 ppm in He
and (B) Subsequent TPD run: T=120-550 °C; heating rate = 15 K/min; feed: H,0 = 0%; O, = 0% in He.

equilibrium (i.e. step R.2) explains the well known strong H,O inhi-
bition of NO oxidation [4,16], as an increased H,O concentration
would shift the equilibrium to the left reducing the nitrites surface
concentration and thus the rate of NO, formation, R.3. The nitrites/
HONO equilibrium is also quite relevant to rationalize the results in
Fig. 1A. Since the NO oxidation activity over BaO/Al,Os is negligible
[28], and NO + O, adsorption at 120 °C was found insignificant on
Fe-ZSM-5 and very limited on BaO/Al,03 (one order of magnitude
less than on the physical mixture), the considerable storage ob-
served when feeding NO + O, to the Fe-ZSM-5 + BaO/Al,03 mechan-
ical mixture reveals an interaction between the two system
components via gas phase, which is nicely in line with the above
proposed mechanism. In this case, in fact, gaseous HONO formed
by NO oxidation over Fe sites in step R.1 can interact either with an-
other oxidized Fe site or with BaO to form Fe-ONO or Ba(NO,),
according to R.2 or to R.5, respectively:

BaO + 2HONO < Ba(NO,), + H,0 (R.5)

Step R.5 would be thus responsible for the formation of stable ni-
trites on Ba. The equilibrium between Fe-nitrites and Ba-nitrites
via gas-phase HONO also explains the peculiar dynamics apparent
in Fig. 1A, wherein the NO, product takes so long to break through.
In fact, during NO + O, adsorption, the less abundant Fe sites are
busy at first with oxidizing NO to HONO (R.1), while the BaO phase
becomes progressively saturated with stable nitrites (R.5). After
BaO saturation is approached, HONO can eventually start forming
less stable nitrites also on the Fe sites (R.2), which slowly decom-
pose to gaseous NO,, R.3 being the rate determining step of the
overall NO to NO, process [16,17]. Notice that, since BaO is already
occupied by the nitrites, NO, is unable to store so many nitrates as
it would if BaO were free; also, NO, is apparently unable to convert
the stored nitrites to nitrates at these conditions.

During the following TPD phase, Fig. 1B, also the more stable
Ba-nitrites decompose via gaseous HONO according to steps R.5 re-
verse and R.6 [29]:

Ba(NO;), + H,0 < BaO + 2HONO (R.5reverse)

2HONO — NO + NO, + H,0 (R.6)

which well explains the desorption of NO and NO, in equimolar
proportions noted in Fig. 1B. Notably, no net H,O formation would
be expected from the combination of R.5 reverse and R.6: on the
contrary, some H,O release was noted during the TPD, possibly
due to H,O desorption from the zeolite or to the interaction of
HONO with the zeolite and/or with the Fe-OH sites.

It should be emphasized that the decomposition profiles ob-
tained from the TPD following NO + O, adsorption, shown in
Fig. 1B, are completely different from those recorded after NO,
adsorption both on BaO/Al,03; and on Fe-zeolites [30,31]: in the
latter case, in fact, NO, gets stored in the form of nitrates, and
essentially just NO, is desorbed during the subsequent TPD, along
with O, and H,O, in line with the thermal decomposition of ni-
trates [31]: some NO is observed only at high temperatures as a re-
sult of NO, decomposition. This provides additional evidence that
NO, is not an intermediate in NO + O, reactions over Fe-zeolite
catalysts.

3.2. Transient reaction analysis: NO + O, adsorption and surface
reaction with NHs

Fig. 2 shows the second stage of an isothermal transient run
wherein the Fe-ZSM-5 + BaO/Al,0; mechanical mixture was first
exposed to NO + O, at 120 °C, like in Fig. 1A, followed by replacing
NO + O, with NH3 (500 ppm) in the feed stream: in addition to the
expected NH3 dead time due to ammonia adsorption onto the Fe-
zeolite, a significant N, evolution was observed. This is extra evi-
dence in favor of nitritesfHONO being formed and trapped during
the NO + O, adsorption phase, as they are well known to react
readily with NH3 forming dinitrogen at T> 100 °C via decomposi-
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Fig. 2. Pulse of NH; after NO+ O, adsorption on the Fe-ZSM-5 +BaO/Al,03
mechanical mixture. T=120°C; Q=120 cm®/min (STP); feed: H,0 = 0%; O, = 0%;
NHs = 500 ppm in He.



tion of unstable ammonium nitrite [6,9,10,32]. On a molar basis,
the nitrogen release in Fig. 2 corresponds to about 23% of the total
NOy desorbed in Fig. 1B (9.2 pmol). Further N, evolution was ob-
served upon increasing the temperature (not shown): the overall
measured N, formation (9.4 pmol) was eventually well in line with
the total NO, evolution.

One mechanistic scheme in line with the data in Fig. 2 is as
follows:

NH; + Z — OH < Z — ONHj4 (R.7)

HONO +Z — ONH, — [NHsNO,] +Z—OH — N, + 2H,0+Z—~OH  (R.8)

with Z-OH representing an acidic zeolite site, and HONO originating
from the nitrites stored on Fe or BaO via steps R.2 and R.5 reverse.
Evolution of H,0 was also detected by MS in parallel to the N re-
lease, which is consistent with the proposed mechanism.

Notably, direct reactivity of NH; with nitrates to give N, is ob-
served over Fe-zeolites only at much higher temperatures
(T >220-230°C)[7,33] and can therefore be ruled out in our exper-
iments at 120 °C. The results in Fig. 2 are obviously relevant for the
elucidation of the Standard SCR mechanism.

3.3. Ex situ IR analysis

IR spectroscopy was used to conclusively confirm the formation
of nitrites ad-species from NO + O,. A NO + O, adsorption run at
120 °C was replicated over the Fe-ZSM-5 + BaO/Al,0; mechanical
mixture: in this case, at the end of the isothermal adsorption phase
the powdered mixture was unloaded from the reactor. The two
components of the mechanical mixture were then separated by
sieving, taking advantage of the different particle sizes of the Fe-
zeolite and BaO/Al,03 powders, and IR spectra were recorded. On
the Fe zeolite, no IR bands related to nitrates or nitrites could be
detected, possibly due to the masking effect of the zeolite matrix.
Indeed, no nitrates are expected to be present under NO + O, feed
at 120 °C, since nitrates possibly formed on the Fe-zeolite would be
reduced by the excess of NO in the gas phase [10]. On the other
hand, the vibrations of nitrites would be masked by the bands
associated with the zeolite framework (wavenumbers
<1300 cm™') [19]. On the contrary, several bands were detected
by ex situ IR analysis of the unloaded BaO/Al,O5; powder, as shown
in Fig. 3. The most prominent feature is a broad band centered
around 1100 cm™!, assigned to vn_o modes of Ba-nitrites [34,35].
Moreover, the two partially overlapped peaks with maxima located
at 1220 and 1270cm™! can be further assigned to nitrite ad-
species: in particular, the 1220 cm~! band to the Vasym Of NO-
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Fig. 3. NO + O, adsorption on the Fe-ZSM-5 + BaO/Al,03 mechanical mixture at

120 °C: ex situ IR analysis of the BaO/Al,03 component unloaded from the test
reactor.

associated with ionic nitrites [21,28,34,36] and the 1270 cm™!
band to free NO; nitrite ions [9,36-38]. The assignment of the band
at 1270cm™! is indeed controversial: the same band has been
attributed to either nitrite ions or to the v,sym NO, of bidentate ni-
trates formed on y-Al,03 [28,39,40]. Both interpretations are suit-
able, although the assignment of the 1270 cm~! band to nitrite ions
is better in line with our observations: in fact, this band was not
present in IR spectra collected with the same method at steady
state after NO, adsorption on the BaO/Al,05; powder, i.e. when only
nitrates are expected to be stored on the catalyst surface
[28,30,40]. The presence of the free nitrite ions is furthermore a
proof of the equilibrium prevailing between adsorbed nitrites
and gas-phase HONO, e.g. via steps R.2 and R.5.

The 1350 cm™! band has been also observed [21] during the co-
adsorption of NO and O, at 150 °C on Ba0O-Al,03; and assigned to
Vsym Of NO>, belonging to chelating nitrites. Traces of nitrates are
also apparent in Fig. 3: e.g. the bands at 1410 cm™! can be assigned
to VNo3.sym Of ionic nitrates [28].

In summary, several nitrite ad-species have been thus detected
on the BaO phase of the mechanical mixture. The IR analysis is
therefore in full agreement with the proposed mechanisms and di-
rectly supports the identification of NO, and HONO as intermedi-
ates of NO oxidation and Standard SCR reactions over Fe-ZSM-5, as
never reported so far in the scientific literature on zeolite-based
SCR catalysis.

4. Conclusions

Nitrites/HONO, often proposed as unstable reactive intermedi-
ates of the NO oxidation, Standard and Fast SCR reactions over me-
tal-exchanged zeolites, had never been indisputably detected so
far. Based on chemical trapping techniques, we present herein for
the first time clear and multiple evidence of their formation during
the oxidative activation of NO over a commercial Fe-ZSM-5 cata-
lyst. The inclusion of BaO/Al,O3 in a physical mixture with Fe-
ZSM-5 resulted in stabilizing nitrite ad-species formed over the
Fe-sites after exposure to NO + 0, at 120 °C and captured onto
BaO via gas-phase equilibrium with HONO.

Identification of the nitrites trapped onto BaO is confirmed: (i)
by their thermal decomposition to an equimolar mix of NO and
NO, during TPD, (ii) by N, formation as a result of their reactivity
with NHs, and finally (iii) by ex situ IR analysis of the BaO powder
after discharge of the mechanical mixture from the test reactor and
separation of its components. The present data strongly suggest an
equilibrium between surface nitrites (on both Fe-ZSM-5 and BaO
phases) and gaseous HONO, which well explains the observed
interactions between the two materials. On the other hand, our
data rule out NO; as the primary product of the NO oxidative acti-
vation over Fe-ZSM-5: parallel experiments with NO, (not pre-
sented here) in fact demonstrate the formation of nitrates/HNOs,
instead of the nitritesfHONO herein observed when feeding
NO + 0,.

Considering that nitrites/HONO decompose to NO, during NO
oxidation, and react with NHs to give N,, they seem therefore
strong candidates as key intermediates for both reactions. The rel-
evance of these findings for the mechanistic and kinetic description
of the Standard SCR chemistry over Fe- and Cu-zeolite catalysts
will be discussed in more details in a forthcoming extended paper.
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