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a b s t r a c t

The NO2 removal performance of Fe-modified H-BEA and H-ZSM-5 has been investigated in detail by
means of in situ and operando FTIR spectroscopy. The surface characterization using NO2 and NO as probe
molecules revealed important contributions of redox processes involving Fe3+-OH and/or a-oxygen spe-
cies as well as Fe2+-NO species. In these anhydrous conditions, the NO2 storage performance is mainly due
to the disproportion of NO2 leading to NO+ and nitrate species. However, under flow and in the presence
of humidity, and thus in more realistic conditions, nitrates and NO+ formation are suppressed. The main
mechanism responsible for the wet NO2 removal consists in the formation of both adsorbed nitric acid
and gaseous NO. According to the proposed mechanism, a strong positive water-effect is established:
the total suppression of NO2 in the presence of humidity together with the formation of NO, which is less
toxic than NO2, makes the investigated zeolites promising candidates for efficient materials used in
indoor air treatment.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction TiO materials [9,10,12,15]; however, operating conditions require
Considering the very general frame of gaseous pollutant re-
moval from ambient air, many efforts have been made during
the last decades in order to develop not only filtration/adsorption
devices [1–4] but also systems able to convert harmful molecule
traces (within the ppb–ppm concentration range) into less harmful
ones. Among the active systems, both chemical solutions [5–7],
catalytic [8], photocatalytic [9–16] and plasma-assisted technolo-
gies [17,18] have emerged, and the combination of adsorbents
and active systems often appears to be necessary in order to im-
prove the efficiency for a broad range of pollutant targets in the
ambient air conditions [14,19,20].

Fore sure, the efficiency of the cleansing system will depend on
several constraints such as the nature of pollutant targets and the
environment of the ambient air, i.e. outdoor, indoor, confined
atmosphere, etc. This work is part of a more global project aiming
at removing several targets (hydrocarbons, aldehydes, NOx, . . . )
from indoor air. We decided here to focus on NO2 which belongs
to the most widely measured ambient air quality standards [21]
and which is continuously produced in combustion engines. Natu-
rally, the most widely reported active systems for NO2 elimination
from ambient air are based on a photocatalytic process involving
ll rights reserved.
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sunlight or artificial UV–Vis irradiation which is not compatible
with an onboard application for example. For the same reason,
we also disregarded the plasma processes which are energy
demanding and would imply a non-reasonable overcost and
over-consuming drawback for vehicle application. We thus focused
our attention on zeolites as alternatives to charcoal/activated car-
bon, since they also possess high adsorption capacities but more-
over present the possibility (when transition metal loaded) to
catalytically reduce NO2. Indeed, the choice of Fe-zeolites was sug-
gested by their recent commercial introduction in the NH3 SCR
process for DeNOxing of Diesel vehicles exhausts (thus in presence
of water) [22–24], where they lead to high reactivity with NO2

which boosts the low-temperature deNOx performances [25].
Two different zeolitic framework types (H-BEA and H-ZSM-5) with
different physico-chemical properties were tested after they had
been loaded with iron upon ionic exchange. Among the possible
transition metal candidates, iron was chosen as a promising pro-
vider of active redox centers in ambient air conditions [9,10] fur-
thermore, its low cost was also considered as an interesting
parameter.

The first part of this study deals with the investigation into re-
dox active centers in the iron-loaded shaped zeolites (with alumina
binder). For this purpose, the samples were first thermally pre-
treated either under vacuum or oxygen with the subsequent study
of the available site interactions with probe molecules. Even if
nitrogen dioxide is rarely used for such an application due to its
strong reactivity with redox centers thus affecting the nature of
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the probed site even at room temperature, we undertook NO2

adsorption experiments, since this molecule is our reactant. Natu-
rally, the more widely applied probe molecule for redox centers
characterization, i.e. NO [26–28], was also adsorbed on our sam-
ples for complementary information.

In a second step of this work, the zeolite behaviour in more real-
istic conditions was investigated. No thermal pre-treatment was
thus applied, and the samples were submitted ‘as is’ to an NO2 pol-
luted flow at room temperature. Our aim was to determine the NO2

removal efficiency and selectivity in ‘as close as possible’ working
conditions, and thus the effect of water content was studied as an
important parameter [19,20,29]. Our operando set-up, which al-
lows us to observe the zeolite porous system under working condi-
tions, was of a great help to establish the NO2 removal mechanism
in ambient air conditions.
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2. Experimental details

The Fe-H-BEA and Fe-H-ZSM-5 were supplied by IRMA and pre-
pared from commercial zeolites by ionic Fe-exchange. In order to
study a shaped, finalized adsorbent, 20 wt.% of Al2O3 binder has
been added to the studied zeolites. The main physico-chemical
properties of the shaped samples are given in Table 1.

In situ FTIR spectra have been recorded with a Nicolet Avatar
spectrometer in transmission mode using self-supported discs con-
sisting of 10 mg cm�2 of the catalyst material. A room temperature
IR-cell equipped with a heating device to offer the possibility to
activate the catalyst at temperatures up to 800 K has been used.
The cell has been connected to a High Vacuum line with a reach-
able pressure of 10�5 Pa, equipped with two ports for the introduc-
tion of probe molecules and a calibrated small volume between
two valves, providing the possibility to introduce known volumes
and thus known amounts of the probe molecules. The detectors
used for the FTIR data collection have been either of the DTGS or
of the MCT type.

A two-step activation has been used with a first step at 393 K
for 1 h to desorb most of the naturally adsorbed water and a sec-
ond step at 673 K for 1 h to complete the sample thermal treat-
ment. The heating rate was set to 2 K/min. All steps were
performed under secondary vacuum. In order to check the impor-
tance of the oxidation state of Fe, O2 (13.3 kPa) was, when desired,
introduced at the beginning of the second step. All spectra were re-
corded at room temperature.

Concerning operando FTIR, an operando cell that allows a con-
stant temperature at 298 K (via a thermostat) and self-supported
catalyst-discs (see in situ FTIR) have been used. The cell was con-
nected to the operando gas-system including a Nicolet Magna FTIR
spectrometer allowing to record both surface and gas phase spec-
tra (via an additional on-line gas cell). In order to increase sensitiv-
ity, detectors were of the MCT type. The exhaust gases were also
investigated using quadrupole mass spectrometry (Pfeiffer Omni-
star GSD 301) and chemiluminescence (model 42i-HL form Thermo
Scientific). In order to establish conditions as close as possible to
the working ones, no activation procedure was performed except
a short purging period at room temperature before sending the
gas mixture.
Table 1
Main physico-chemical properties of studied samples.

Sample Fe-H-BEA Fe-H-ZSM-5

Fe-content (wt.%) 0.76 1.6
Si/Al ratio 40 18
Surface area (m2/g) 528 263
Binder (wt.%) 20 of c-Al2O3 20 of c-Al2O3
For all operando experiments, a total flow of 25 cm3/min was
established. This flow always consisted of Ar and 20% O2 (to simu-
late atmospheric conditions) to which NO2 (diluted in Ar) and the
desired percentage of H2O (0–1.7%) were added. While NO2

(350 ppm) has been introduced normally in gaseous diluted form,
H2O has been introduced via a saturator using the corresponding
Antoine’s coefficients to calculate the correct flow and temperature
values. NO2 adsorption capacities have been calculated using the
recorded chemiluminescence data, taking into account the flow
conditions and the results of the corresponding blank experiment.
3. Results and discussion

3.1. Sample characterization by in situ IR

3.1.1. Activated samples
In Fig. 1, the IR spectra in the OH stretching region of Fe-H-BEA

are shown for the two different activation profiles. Regarding the
activation under vacuum, four bands with maxima at 3781, 3745,
3663 and 3610 cm�1 are present. After activation under oxygen,
an additional band at 3683 cm�1 is detected. It should be men-
tioned that this band decreases with increasing evacuation time
and is – as for the activation under vacuum – absent for an activa-
tion treatment under hydrogen.

According to literature, the band at 3745 cm�1 represents exter-
nal silanols [30–33], while the band at 3610 cm�1 arises from
acidic Al–O(H)–Si bridged hydroxyl groups [30–32]. Furthermore,
OH groups attached to Al-species partially connected to the frame-
work [30,32] (extra-framework Al-species, sometimes said to be
non-acidic [31]) give rise to the band at 3663 cm�1. It was de-
scribed by Vimont et al. [32] that the band at 3781 cm�1 may cor-
respond to an OH group with basic properties attached to
tricoordinated Al partially connected to the zeolitic framework.
Thus, this band can give an indication that the zeolitic framework
is destroyed up to a certain extent. Nevertheless, it can not be ruled
out completely that this band belongs to an OH group present in
pure alumina [34], as Al2O3 is present in the samples acting as a
binder. Indeed, the spectrum relative to Fe-H-ZSM-5 diluted with
the same alumina binder (Fig. 1 spectrum c) presents the same
set of bands thus indicating that, except the 3610 cm�1 one, the de-
tected peaks should be mainly associated with m(OH) from Al2O3

hydroxyls.
The band at 3683 cm�1, only present after activation under oxy-

gen, corresponds to a Fe3+-OH group. Recently, a detailed FTIR
investigation has been performed by Kefirov et al. [35] using CO
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Fig. 1. FTIR spectra of Fe-H-BEA activated at 673 K under vacuum (a) and under O2

(b) together with spectrum of Fe-H-ZSM-5 activated at 673 K under vacuum (c).
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and NO as probe molecules to discuss the relationship of this Fe3+-
OH group with so-called a-oxygen.
3.1.2. NO2 adsorption on Fe-H-BEA
In order to study the reactions taking place upon NO2 adsorption

on Fe-H-BEA, a series of small doses of NO2 have been added to the
sample at room temperature. In Fig. 2, the evolution of the bands in
the OH stretching region is shown for the samples activated under
vacuum and oxygen, respectively. It can be seen that in both cases,
an increase in the band due to Fe3+-OH groups can be observed for
the addition of the first small volumes being more distinctive in
the case of the sample activated under vacuum (only a small in-
crease in this band can be observed for the oxygen-treated sample).
Continuing the adsorption process, the Fe3+-OH sites are next con-
sumed, which can be clearly seen for the oxidized sample from
the decrease of the corresponding 3683 cm�1 band upon the addi-
tion of the following small volumes. For the ‘under vacuum’ pre-
treated sample, the consumption of the Fe3+-OH sites takes place
in the same way, but the IR spectra do not lead to noticeable nega-
tive band at 3683 cm�1, since the ‘reference’ subtracted spectrum
corresponds to the ‘after vacuum’ recorded one for which no Fe3+-
OH group is detected (see Fig. 1). In this case, the 3683 cm�1 band
first appears and increases before coming back to zero upon the con-
sumption of the initially created Fe3+-OH hydroxyls. Taking into ac-
count all other present OH groups, a uniform consumption of these
sites can be found for both samples. In the same time, a broad band
covering the whole OH region is established, traducing the presence
of H2O interacting with hydroxyls via H-bonding. This finding indi-
cates the formation of H2O during the adsorption process. A possible
explanation for the formation of water during the adsorption pro-
cess has been given by Hadjiivanov et al. [36] when co-adsorbing
O2 to NO on H-ZSM-5 samples.

Regarding the 2400–1350 cm�1 range (Fig. 3), the same features
in terms of band positions can be observed for both samples. The
addition of small volumes of NO2 results in an uniform increase
in two bands corresponding to adsorbed NO+ species [27,36–42]
(2175 and 2132 cm�1, the former being sometimes associated with
NO+ adsorbed on non-protic sites [27] or with N2O4 [37] with a
complement 1750 cm�1 component in that case) and several bands
in the nitro- and nitrate-region (1651, 1635, 1624, 1596 and
1582 cm�1). Focussing on the nitro and nitrate bands, a clear
assignment to concrete species tends to be complicated due to
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Fig. 2. FTIR spectra in the m(OH) range taken during the adsorption of NO2 on Fe-H-BEA ac
of introduced probe molecule: from (a) to (f) between 5 and 90 lmol g�1; from (g) to (r) b
133 and 266 Pa, respectively.
quite different data in the literature. For example, the band located
at 1624 cm�1 can arise either from a bridging Al-nitrate species
[43,44] or from a species attached to extra-framework Fe–Al–O
[45]. Furthermore, the d(H2O) mode of adsorbed water also lies
in this region [36,46]. Nevertheless, consistent information can
be found for the bands located at 1651 and 1635 cm�1 regarding
the nature of the adsorption site, the first representing an Al-based
nitro species [45] or alumina-bridged nitrates [44], the latter a ni-
trate species at least involving Fe in different environments
[39,45]. Finally, the lower wavenumber components in this nitro/
nitrates region at 1596, 1582 cm�1 can be confidently assigned to
alumina bidentate and monodentate nitrates, respectively [44].
To summarize, only the 1635 cm�1 band can be assigned to an
iron-containing nitrate species. An additional band with its maxi-
mum at 1874 cm�1 indicates the formation of Fe2+-NO species
[35,39,45,47]. For both activation methods, this band increases
upon the addition of the first small volumes and then decreases
and finally vanishes with further equilibrium NO2 pressure. How-
ever, the band maximum intensity for the vacuum-activated sam-
ple (see Fig. 3 inset) is around four times higher, thus indicating a
much higher amount of Fe2+ cations. The band situated at
1746 cm�1, mainly present at higher doses, corresponds to ad-
sorbed N2O4 [38].

As already described, the positions of the observed bands are
not affected by the activation treatment. But regarding the amount
of the formed species, it can be stated that even if the amounts of
NO+ and Al-based nitro species are comparable, both the Fe2+-NO
(1874 cm�1) and the iron-based NO�3 species (1635 cm�1) are more
abundant after a vacuum treatment. Furthermore, the final de-
crease of the Fe2+-NO band corresponds for both pre-treatments
to an increase in the relative intensity of the iron-based NO�3 spe-
cies which suggests that in NO2 excess, Fe2+ nitrosyl are involved in
the formation of nitrates.

Regarding the reactions taking place during the adsorption pro-
cess, three different pathways should be formulated.

(i) In both activation treatments, the well-known disproportion
reaction according to:
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leading to the formation of adsorbed NO+ species, and surface
nitrates has to be considered.
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at 673 K under vacuum (A) and under O2 (B) with the corresponding amount
00 and 850 lmol g�1 and for (s) and (t) with an NO2 equilibrium pressure of
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Fig. 3. FTIR spectra in the (2400–1400) range taken during the adsorption of NO2 on Fe-H-BEA activated at 673 K under vacuum (A) and under O2 (B) with the corresponding
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(ii) Taking into account the findings from the OH region, the sec-

ond pathway should be connected to two species, namely
the Fe3+-OH and Fe2+-NO groups and thus resulting in a kind
of redox process. Nevertheless, this process has to be formu-
lated differently for each activation method used for Fe-H-
BEA.

In the case of an activation under vacuum, it can be assumed
that a certain amount of Fe2+ species is already present in the sam-
ple, and the formation of Fe2+-NO species can be formulated
according to:

2Z-Fe2þ þ NO2 ! Z-Fe3þ-O� þ Z-Fe2þ-NO ð2Þ

resulting in the appearance of an Fe3+-OH species from Fe3+-O�

when water is present in the close vicinity or of a ferric nitrate
when a supplementary NO2 molecule adsorbs on Fe3+-O�. This reac-
tion takes place until all Fe2+ is oxidized or occupied by NO. The fact
that the Fe2+-NO band decreases and finally disappears upon further
addition of NO2 could be explained by a transformation into a Fe3+-
nitrate species. This would explain why the nitrate at 1635 cm�1

still increases uniformly while all other bands in that region start
to saturate. Similar observations concerning the transformation of
Fe2+-NO species into ferric nitrate species have been made by Kefi-
rov et al. [35] and Mul et al. [39] using Fe-BEA and Fe-ZSM-5,
respectively.

Considering an activation under oxygen, the amount of Fe2+

species present after activation should be lower and possibly neg-
ligible. We thus looked for a possible path to generate Fe2+-NO spe-
cies from Fe3+ reduction. The biggest difference, when compared
with the activation under vacuum, is surely the behaviour of the
Fe3+-OH group: it is already present after activation and further
consumed during the adsorption process. It can be assumed from
literature that this group is quite reactive and also easy to reduce;
a possible way to form Fe2+ can be formulated according to:

Z-Fe3þ-OHþ NO2 ! Z-Fe2þ þHþNO3 ð3Þ

introduced NO2.
able to deliver an additional nitrate source and to explain the con-
sumption of Fe3+-OH and the formation of Fe2+-NO. However, NO2 is
a rather strong oxidizing agent, and we have no proof that Z-Fe3+-
OH groups are stronger ones, which is a prerequisite to satisfy Eq.
(3). An alternative explanation lies in the reaction of NO [which
could form from residual Fe2+ species according to Eq. (2)] with
Fe3+-OH as further discussed [see Eq. (5)].

(iii) The third pathway consists in the reaction of NO2 and NO
with Brønsted acid OH groups of the zeolites according to
the following equation [36]:
2Z-OHþ NO2 þ NO! 2Z-O�NOþ þH2O ð4Þ

as evidenced by the consumption of bridged OH groups upon
NO2 adsorption.
When comparing the two activation procedures, it can be stated
that Fe3+-OH plays an important role in the adsorption process of
NO2 on Fe-H-BEA representing a possible reaction product in the
presence of water for Fe2+-rich and a reactant for Fe2+-poor
samples.
3.1.3. NO adsorption on Fe-H-BEA
In order to obtain more information on the redox process

involving Fe3+-OH and Fe2+-NO during the adsorption of NO2, NO
has been used as a probe molecule. Due to the initial absence of
NO2, the formation of NO+ and NO�3 species should be inhibited
and thus, the redox process could be investigated alone. The corre-
sponding spectra for both activation methods are shown in Fig. 4,
in the [2200–1350 cm�1] range and in the OH stretching region
(only for Fe-H-BEA activated under O2). Regarding Fe-H-BEA acti-
vated under vacuum, an increasing band at 1874 cm�1 indicates
the formation of a Fe2+-NO species [39,45,47] upon the addition
of small volumes of NO. As already noticed from the NO2 adsorp-
tion experiments, enough Fe2+ species should be present after vac-
uum treatment to enable the formation of such species. At higher
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NO-doses, a second band at 1816 cm�1 develops which can be
assigned to poly-NO species, the shoulder around 1920 cm�1 being
a confirmation for this assignment [47]. For this vacuum activation
method, it can be assumed that unsaturated Fe2+ species are
present in the sample providing the ability to adsorb more than
one NO molecule per Fe2+ cation. The presence of these unsatu-
rated Fe2+ species able to adsorb two NO molecules in a very close
neighbourhood may justify the observation of adsorbed N2O
(2250 cm�1) whose formation is hindered with the O2 pre-treated
zeolite.

Although the band positions found for the sample activated un-
der oxygen tend to be similar in the 2200–1350 cm�1 region (when
compared with the vacuum treatment), the processes taking place
on that sample have to be described differently. Indeed, even if it is
not possible to rule out that a certain amount of Fe2+ species is still
present in the sample after an activation under oxygen, we looked
for a possible mechanism generating Fe2+ species in order to ex-
plain the still rather intense component at 1874 cm�1 typical of
Fe2+-NO species. According to Kefirov et al. [35], this should be pos-
sible via:

Z-Fe3þ-OHþ NO! Z-Fe2þ þHþNO2 ð5Þ
HþNO2 þ Z-OH! Z-O-NOþ þH2O ð6Þ

This mechanism involving Fe3+-OH and other acidic OH groups
present in the sample is consistent with the findings made here for
the sample activated under O2: it explains the initial high reactivity
of the Fe3+-OH (see 3684 cm�1 band on Fig. 4B) and later of the
acidic-bridged OH groups (3610 cm�1) together with the formation
of water (around 1630 cm�1 in the nitrate region) and of higher
amount of NO+ species (when compared with vacuum pre-treated
sample) upon the adsorption process. It should be mentioned that
for the vacuum-activated sample, OH species are only involved in
the adsorption process at the highest doses (not shown here).
The formation of poly-NO species is less obvious in the case of
the oxygen-treated sample due to the smaller amount of unsatu-
rated Fe2+ species after such a treatment. Regarding the nitrate re-
gion, we only observe the formation of species upon prolonged
time under NO equilibrium pressure.

Indeed, the Fig. 5A reports the band evolution upon time of the
sample treated with oxygen under an equilibrium pressure of NO
(665 Pa) in the range 2200–1350 cm�1. An increase in the bands
in the nitrate region together with no substantial changes for
NO+ and Fe2+-NO can be established. This behaviour is only present
for the oxygen-treated sample. It should be mentioned that the
most dominant feature can be found at 1651 cm�1 corresponding
most probably to NO2 adsorbed on Al-sites [45]. Some other bands
at lower wavenumber (1624–1557 cm�1) develop, which indicate
the formation of alumina nitrate species. Two pathways should
be considered for the nitrate formation, the first being the already
mentioned transformation of Fe2+-NO species into ferric nitrate
species [35]. The second one would involve the generation of
NO2 via a process consuming a-oxygen-containing species accord-
ing to:

Z-Fe3þ-O� þ NO! Z-Fe2þ þ NO2 ð7Þ
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As soon as NO2 is present, the NO+ and nitrate formation via the
NO2 disproportion proceeds. In fact, the possibility to form NO2

from the reaction of NO with reactive O-species is necessary to ex-
plain the early observation of NO2 adsorbed on Al-sites and the fur-
ther formation of alumina nitrate species. The fact that no further
increase in the NO+ band can be found may be due to an interaction
of water with those species. Desorbing the adsorbed species
(Fig. 5B) leads to the already mentioned transformation of Fe2+-
NO into a nitrate species at 1635 cm�1, confirming the assignment
of this band to an Fe-containing nitrate species [39]. It should be
mentioned that the originally consumed Fe3+-OH species is regen-
erated around 573 K (not shown), and thus is consistent with liter-
ature data.

4. Combining results from in situ NO2 and NO adsorption

The most obvious difference between vacuum- and oxygen-
treated Fe-H-BEA upon NO2 adsorption is the amount of Fe2+-NO
and the changed ratio of the nitro/nitrate features at 1651 and
1635 cm�1. Taking into account the results obtained from NO
adsorption on both pre-treated samples, it can be stated that the
presence of active O-species (Fe3+-OH and/or a-oxygen) in the case
of an activation in the presence of oxygen provides an additional
source for the formation of NO2 which further converts into NO+

and NO�3 . Furthermore, the evolution of the nitro/nitrate bands un-
der an equilibrium pressure of NO with time (for an O2 pre-treated
sample) also traduces that different species are involved: the band
at 1651 cm�1 is the dominant one, while the band at 1635 cm�1 is
absent in that case. The former being typical of Al-based nitro spe-
cies, it can be stated that NO2 is first obtained from the active O-
species and then diffuses to lead to nitrate species over the neigh-
bouring alumina binder. On another hand, the 1635 cm�1 band is
associated with the presence of Fe2+-NO species and becomes the
dominant component in the nitro/nitrate region when these iron
nitrosyls are consumed (either upon NO2 adsorption or NO evacu-
ation). To summarize, under NO equilibrium pressure, iron sites
are mobilized to yield NO2 which further reacts preferentially with
alumina, while under NO2 equilibrium pressure iron sites are more
readily involved to yield ferric nitrates.

4.1. Main results on Fe-H-ZSM-5

The same kind of experiments were conduced over the Fe-H-
ZSM-5 sample, and Fig. 6 reports the spectra obtained from the
adsorption of NO2 at room temperature after an activation under
vacuum. In principle, the same conclusions can be drawn for this
sample as for the Fe-H-BEA one, i.e. both reaction pathways (dis-
proportion and redox reaction) are taking place.

Nevertheless, a few important differences can be found. The
most obvious difference is the finding that the Fe2+-NO band is
heterogeneous and indeed made of two species (1890 and
1879 cm�1) and does not decrease completely upon higher doses,
even with an NO2 equilibrium pressure (see Fig. 6B and inset). In
this Fe-H-ZSM-5 sample, all the Fe2+ species are thus not readily
oxidizable into Fe3+ upon NO2 adsorption, and this result has to
be related to the intensity of the band corresponding to Fe3+-OH
(3680 cm�1 on Fig. 6A), which tends to be much less intense than
in the case of Fe-H-BEA. Going on with the comparison of the max-
imum intensity reached by the m(NO) band upon NO2 adsorption
over the two zeolitic samples (compare Fig. 3A inset with Fig. 6A
inset), we notice that even if the Fe wt.% loading is twice for the
Fe-H-ZSM-5, the nitrosyl maximum band intensity is similar.
According to us, this either confirm that an important part of
Fe2+ is not oxidizable and thus does not react with NO2 providing
the required NO to form nitrosyl species; or it may also point out
that for the Fe-H-ZSM-5 sample, a main part of iron species re-
mains in a stable oxidized form even after a vacuum activation
at 673 K. Indeed, it seems rather difficult to avoid the formation
of iron oxides nanoparticles inside the zeolite porous system upon
increasing iron loading. A confirmation of this last hypothesis is
suggested by the much higher intensity ratios I(1635)/I(1651) ob-
tained for the Fe-H-ZSM-5, which indicates a higher amount of
iron-containing nitrates: the iron oxide nanoparticles would pro-
vide supplementary sites for nitrates formation. Another explana-
tion for the very low intensity of the Al-based nitro species
(1651 cm�1) lies in the higher amount of acidic OH groups
(3610 cm�1) detected after activation in the case of Fe-H-ZSM-5
(Fig. 1): NO2 preferentially reacts with these OH groups to yield
a higher amount of water and NO+ species (2133 cm�1) rather than
with the alumina binder.

As a transition towards more realistic operando conditions,
experiments were performed in order to investigate the influence
of humidity on the adsorption process and thus on the nature of
adsorbed species on the catalyst. Water was thus adsorbed on both
Fe-H-BEA and Fe-H-ZSM-5 activated under vacuum and saturated
with NO2. We decided here to report only the data obtained for
the later sample, since it is more hydrophilic and thus gives more
representative results.
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It should be mentioned that the atmosphere in the cell still con-
tained residual gaseous NO2 in order to be as close as possible to
the operando conditions. From Fig. 7, we can conclude that the
addition of water has a strong effect on the bands corresponding
to NO+ (2133 cm�1) and N2O4 (1746 cm�1) (leading to their com-
plete disappearance), while only small perturbations can be found
for the nitro/nitrate species. Furthermore, three new bands are de-
tected at 1675, 1404 and 1312 cm�1 that we confidently assign to
adsorbed HNO3 according to the literature [46]. Therefore, the ni-
trates present after NO2 saturation are too stable to react with
water, and the HNO3 found at the surface should be formed accord-
ing to the reaction:

N2O4 þH2O! HNO3 þHONO ð8Þ

Indeed, traces of unstable HONO were detected in the gas phase
which confirms this hypothesis. It should be taken into account
that the pre-adsorbed N2O4 (see Fig. 3) is surely not the only source
for HNO3: as there is still residual NO2 in the gas phase, its disso-
lution in condensed pseudo liquid water may also feed the same
reaction path. Yeom et al. [48] previously described that NO2

may disproportionate inside the zeolite micropores of BaNa-Y
leading to the formation of NO+ and NO�3 which further react with
water to yield HONO and HNO3. These final products (nitrous and
nitric acid) are common to the one we observed; however, our data
do not allow to conclude that nitrates are involved in the acid for-
mation. Nova et al. [49], on their way, report for V-based catalysts
that the first step of the fast SCR consists in the formation of ni-
trous and nitric acid according to: 2NO2 + H2O ? HNO3 + HONO,
which is also consistent with our finding.

4.2. Operando NO2 adsorption

After the detailed characterization of the redox iron sites and
their reactivity towards NO2, the aim of this study was to test
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our Fe-based zeolites as efficient alternatives to activated carbons
for NO2 trapping from atmospheric air. Correspondingly, operando
experiments have been performed at 298 K. As these experiments
have the intention to gain deeper insights into the performance of
adsorbents under more realistic conditions, the samples were used
without any activation and submitted to a flow made of NO2, oxy-
gen and moisture (or without moisture to investigate the influence
of water on the catalyst performance) in proportion simulating NOx

polluted atmospheric air. The fact that NO species can be formed
from NO2 using both Fe-H-BEA and Fe-H-ZSM-5 under in situ con-
ditions tends to be interesting due to the possibility to convert NO2

into NO under flow. This would be of big toxicological interest, be-
cause NO is classified to be less harmful than NO2.

It should be mentioned that such experiments using non-acti-
vated catalysts under flow and real conditions are quite rare, and
only few examples exist in recent literature [37,50]. Thus compar-
ison with corresponding literature data tends to be difficult. Deal-
ing with the 20 wt.% c-Al2O3 which was used as a binder in our
samples, we can however refer to a reliable work from Szanyi et
al. [44], who studied both the NO2, H2O and NO2/water co-adsorp-
tion on this material. According to the nature of adsorbed species,
our results obtained when making our blank experiment on the
bare c-Al2O3 were indeed fully consistent with the ones previously
reported [44].

Fig. 8 shows a series of spectra recorded during the operando
experiments performed at 298 K using Fe-H-BEA and Fe-H-ZSM-
5. According to the band positions, HNO3 (1680, 1410 and
1340 cm�1) [46] and H2O (1624 cm�1) [36,46] are the main species
observed for both samples during the adsorption process. This
finding is in agreement with the previous results obtained from
the in situ co-adsorption experiment (Fig. 7). Furthermore, it is
remarkable that the nitrate species are the dominant stable species
for the NOx adsorption and water co-adsorption in situ experi-
ments, whereas they only tend to play a minor role in operando
(1562 cm�1 associated with alumina monodentate nitrate [44] re-
mains negligible) when both components (NO2 and H2O) are sent
together. More precisely, we must emphasize that in order to be
as close as possible to the ‘real life adsorbent conditions’, we first
stabilized the c-Al2O3/zeolites porous system with the water con-
taining flow before introducing NO2 in the gas composition. The
operando conditions are thus different from the ones applied in
the in situ experiments: the NO2 accessibility towards the adsorp-
1410
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16231680

1

1500  1700  1900  
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1400  1600  1800  1400  

(a)

Fig. 8. Series of spectra during operando experiments using (a) Fe-H-BEA and (b) Fe-H-Z
298 K. The spectrum relative to the sample surfaces under H2O at equilibrium was subt
tion/redox centers should then be limited by the diffusion through
a water pseudo-liquid phase where different chemical reactions
may take place. In Fig. 9, the gas phase results obtained from
chemiluminescence during the experiment described in Fig. 8 are
shown. Monitoring the signals for NO and NO2 leads to the conclu-
sion that the initial NO2 amount (350 ppm) can be completely sup-
pressed for a defined time, while NO is always produced and
released with a proportion representing one third of the removed
NO2. In the presence of 60% relative humidity (1.7% H2O), the
NO2 removal capacity (corrected from the blank with Al2O3) can
be calculated after 7 h on stream to be 180 mg/g (120 mg/g as ad-
sorbed species when taking into account the NO release) and
125 mg/g (90 mg/g as adsorbed species when taking into account
the NO release) for Fe-H-BEA and Fe-H-ZSM-5, respectively.

Taking the previous qualitative results (HNO3-adsorption
and NO-formation) and semi-quantitative results (NO2 removed/
NO formed = 3) into account, a reaction mechanism can be formu-
lated from the operando experiment. HNO3 initially is formed
according to:

2NO2;ðgÞ þH2Oðads:Þ ! HNO3;ðads:Þ þHONOðgÞ ð9Þ

then HONO further reacts with NO2 to form NO according to:

HONOþ NO2 ! HNO3 þ NO ð10Þ

Accordingly, for this mechanism also observed by Grossale et al.
[51], 3 mol of converted NO2 yield 1 mol of NO, and the amount of
NO released thus corresponds to one third of the amount of NO2 re-
moved by the adsorbent (as experimentally observed). Another
consequence of the proposed mechanism lies in the fact that H2O
should be crucial for the adsorption performance. Thus, different
water amounts were introduced in the flow, and the corresponding
chemiluminescence results are reported in Fig. 10 for the Fe-H-BEA
sample.

It can be easily concluded that a positive water-effect exists,
and the duration of the total suppression of NO2 can be substan-
tially increased by increasing the water amount in the flow (and
thus increasing the amount of adsorbed water). More than a kinetic
effect of water which would accelerate the process, the increment
of NO2 removal capacity seems rather to be due to the higher dis-
solution of NO2 in a higher amount of water condensed inside the
zeolite pores. The total amount of eliminated NO2 therefore in-
creases with humidity, and Table 2 summarizes the quantitative
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Table 2
NO2 removal efficiency at 298 K: a quantitative summary.

Sample Fe-H-BEA Fe-H-ZSM-5

Water content/vol.% 0 0.5 1 1.7 1.7
Removed NO2/mg/g

(corrected from Al2O3)
15 75 145 180 125

Adsorbed NO2/mg/g (in the HNO3

form and corrected from Al2O3)
10 50 100 120 90
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results obtained for NO2 removal with various samples/conditions.
Such a stoichiometry indicating the disappearance of three NO2
molecules from the gas phase to release one NO molecule was al-
ready described for Cu-ZSM-5 samples [50] in which trapped NOx

appear in the form of Cu(NO3)2. In that case, nitrates however ap-
pear to compete with water which was thus described to have a
negative role on NO2 removal efficiency.

Going back to the comparison between the total amount of re-
moved NO2 for adsorbents Fe-H-BEA and Fe-H-ZSM-5, one may
also suggest that the main reason for a lower NO2 removal effi-
ciency (for Fe-H-ZSM-5) comes from a lower amount of pre-ad-
sorbed water. Considering the hydrophilicity parameter only, we
should not expect the observed ranking between Fe-H-BEA and
Fe-H-ZSM-5, since the latter zeolite is aluminium richer than the
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former and also possesses a higher iron loading. It thus appears
here that the main parameter governing the water adsorption
capacity (and thus further NO2 removal efficiency) is the specific
area which is double for the Fe-H-BEA sample.

A positive water-effect was thus detected, and this is remark-
able since Despres et al. [50] also found a NO2 to NO conversion
during NO2 adsorption using Cu-ZSM-5 as a catalyst, but in that
case, a negative water-effect was on the contrary reported. Finally,
we should mention that whatever the amount of water, the
amount of NO released is always equal to 1/3 of the amount of
NO2 removed by the adsorbent. It may be surprising that this stoi-
chiometry is preserved for a water-free feed. However, in order to
be as close as possible from real conditions, our samples were
never thermally activated, so that even for ‘water-free gas
feed’, our samples always presented adsorbed water (probably
condensed inside the microporous system) whose amount natu-
rally increased when water was added in the gas flow. The NO2

storage mechanism in the absence of H2O in the gas flow is thus
the same.
5. Conclusions

During the adsorption of NO2 on Fe-H-BEA under in situ FTIR
conditions, the well-known disproportion reaction leading to NO+

and nitrate species was observed. Additionally, a redox reaction
involving Fe3+-OH and/or a-oxygen species leading to the forma-
tion of NO species was identified. This redox reaction is not only
scientifically important, but may strongly influence the perfor-
mance of the catalyst as the transformation of NO2 into NO would
be a substantial improvement from a toxicological point of view
and would thus favour the use of zeolitic materials for indoor air
treatment. In order to clarify this point and aiming to obtain com-
plementary parameters such as adsorption capacities, further oper-
ando FTIR studies were performed.

According to the obtained operando FTIR results, NO is indeed
formed for both Fe-H-BEA and Fe-H-ZSM-5, and the chemilumines-
cence data suggest that: (a) NO2 can be completely suppressed for
a defined time and (b) during all the period for which NO2 is re-
moved (even partially), 1 mol NO is released per 3 mol NO2. Ad-
sorbed HNO3 was found to be the major species responsible for
the storage of NO2 and we obtained the following best removal
efficiencies: 180 mg/g of catalyst (120 mg/g as adsorbed species
when taking into account the NO release) and 125 mg/g of catalyst
(90 mg/g as adsorbed species when taking into account the NO re-
lease) for Fe-H-BEA and Fe-H-ZSM-5, respectively. The proposed
mechanism leading to adsorbed HNO3 and respecting the observed
stoichiometry relative to the formation of NO includes the con-
sumption of water. Consequently, it was confirmed that the pres-
ence of water in the flow is crucial for a good performance: a
positive water-effect was evidenced.

Combining these results, we conclude that the investigated zeo-
lites (especially Fe-H-BEA) are promising candidates for further
investigations in order to use such materials as filters in automo-
tive air-conditioning systems. Translating the applied operando
FTIR flow parameters into long-term stability makes clear that a
regeneration process is not needed for these materials as a simple
replacement of the filter during regular routine check-ups would
be highly sufficient.
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