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The evolution of NO following NO2 introduction onto various Fe/ZSM-5 catalysts was investigated. The
activity depended on the method of catalyst preparation used. The most efficient method was CVD with
high-Fe loading. Results from in situ FT-IR revealed that NO was initially generated on ion-exchanged Fe
sites, temporarily adsorbed, and then desorbed. For the most active samples, the result of temperature-
programmed desorption of NO2, from which ion-exchanged sites may be estimated, indicated that the
amount of NO evolution corresponded to nearly half the amount of exchanged Fe. Assuming that most
of the exchange sites in these samples are binuclear structures, it may be postulated that one NO mole-
cule evolves from each binuclear site. From this, we propose that NO2 is decomposed into NO and atomic
oxygen at the binuclear Fe sites. The oxygen occupies a bridging vacancy site between Fe atoms. NO
evolves and is replaced by follow-on NO2.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The adsorption and desorption of NOx (NO and NO2), as well as
the reduction of NOx by other molecules, have attracted a great
deal of attention in recent years due to their importance in the cat-
alytic removal of NOx from automotive exhaust. Transition-metal-
exchanged zeolites possess properties highly suitable for the
adsorption or reduction of NOx in an oxygen-rich environment,
while NH3 or urea (which is decomposed into NH3) is a good choice
for selective catalytic reduction (SCR) of NOx due to its high activity
and selectivity [1–3].

As is the case for the NH3-SCR catalysts, Fe-loaded ZSM-5-type
zeolite (Fe/ZSM-5) is the most attractive material from the point of
view of harmless metal usage, durability at high temperatures, and
poisoning [2,4,5]. In addition to SCR reactions, Fe/ZSM-5 has also
been investigated extensively for its utility in selective HC oxida-
tion [6–10] and N2O decomposition [11–14]. Due to these advanta-
ges, many physicochemical techniques [3,6,8,9,11,14–16] and
computational simulations [17–19] have been performed to better
characterize the active Fe sites on zeolites. Although several Fe spe-
cies have been proposed (isolated, binuclear, and oligonuclear),
their precise role in the catalytic reactions remains an ongoing
ll rights reserved.
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debate, and hence a more detailed physicochemical characteriza-
tion is warranted.

A typical NH3-SCR catalytic process is based on the following
reaction (so-called standard SCR):

NOþ NH3 þ 1=2O2 ! 2N2 þ 3H2O ð1Þ

In contrast, when NO2 is contained in the feed, an equimolar NO–
NO2 reaction (so-called fast SCR) occurs that is more highly favored
(faster) than the standard SCR reaction (1) [20,21]:

NOþ NO2 þ 2NH3 ! 2N2 þ 3H2O ð2Þ

The fast SCR reaction (2) has played a vital role in helping to meet
increasingly stringent regulations for diesel emission. Recently,
we have revealed that under fast SCR conditions, both NO2 and
NH3 possess comparable properties, and thus compete for active
adsorption sites on Fe/ZSM-5 [21,22]. For this reason, fast SCR has
peculiar properties not shared by standard SCR, which affects tran-
sient reaction behavior in addition to the steady-state reaction rate
[21]. Thus, NO2 performs a critical function in controlling the SCR
reactions.

Furthermore, NO2 also plays an important role as a molecular
probe for examining active sites. In our laboratory, we found that
temperature-programmed desorption (TPD) of NO2 enables us to
estimate the number of ion-exchanged Fe sites (probably including
isolated and binuclear) [23]. Using this technique, we were able to
derive relationships between the number of Fe sites and the
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standard SCR performance [23]. Thus, NO2-TPD represents a robust
method for evaluating and quantifying active sites in Fe/zeolite
catalysts.

Interestingly, previous studies on the NO2 adsorption reaction
have revealed a concomitant release of NO immediately following
NO2 adsorption over Cu/ZSM-5 [24] and over Fe/ZSM-5 [20,25].
This evolution of NO that follows introduction of NO2 onto the zeo-
lite surface is a phenomenon also observed for nonzeolite systems
such as BaO/Al2O3 [26,27]. In many of these systems, one NO mol-
ecule is generated for every three NO2 molecules consumed
[20,24–27]. Using BaO/Al2O3, the following reaction could explain
these findings [26,27]:

3NO2 þ BaO ! BaðNO3Þ2 þ NO ð3Þ

The NO2 adsorption step is a simple yet important process in
the fast SCR reaction and in other environmental catalytic reac-
tions such as NOx storage and reduction (NSR) [26,27] and soot oxi-
dation by NO2 [28]. In particular, the adsorption behavior of NO2

over Fe/ZSM-5 has drawn considerable interest, because its mech-
anism helps us understand the overall de-NOx kinetics as well as
active Fe states and time-scale changes of adsorbates.

In this work, we investigated the NO evolution reaction that
takes place on Fe/ZSM-5 zeolites prepared using different meth-
ods and with varying Fe content. The reaction was initiated by
adsorption of NO2 onto the zeolite in each case. In addition,
the surface reactions were monitored using in situ FT-IR spec-
troscopy. Finally, quantitative relationships linking NO evolution
to the number of ion-exchanged Fe sites were estimated using
NO2-TPD. The combination of mass balance analysis with
in situ adsorbate detection allowed more complete elucidation
of the NO evolution reaction.
2. Experimental

2.1. Catalyst preparation

A series of Fe/ZSM-5 catalysts was prepared by impregnation
(Imp), reductive solid-state ion-exchange (RSIE), and CVD using
varying Fe content [23]. As a starting zeolite, NH4–ZSM-5 (Tosoh
HSZ-830NHA, Si/Al2 = 28, SBET = 350 m2 g�1) was transformed to
H–ZSM-5 by calcining at 873 K in air for 5 h.

For the Imp method, Fe(NO3)3�9H2O (Wako, >99%) was added
dropwise into a suspension of H-ZSM-5 at 353 K. The sample was
then heated to 373 K to slowly evaporate any residual water, fol-
lowed by a final drying step at 383 K to obtain the solid product.
The dried sample was then calcined at 923 K in 20% O2/N2 for 5 h.

For the RSIE technique, Fe/ZSM-5 samples prepared using the
Imp method were placed in a flow reactor, heated to 923 K at
5 K min�1 in a flowing 5% H2/N2, and maintained at the same tem-
perature for 5 h. The sample was then calcined at 923 K in 20% O2/
N2 for 5 h.

A more detailed procedure on how to use the CVD method was
described previously by our laboratory [23]. Briefly, immediately
following the calcining step at 923 K in N2, dehydrated H-ZSM-5
was mixed mechanically in a glove box with an appropriate
amount of FeCl3 (Wako, >99%) for the desired Fe loading. The
mixed dry powder was placed in a furnace, heated to 923 K at
5 K min�1

, and then maintained at the same temperature for
2.5 h under a flow of N2 gas. The Fe-loaded sample was then
washed twice with deionized water and dried at 383 K. The sam-
ples were then calcined at 923 K in 20% O2/N2 for 5 h. Finally, the
samples were pelletized to grain sizes of 500–900 lm. Fe contents
were determined using inductively coupled plasma (ICP) analysis,
and the results are presented in Table 1.
2.2. NO2 adsorption test and NO2-TPD measurement

The NO2 adsorption test and NO2-TPD measurements were
carried out under atmospheric pressure in a fixed-bed flow reac-
tor (i.d. = 9 mm £) equipped with a quadrupole mass spectrom-
eter (QMS, ULVAC messmate-200). A 400-mg sample was placed
on a porous quartz plate. A predefined gas was then introduced
through mass flow controllers. Prior to NO2 adsorption, the sam-
ples were pretreated at 873 K for 30 min in a flow of 5% O2/He
(300 ml min�1) and then cooled to 373 K, followed by switching
to a He flow. The NO2 adsorption test was carried out by
introducing 0.45% NO2/He (100 ml min�1) at 373 K until com-
plete saturation of adsorbed NO2 had occurred (approximately
40 min). At this point, He (300 ml min�1) was supplied at the
same temperature for 30 min to help remove any extra nonad-
sorbed NO2. The temperature of the samples was then lowered
to 323 K, and NO2-TPD measurements were carried out at a
heating rate of 10 K min�1 from 323 to 873 K in a He flow of
100 ml min�1.

The QMS analyses did not reveal any formation of N2 or N2O
for either the NO2 adsorption or NO2-TPD tests. The NO2 concen-
tration was estimated from the intensity of the mass spectromet-
ric signal at m/e = 46 (I46). The NO concentration ([NO]) was
calculated from I46 and the m/e = 30 signal intensity (I30) accord-
ing to
½NO� ¼ I30 � c1 � c2 � I46 ð4Þ
This calculation was performed in order to eliminate the contri-
bution of NO2 fragmentation. Here, c1 is the relative sensitivity
of NO to NO2 on I30, and c2 is the I30/I46 fragmentation ratio for
NO2, which are both constant. In NO2-TPD, the effluent gases
were determined to be primarily NO2 at lower temperatures
(<623 K) and NO and O2 at higher temperatures (>623 K), due
to the NO2 M NO + 1/2O2 equilibrium. From this, we determined
the NOx concentrations by combining the NO and NO2

concentrations.
2.3. In situ FT-IR measurement

The FT-IR spectra were obtained using a diffuse reflectance
accessory connected to an FT-IR spectrometer (Nicolet NEXUS
670) that was equipped with an MCT detector. The sample pellets
were placed in an alumina cup (i.d. = 5 mm £, d = 4 mm) with
many small holes on its bottom surface, allowing gas to flow uni-
formly through the sample bed from bottom (upstream relative
to gas flow) to top (downstream relative to gas flow). A heating coil
was installed just beneath the sample cup, allowing thermal treat-
ment of the sample while gas was flowing. The total gas flow was
maintained at 200 ml min�1 by mass flow controllers. An IR light
was irradiated through a KBr window to the top layer of the
sample.

Prior to the NO2 adsorption test, the samples were pretreated
in situ at 873 K in a flow of 5% O2/N2 for 20 min and then cooled
to 373 K. The NO2 adsorption was carried out at 373 K in a flow
of 0.2% NO2/N2 for steady-state measurements and 0.1% NO2/N2

for time-resolved measurements. In the case of steady-state mea-
surements performed at 323 K under N2 flow, each spectrum was
generated before and after NO2 adsorption and involved the
accumulation of 500 scans at a resolution of 4 cm�1. For the
time-resolved measurements with NO2 flowing, each spectrum
was generated following the accumulation of 30 scans taking
approximately 12 s. All the spectra were then converted with the
Kubelka–Munk (KM) function.



Table 1
Description of Fe/ZSM-5 and results of the NO2 adsorption test (see Fig. 1) and NO2-TPD test (see Fig. 7).

Catalyst Fe content NO2 adsorption test NO2-TPD test

Fe/Al wt.% NO evolutiona Total NOx adsorptiona HT peaka Total NOx desorptiona

H-ZSM-5 – – 2 217 19 148
Imp(0.25)b 0.25 1.53 3 252 34 178
Imp(0.5)b 0.50 3.00 7 247 41 182
Imp(1.0)b 1.00 5.75 4 248 48 195
Imp(1.5)b 1.50 8.28 10 253 50 195
RSIE(0.25)c 0.25 1.53 34 309 82 255
RSIE(0.5)c 0.50 3.00 51 323 96 257
RSIE(1.0)c 1.00 5.75 61 320 110 260
RSIE(1.5)c 1.50 8.28 64 299 110 246
CVD(0.29)d 0.29 1.76 45 308 92 224
CVD(0.44)d 0.44 2.67 58 308 116 234
CVD(0.61)d 0.61 3.62 69 290 118 213
CVD(0.78)d 0.78 4.55 76 331 126 248

a lmol g�1.
b Prepared by impregnation method.
c Prepared by reductive solid-state ion-exchange method.
d Prepared by CVD method.
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3. Results

3.1. NO evolution reaction following NO2 introduction

It has already been reported that NO evolves immediately fol-
lowing the introduction of NO2 to Fe/ZSM-5 in the presence of
H2O (1 vol.%) at 323–473 K [20,25]. Here, we describe NO evolution
in the absence of H2O using a series of Fe/ZSM-5 prepared with dif-
ferent methods and composed of varying Fe content. To investigate
the NO evolution behavior of these samples, the NO2 adsorption
test was performed at 373 K. Shown in Fig. 1 are the outlet concen-
trations of NO and NO2 measured as a function of time during the
NO2 evolution reactions carried out on H-ZSM-5 and on several Fe/
ZSM-5 zeolites. For all samples tested, a release of NO was ob-
served with the concomitant emission of NO2 in the region of
200–600 s. (We also tested a blank run, though the NO evolution
was not observed.) The peak shape of the NO evolution observed
was broad and skewed for all samples. In addition, NO evolution
was complete near the saturation point of NO2. This observation,
described in more detail in Section 3.2.2, indicates that the newly
generated NO adsorbed temporarily onto the surface of the zeolites
and then was ultimately replaced by follow-on NO2.

The quantity of evolved NO varied greatly among the samples.
For example, the amount of NO generated using CVD (0.61)
(Fig. 1d), despite its lower Fe content, was much greater than that
observed when Imp(1.5) was used (Fig. 1b). The amount of NO
evolved and the total NOx adsorbed for all samples tested are listed
in Table 1. Close inspection of the data in Table 1 reveals that NO
evolution is influenced more by the preparation method than by
their absolute Fe content. This trend agrees well with the NH3-
SCR activity order of these catalysts [23], suggesting that the NO
evolution reaction may depend on SCR active sites (discussed fur-
ther in Section 4.1).

Grossale et al. [20,29] reported that NO2 consumption and the
concomitant NO evolution in the presence of H2O may be ex-
plained by the formation of nitrates on the surface of the catalyst
according to the following reaction:

3NO2 þH2O $ NOþ 2HNO3 ð5Þ

Grossale et al. [20,29] showed that the molar ratio of newly gen-
erated NO with respect to consumed NO2 was approximately 1:3,
which agrees with the stoichiometric values shown in reaction
(5). Recently, Ahrens et al. [25] reported that this stoichiometry
is preserved under an H2O-free gas feed condition, although ad-
sorbed water is present in Fe/zeolite.
In contrast to the proposals of the previous reports [20,25,29],
our results indicate that the ratio of the evolved NO with respect
to consumed NO2, i.e., the sum of NO evolved and the total NOx ad-
sorbed (refer to Table 1), is more than 1:5 for all sample tested.
When using H-ZSM-5, for instance, 219 lmol g�1 of NO2 was con-
sumed, while the NO evolution was negligible (2 lmol g�1). Addi-
tionally, a markedly different point between our data and the
previous results is the timing of the breakthrough of NO; there
are dead times (at least 200 s) for NO breakthrough after the intro-
duction of NO2 in our cases (see Fig. 1), while in the literature
[20,25,29] NO leaked immediately after the NO2 introduction. Gi-
ven the fact that the dead times in Fig. 1 are nearly identical even
though their NO2 storage capacities are substantially different, the
NO2 adsorption would be composed of two general types: (a) weak
NO2 adsorption in the zeolite channel and (b) strong chemisorption
to the Fe sites. Here, if we estimate the consumed NO2 amounts
from the breakthrough point, the ratios of evolved NO to consumed
NO2 become closer to 1:3. For example, the ratios are 1:3.0 for
Imp(1.5) calculated after 290 s, 1:3.2 for RSIE(0.25) after 260 s,
and 1:2.0 for CVD(0.61) after 200 s. Thus, the weakly adsorbed
NO2 must be one factor that shifts the ratios from the stoichiome-
try to higher values. In other words, we can say that the weakly ad-
sorbed NO2 is not related to the NO evolution reaction.

When it comes to NO adsorption to Fe/ZSM-5, on the other
hand, Grossale et al. [20] mentioned that NO did not adsorb under
H2O present condition at 323–473 K, despite the fact that NO2 was
able to adsorb. In contrast, our findings suggest that NO also adsorb
onto Fe/ZSM-5 at 353 K when using H2O-free condition following
pretreatment at high temperatures (see Fig. S1 in Supplementary
material). Although the adsorption amount was lower than that
for the NO2 adsorption measurement, similar dead times before
NO breakthrough were observed. This result implies that weak
NO adsorption also occurred under this condition.

Thus, there is considerable discrepancy between the previous
reports [20,29] and the results reported herein. The reason for
these contradictions is likely due to the dehydration state of the
zeolites. For example, because H2O interacts strongly with the
pores in zeolites, careful attention needs to be paid to the prepara-
tion methods used for generating dehydrated samples. Therefore, it
is our assertion that complete dehydration of zeolite enables NO2

to adsorb weakly in the zeolite channel. A similar conclusion has
been reached by NO adsorption onto Cu/ZSM-5 [30] and Ag/MOR
[31] and by NH3 adsorption onto Fe/ZSM-5 [32].

For the experiments described herein, high-temperature treat-
ment (873 K) under a high space velocity (2.34 � 104 h�1) was



Fig. 1. Concentration profiles of NO and NO2 using the NO2 adsorption test over (a)
H-ZSM-5 and Fe/ZSM-5 prepared by (b) Imp, (c) RSIE, and (d) CVD methods. Sample
weight: 400 mg; pretreatment: 5% O2/He (300 ml min�1) at 873 K; measurement
condition: 0.45% NO2/He (100 ml min�1) at 373 K.
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performed prior to the NO2 adsorption tests. Therefore, a direct
reaction between NO2 and H2O such as reaction (5) is not expected
following this pretreatment step due to insufficient levels of H2O. If
reaction (5) was favored, only the nitrate species would remain on
the surface of the zeolite. However, FT-IR measurements (see Sec-
tion 3.2.1) identified NO2 as the most abundant product on the sur-
face of the zeolites along with several other NOx species, thus
indicating that some adsorption reactions other than reaction (5)
should progress when our pretreatment methods are used. Szanyi
et al. [33] have investigated the effect of hydration on NO2 adsorp-
tion states over Na–Y and Ba–Y zeolites by means of spectroscopic
characterization. In the case of fully dehydrated zeolite, Szanyi
et al. [33] reported that the NO2 adsorption step proceeds via a
NO2 dimerization and disproportionation reaction:

2NO2 $ N2O4 $ NOþ þ NO�3 ð6Þ

Conversely, in the presence of H2O, Szanyi et al. [33] reports
that reaction (5) between NO2 and H2O occurs in addition to a reac-
tion between NO+ and H2O. Taking the above-mentioned results
into account, it is our expectation that in the case of our measure-
ment, (a) weak NO2 adsorption in the zeolite pore and (b) strong
NO2 adsorption that leads to NO evolution and/or disproportion-
ation reaction (6) will be mixed. Detailed adsorption states and a
detailed mechanism are discussed later in Sections 3.2 and 4.2,
respectively.
3.2. In situ FT-IR measurement

3.2.1. Static measurement of NO2 adsorption
To identify the adsorbed species, we first measured steady-state

IR spectra before and after NO2 adsorption. The NO2 adsorption
was performed at 373 K by flowing 0.2% NO2/N2 for 20 min. Spectra
were recorded for this step at 323 K under a N2 gas flow. Shown in
Fig. 2 are the spectra for H-ZSM-5 and CVD(0.61).

Four bands were observed for H-ZSM-5 in the OH stretching re-
gion (3850–3450 cm�1) (Fig. 2a). The bands seen at 3745, 3660,
and 3610 cm�1 are assigned to terminal silanols, OH groups associ-
ated with extra-framework aluminum, and a bridging OH group
(i.e., Brønsted acid sites), respectively [6,15,23,34,35]. The 3780-
cm�1 band was assigned to an OH group attached to a tricoordinat-
ed aluminum atom in the zeolite framework [23,34,36]. This alu-
minum atom provides a coordinately unsaturated site, since
some molecules are capable of adsorbing onto it, and thus results
in a perturbation of the band [36]. Also seen in the case of H-
ZSM-5 was a disappearance of the 3780 cm�1 band following
NO2 adsorption, indicating that NO2 affected the hydroxyl group
either directly or indirectly.

In the case of CVD(0.61), a new strong band at 3675 cm�1 was
observed that was assigned to OH groups linked with ion-ex-
changed Fe (Fe–OH) [23,34,35,37]. The 3610 cm�1 band obtained
on CVD(0.61) was smaller than that observed on H-ZSM-5 due to
Fe ion-exchange on Brønsted sites. The decrease in Fe–OH band
intensity following NO2 adsorption likely occurs as a result of the
OH groups on Fe becoming more disordered or replaced by NO2.

Following pretreatments, a characteristic structure is observed
in both H-ZSM-5 and CVD(0.61) spectra, in the NOx stretching re-
gion (2300–1500 cm�1) (dashed lines). These bands are assigned
to overtones and combination bands involving zeolite framework
vibration [15,38]. Three bands appeared for both samples following
NO2 adsorption (solid lines). The bands at 2140–2130, 1655–1635,
and 1590–1570 cm�1 are assigned to NO+ species, a NO2 group and
a nitrate group, respectively [13,22,23,35,39–41]. Due to the ab-
sence of any additional bands at 2250–2220, 1885–1860, and
1770–1740 cm�1, the formation of N2O, N2O3, and N2O4, respec-
tively, may be ruled out [13,35,40,41]. Clearly, the absorption
intensities of NO2 and nitrate groups in CVD(0.61) were stronger
than those observed for H-ZSM-5, which is in accordance with
greater total NOx adsorption on CVD(0.61) (see Fig. 1 and Table
1). Comparing each band position between the two samples, those
associated with Fe/ZSM-5 were slightly lower than those observed
for H-ZSM-5 (Dm � 20 cm�1), suggesting that the interaction
strength between the adsorbate and the substrate is different.

In the zeolite framework vibration (T–O–T) region, only one
band (820 cm�1) was seen for H-ZSM-5, whereas an additional
band at 915 cm�1 emerged with the CVD(0.61) sample. The band



Fig. 2. Steady-state FT-IR spectra before (dashed lines) and after (solid lines) NO2 adsorption over (a) H-ZSM-5 and (b) CVD(0.61). Pretreatment: 5% O2/N2 at 873 K;
measurement: N2 (200 ml min�1) at 323 K.
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at 820 cm�1 has been attributed to both internal and external sym-
metric T–O–T vibrations [22,23,40,42]. The band at 915 cm�1 is as-
signed to an internal asymmetric T–O–T vibration perturbed by
ion-exchanged Fe3+ (unperturbed ring bands appear at 1130–
1030 cm�1) [22,23,40,42]. When NO2 was introduced to
CVD(0.61), the perturbed band shifted to a lower wavenumber;
that is, from 915 to 905 cm�1 (Fig. 2b). This shift suggests that
ion-exchanged Fe3+ interacts with NO2 or with some other adsor-
bates derived from NO2 [22,23]. This is consistent with the Fe–
OH band (3675 cm�1) decreasing in intensity following NO2

adsorption. In contrast, the band at 820 cm�1 did not shift, which
corroborates previous reports that this band is unaffected by either
metal ion-exchange or molecular adsorption [22,23,40,42].

3.2.2. Transient time-resolved measurement of NO2 adsorption
To track transient changes of the adsorption species, time-re-

solved measurement under 0.1% NO2/N2 flow was carried out at
373 K. Shown in Fig. 3 are the difference spectra within the NOx

stretching region for both H-ZSM-5 and CVD(0.61) samples. In
the case of H-ZSM-5, three bands appeared that mimic ones ob-
served in the static measurement (Fig. 2a). These bands increased
rapidly when NO2 was introduced. For CVD(0.61), however, a
new band appeared at 1880 cm�1 (not observed in the static mea-
surement) temporarily during the first stage of NO2 adsorption,
and then decreased in intensity with the concomitant saturation
of the other three bands (2130, 1635, and 1570 cm�1) (Fig. 2b).
The new band at 1880 cm�1 was assigned to adsorbed NO species
[35,39–41]. The observation of adsorbed NO agrees well with the
NO evolution characteristics described in Section 3.1. That is, when
results of the NO2 adsorption test on H-ZSM-5 were compiled, the
quantity of NO evolution was found to be negligible (Fig. 1a), and
hence a NO peak was not observed (Fig. 3a). In the case of
CVD(0.61), a greater amount of NO evolution was recorded
(Fig. 1d) and temporal NO adsorption was also observed (Fig. 3b).

Fig. 4a shows the difference spectra in the region 3900–
2500 cm�1 acquired for CVD(0.61) at seven representative points.
The assignments of the three OH bands (3745, 3675, and
3610 cm�1) are the same as those observed in Fig. 2b. The band
at 3245 cm�1 is assigned to the first overtone band of 1635 cm�1

(see Fig. 2b), and that at 2605 cm�1 is assigned to a combination
mode of 1635 cm�1, with another mode (undetectable) at ca.
970 cm�1 [22,43,44]. The intensity profiles of the four bands
(3675, 3610, 3245, and 2605 cm�1) are presented in Fig. S2 in Sup-
plementary material. The bands at 3675 cm�1 (Fe–OH) and at
3610 cm�1 (Brønsted acid OH) decreased rapidly following the
introduction of NO2. Meanwhile, the bands at 3245 and
2605 cm�1 (NO2 related bands) began to increase at ca. 12 min.
This time-lag stems from differences in the corresponding adsorp-
tion species, as is discussed below.

Fig. 4b shows the difference spectra in the NOx stretching region,
and Fig. S3 in Supplementary material shows peak intensity profiles
of the four bands observed in Fig. 4b. Close inspection of the spectra
in Fig. 4b reveals that the bands at 1880 and 1635 cm�1 may each be
composed of two or more peaks, suggesting that there may possibly



Fig. 3. Time-resolved difference FT-IR spectra during NO2 adsorption over (a) H-
ZSM-5 and (b) CVD(0.61). Measurement condition: 0.1% NO2/N2 (200 ml min�1)
was introduced from N2 flow in 2 min at 373 K.

Fig. 4. Difference FT-IR spectra before and after NO2 adsorption of CVD(0.61) at
seven representative points along the timed-resolved measurement (a) in the
3900–2500 cm�1 and (b) in the 2300–1400 cm�1 region. Conditions are the same as
those reported for Fig. 3.
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be other species with slightly different chemical states [35], or
some dipole–dipole coupling between adsorbed molecules [45].
In general, however, the band at 1880 cm�1 (NO) appeared first, fol-
lowed by the bands for NO2 and nitrate at 1635 and 1570 cm�1,
respectively. The 1880-cm�1 band intensity reached a maximum
at ca. 9.5 min and then decreased with a concomitant increase in
the band intensities at 1635 and 1570 cm�1. After that, the band
at 1880 cm�1 disappeared when the signals for the other species
were near saturation.

To examine the relationships between the band intensity pro-
files in Fig. 4a and b, each band intensity was normalized at the
maximum or minimum intensity in the profiles. Fig. 5a shows nor-
malized profiles of bands at 2130 cm�1 (NO+) and 3610 cm�1

(Brønsted OH) that appear to be mirror images of each other, thus
indicating that NO+ adsorbed selectively onto the sites; that is,
Brønsted H+ was replaced by NO+:

Zeo�O—Hþ þ NOþ $ Zeo�O—NOþ þHþ ð7Þ

However, the absolute intensities of both bands were small (see
Fig. 4a and b) such that these species and the reaction (7) may be
considered as negligible when comparing to all other NOx adsor-
bates and their corresponding reactions.

Interestingly, the band at 2130 cm�1 decreased gradually with a
concomitant increase in the band at 3610 cm�1 after 20 min. One
reasonable explanation for this observation is that NO+ may react
with negatively charged species at the surface, such as oxygen
atoms, leading to the formation of nitrite groups ðNO�2 Þ that corre-
spond to signals near 1350 cm�1 [22,41,46]. However, signals orig-
inating from nitrite groups were not easily detected due to
interfering background signal caused by zeolite lattice vibration.
Hence, improving signal-to-noise in this region of the spectrum
would require that measurements be taken at low temperatures.

Normalized profiles of bands at 3675 cm�1 (Fe–OH), 1880 cm�1

(NO), 1635 cm�1 (NO2), and 1570 cm�1 (nitrate) are shown in
Fig. 5b. A maximum point at 1880 cm�1 (ca. 9.5 min) is generally
consistent with an ending point having a sharp decline at
3675 cm�1, suggesting that the decrease in Fe–OH is strongly re-
lated to NO adsorption on the Fe sites. At approximately that time,
the bands at 1635 and 1570 cm�1 began to increase in intensity.
The increasing profiles of bands at 1635 and 1570 cm�1 and the
decreasing profile of the band at 1880 cm�1 occurred in a symmet-
ric fashion, thus indicating that adsorbed NO was replaced by NO2.
The assignments of the bands at 1635 and 1570 cm�1 are discussed
in more detail in Section 4.2.

A limitation of the FT-IR measurements described in Section 2.3
is the inability to distinguish NO originally formed at the bottom of
the sample (upstream) versus that formed at the top of the sample
(on site). Since our experiments were designed to be set up as an
integral reactor, and all measurements arise solely from the top



Fig. 5. Normalized peak intensity profiles associated with the bands in Fig. 4. (a)
Comparison of the bands at 2130 and 3610 cm�1 and (b) comparison of the bands at
3675, 1880, 1635, and 1570 cm�1. Normalization was conducted at the maximum
or minimum intensity point to each band.

Fig. 6. (a) T–O–T region spectra of CVD(0.61) after subtraction of background at
seven representative points on time-resolved measurement. (b) Second derivatives
of time-resolved spectra after application of a background subtraction and
smoothing operation.

M. Iwasaki, H. Shinjoh / Journal of Catalysis 273 (2010) 29–38 35
of the sample, we hypothesize that the majority of measured NO
originates from the bottom of the sample, and then migrates up-
ward (downstream) within the sample. Avoiding this limitation
would require the use of a differential reactor combined with high-
er time-resolved analyses [47,48].

Fig. 6a shows the difference spectra in the T–O–T region. The
band at 825 cm�1 remained unchanged during supply of NO2,
whereas the perturbed band at 920 cm�1 was split into lower
and higher bands (ca. 9 min): an increasing red-shifted band at
905 cm�1 and a decreasing blue-shifted band at 935 cm�1. It has
been reported that the position of the perturbed band is dependent
upon the Fe oxidation state and/or on molecular adsorption
[22,23,40,42].

To characterize the perturbation behavior in more detail, we
conducted a smoothing operation and then differentiated the spec-
tra at two separate times. This second-derivative analysis is often
applied to a minute investigation of spectrum peaks [35]. Fig. 6b
shows the result of mapping the second-derivative spectra against
time. First, at 4–7 min, the perturbed band shifted slightly to a
higher wavenumber. Then, a strong blue-shifted band and a weak
red-shifted band appeared (ca. 8 min). This was followed by an in-
crease in the red-shifted band and a concomitant decrease in the
blue-shifted band (8–14 min).

The blue-shifted band (935 cm�1) is caused by adsorbed NO as
determined from its time range (5–15 min), and the strongest
point (ca. 10 min) agrees with the intensity profile of the adsorbed
NO band (1880 cm�1) in Fig. 5b. The red-shifted band (905 cm�1)
appeared at approximately 8 min and increased sharply up to
15 min (Fig. 6a and b), agreeing with the behavior of the adsorbed
NO2 (1635 cm�1) and nitrate (1570 cm�1) bands in Fig. 5b.

As for the blue-shift of the perturbed T–O–T band, Gao et al. [40]
and Mauvezin et al. [42] observed that the band shifts to a higher
wavenumber when the preoxidized Fe/ZSM-5 is reduced. Also, Gao
et al. [40] investigated changes in the perturbed band following NO
adsorption on preoxide samples. Close inspection of the spectra
presented by Gao et al. [40] indicates that the band position under
NO adsorption is blue-shifted when compared to the preoxide
state. Additionally, it has been reported that Fe3+–OH species are
reduced by NO, even at low temperature, over Fe/ZSM-5 [35], Fe/
BEA [49], and Fe/FER [50] by FT-IR analysis. Xia et al. [14] recently
proposed NO treatment over Fe/ZSM-5 can remove hydroxyl
groups bound to the binuclear Fe3+ sites leading to the formation
of binuclear Fe2+ sites. In summary, these findings suggest that
the Fe electronic state or the surrounding bonding state is modified
by the interaction of Fe with NO, which causes the blue-shift of the
perturbed band.

As for the red shift of the perturbed T–O–T band, Gao et al. [40]
investigated changes in the band following NO + O2 adsorption.
Their spectra show that the band position under NO + O2 adsorp-
tion is slightly red-shifted when compared to the preoxide state.
Furthermore, we have previously reported that the perturbation
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band shifts to a lower wavenumber (red shift) due to NO2 adsorp-
tion and hypothesized that the oxidation state and/or coordination
state of Fe should be changed compared to the preoxidized state
[22,23]. A similar conclusion was reached using EXAFS studies of
an N2O adsorption system [51,52], where measurement of the
Fe–O bond length is suggestive of a higher Fe oxidation state fol-
lowing N2O treatment (Fe(3+d)+) than is the case following O2 treat-
ment (Fe3+).

3.3. NO2-TPD

NO2-TPD was carried out following the NO2 adsorption test de-
scribed in Section 3.1. Fig. 7 shows the NO2-TPD spectra of several
samples. We have previously reported that the TPD spectra of Fe/
ZSM-5 have two distinct peaks [23]: a low-temperature (LT) peak
that is essentially independent of Fe content (Fig. 7) and a high-
temperature (HT) peak that is strongly affected by the preparation
methods (i.e., Fe ion-exchange efficiency) according to the follow-
ing : CVD > RSIE > Imp [23]. The LT peak has been assigned to
weakly adsorbed NOx in the zeolite channel, and the HT peak to
chemisorbed NOx bonded to ion-exchanged Fe sites [23].

The amounts of NOx desorption are listed in Table 1 and are rel-
ative to both the HT peak and the total NOx desorption for the com-
plete range of temperatures. Interestingly, the total NOx desorption
amount using NO2-TPD is lower than the total adsorption amount
for each sample tested. This observation is likely due to the contri-
bution of reversible adsorption of NO2. From Table 1, the reversible
adsorption rate of NO2, under 0.45% NO2/N2 partial pressure, ac-
counted for 17–32% of the total adsorption amount. For example,
Despres et al. [24] quantified both adsorption and desorption of
NO2 on Cu/ZSM-5 at 473 K, resulting in 165 lmol g�1 of total
adsorption versus only 116 lmol g�1 of total desorption measured
by TPD, suggesting that approximately 30% reversible adsorption
had occurred. For the samples tested in our studies, a wide range
of reversible adsorption rates were measured owing to the use of
different preparation methods and varying Fe contents [23], ulti-
mately leading to the incorporation of varying amounts of FexOy

small particles that inevitably affect zeolite micropore distribution.
4. Discussion

4.1. Relationships between NO evolution and HT peak

Shown in Fig. 8 is a plot of the amount of NO evolution versus
the HT peak from the NO2-TPD test. The NO evolution amount
has a strong correlation with the HT peak, suggesting that the
Fig. 7. NO2-TPD spectra of H-ZSM-5 and several Fe/ZSM-5. Sample weight: 400 mg,
flow rate: 100 ml min�1, heating rate: 10 K min�1.
NO evolution occurs on the ion-exchanged Fe sites. This agrees
well with the FT-IR results in Section 3.2. However, the Imp sam-
ples had certain amounts of HT peak despite having negligible
amounts of NO evolution, while elevated levels of NO evolution
and a large HT peak were observed for the RSIE and CVD samples.
This implies that some specific structure among the ion-exchanged
Fe sites should be active and should be formed only within a high-
Fe-exchange region. We hypothesize such a region to be oligomeric
structures on the ion-exchange sites, including an Fe binuclear
structure, since it has already been reported that these species
are formed when the Fe exchange rate exceeds a certain threshold,
while isolate species mainly dominate in low-exchange regions
[8,52,53]. In fact, the degrees of ion-exchange for the Imp samples
are significantly lower than those for the RSIE and CVD samples
(the major species in the Imp samples is the Fe2O3 particle outside
of the zeolite pore) [23].

To obtain a more quantitative analysis, we calculated the ratio
of the amount of NO evolution to the HT peak amount (Fig. 9).
For the RSIE and CVD samples, all ratios fall within the range
0.4–0.6. If we assume that essentially all exchanged sites are binu-
clear, and since the HT peak has been assigned to the number of ex-
changed Fe sites, it may be expected that one NO molecule evolves
from one binuclear site. The slight rise in ratio with increasing HT
peak may be due to the contributions from minor species; that is,
the existence of monomer on the side in smaller amounts and of
trimer on the side in larger amounts.
4.2. Active site and NO evolution mechanism

In the previous section, we inferred that NO evolution occurred
at the oligomeric structures on the ion-exchanged sites, such as
binuclear Fe. Several researchers have insisted that binuclear Fe
should be the active species for N2O decomposition [14,17,19] or
HC oxidation [8–10]. In addition, highly reactive oxygen on the
binuclear site has been a contentious topic for some reactions stud-
ied to date [11,12,37,52]. For this reason, several studies have been
performed to understand how highly reactive oxygen is generated
and its role in these reactions. Nobukawa et al. [8,34,52] studied
the N2O reduction reaction with CH4, using several characteriza-
tion techniques. They reported that the binuclear Fe sites have a
vacancy site between two Fe ions and that the active ‘‘nascent oxy-
gen” atom (O�(a)) may be generated at this site following N2O dis-
sociation. The existence of vacancy sites has been also proposed by
Fig. 8. Relationship between the NO evolution amount from the NO2 adsorption
test (see Fig. 1) and the HT peak amount associated with the NO2-TPD test (see
Fig. 7).



Fig. 9. Relationship between the ratio of NO evolution to HT peak and the HT peak
amount.
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other groups [54]. Nobukawa et al. [52] claim nascent oxygen plays
an important role in activating CH4, yet has a short lifetime and is
converted rapidly to inactive species, such as the ‘‘accommodated
oxygen” atom (O(a)).

In summary, we propose a NO evolution process as presented in
Scheme 1a. First, the Fe–OH species and bridging vacancy sites are
available following pretreatment. The former statement was con-
firmed by FT-IR spectra (Fig. 2b), while the latter one was specu-
lated on after EXAFS analysis [8,52,54]. Second, when NO2 is
introduced, NO and bridging oxygen are produced from the decom-
position of NO2, and then NO is temporarily adsorbed onto the Fe
sites. Third, adsorbed NO is then evolved with accompanying sub-
stitution of follow-on NO2.

Scheme 1a is definitely the key scheme to describe the NO evo-
lution reaction on the Fe sites, although it should practically take
place only at an upstream position in the catalyst bed. As for the
downstream position where in situ FT-IR monitored, on the other
hand, Scheme 1b would mainly progress. First, NO generated orig-
inally at the upstream position flows into the downstream and
then adsorbs onto the Fe sites. This can be explained by the appear-
ance of NO bands with the concomitant disappearance of the Fe–
OH band (Fig. 5b) as well as an observed shift of the perturbed
T–O–T band to higher wavenumber (Fig. 6b). Second, follow-on
NO2 is replaced with adsorbed NO and decomposes to produce
bridging oxygen with the same step as Scheme 1a. This was in-
ferred from the symmetric fashion of NO and NO2 profiles (a) on
the NOx outlet concentrations (Fig. 1d); (b) on the NOx stretching
bands (Fig. 5b); and (c) on the perturbed T–O–T bands (Fig. 6b).
Scheme 1. Representation of the NO evolution mechanism with NO2 adsorption ove
This exchange reaction between NO and NO2 implies that the
adsorption equilibrium constant for NO2 is larger than that for
NO, as supported by previous SCR kinetic studies performed in
our laboratory under fast SCR conditions [21]. Furthermore, previ-
ous NO2-TPD kinetic studies performed in our laboratory measured
the desorption energy of NO2 from Fe sites at 138 kJ/mol [22], a rel-
atively large value comparable to that measured for NH3.

Overall, Scheme 1 shows that three NO2 molecules are con-
sumed to produce one NO molecule. This ratio agrees well with
the results in the presence of H2O [20,25,29]. Also, Scheme 1 states
that the ratio of NO evolution to NO2 adsorption on the Fe sites is
0.5, which is supported by the results reported in Fig. 9, where ra-
tios of NO evolution to HT peak intensity were nearly 0.5. The same
stoichiometry was observed on different materials such as Cu/
ZSM-5 [24] and BaO/Al2O3 [26,27]. Considering the general chem-
istry of NO2 adsorption, we believe that it is essential for active
species to possess not only the NO2 decomposition ability but also
a property that can accommodate the atomic oxygen generated,
such as Fe–h–Fe as in the case of Fe/zeolite. For Cu/ZSM-5, Despres
et al. [24] explained the mechanism by assuming Cu dimer species.
In the case of BaO/Al2O3, Nova et al. [26] mentioned the formation
of Ba peroxide (BaO–NO2 ? BaO2 + NO) as an intermediate step in
reaction (3).

On the possibility of N2O4 formation, although it was not de-
tected in our experiments, we cannot rule out NO2 dimerization
during the adsorption process for the following reasons: First, un-
der room-temperature or lower-temperature conditions, adsorbed
N2O4 over Fe/ZSM-5 has been observed in several studies
[13,35,40,41]. Second, in many oxide systems, including zeolites,
NO2 adsorption is considered to proceed via dimerization and dis-
proportionation reactions (7) [13,22,46,55,56]. Third, NO2 desorp-
tion from Fe/ZSM-5 is a second-order process, suggesting that
the reverse reaction of NO2 dimerization or other types of NO2–
NO2 interaction participate in the overall desorption process [22].
In summary, it is reasonable to assume that dimerization of NO2

may proceed through unstable N2O4, which is undetectable due
to its very short lifetime.

During NO2 adsorption, the principal NOx adsorbates observed
were the NO2 group (1635 cm�1) and nitrate species (1570 cm�1)
(Fig. 4b). However, normalized intensity profiles for both bands
were completely consistent with each other (Fig. 5b). A similar
observation has been reported by Poignant et al. [44] for Cu/
ZSM-5 under NO + O2, where a good correlation was found be-
tween bands at 1625 and 1565 cm�1 with varying NOx partial pres-
sure. As such, Poignant et al. [44] concluded that these bands arise
from only one species. From this, we assume that the bands at
1635 and 1570 cm�1 may also be strongly related to each other.
If this is the case, we can expect that NO2 and nitrate are in an equi-
librium state via bridging oxygen, as described in Scheme 2.
r the Fe sites at (a) upstream and (b) downstream positions in the catalyst bed.



Scheme 2. Proposed equilibrium state of NO2 adsorption on the Fe binuclear site.
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However, further verification into the validity of Scheme 2 would
require more rigorous IR studies using, for example, isotopic label-
ing [57], pulse response analyses [47,58], equilibrium pressure
dependence [9,13,35], or higher-resolution IR techniques [48].

5. Conclusions

The NO evolution reaction following NO2 introduction was
investigated using a series of Fe/ZSM-5 catalysts prepared using
different methods and composed of varying Fe content. NO evolu-
tion amounts from H-ZSM-5 and Fe/ZSM-5 prepared by the Imp
method were very low, whereas a greater amount of NO evolution
was observed using Fe/ZSM-5 prepared by the RSIE and CVD meth-
ods. This indicated that NO evolution is strongly correlated to the
ion-exchanged Fe sites. Thus, we tracked the reaction by means
of in situ FT-IR spectroscopy. Time-resolved measurement sug-
gested that NO was created on the ion-exchanged Fe site. The new-
ly generated NO was temporarily adsorbed onto the zeolites and
then desorbed with accompanying substitution by follow-on
NO2. Comparison with HT peak intensities on NO2-TPD, which
are related to the amounts of ion-exchanged Fe, indicated that
NO evolution was strongly correlated with the HT peak intensities.
In the RSIE and CVD samples, the amount of NO evolution was
nearly half as much as that associated with the HT peaks. From
this, it may be concluded that one NO molecule evolves from one
binuclear site, provided that the majority of the exchanged Fe on
the RSIE and CVD samples are binuclear. Accordingly, the NO evo-
lution mechanism may be described as follows: NO2 is decom-
posed into NO and atomic oxygen over the Fe sites, which are
probably oligomeric structures, including the Fe binuclear; decom-
posed oxygen occupies vacancy sites between Fe ions and acts as a
chemical bridge; newly generated NO becomes temporally ad-
sorbed onto the Fe site followed by its replacement with NO2. In
summary, this study demonstrates a general picture of an NO evo-
lution mechanism by NO2 introduction over Fe-loaded zeolites and
provides a more detailed physicochemical understanding of the
nature of ion-exchanged Fe sites, which are vital components of
many reactions on Fe-zeolite catalysts.
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