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Abstract

The in situ interaction of nitric oxide (NO) gas on the cerium framework-substituted ZSM-5 and mordenite zeolites was studied by FT-IR
spectroscopy. Samples of ZSM-5 and mordnite-containing cerium (7.5 wt.% expressed as CeO,) have been hydrothermally synthesized from
starting gel upon which the introduction of cerium is being made during synthesis of zeolites. The morphological and textural characteristics
of cerium-free and cerium-containing zeolites were studied using XRD, FT-IR in the T-O range, and N, adsorption at —196 °C. The results
revealed that the insertion of cerium in both zeolites led to a decrease in their degree of crystallinity. Such a decrease was 36% for Ce-ZSM-5
while it was 18% for Ce-mordenite. The results indicated a significant decrease in nitrogen sorption capacity (BET) by 31% from 624 to
431 m*/g and also a decrease of the micropore volume by 27.8% from 0.579 to 0.418 cm*/g for Ce-ZSM-5. These results were found on the
other extreme in case of Ce-mordenite. The presence of Ce did not affect the cell volume of ZSM-5 much, while it increased that of mordenite.
Most of Ce' ions were embedded in the framework of mordenite, where they exposed as extra-framework CeO, and cerium silicate in ZSM-
5. The in situ interaction of NO on Ce-zeolites was studied using an FT-IR quartz cell. The adsorption of NO gas led to the formation of a series
of nitrosyl species: N,O (2245 cm™"), NO* (2160 cm™"), NO (1910 cm™"), N,O5 (1880, 1580 cm™"), (NO),, o5 (1844, 1734-1720 cm™ 1),
NO, (1630 cm™") and ionic compounds were stable upon evacuation, i.e. nitrato and nitrito NO,~ (x = 2-3) (1300-1500 cm™ ). Such nitrosyl
complexes were favorably formed on Ce-ZSM-5 than on Ce-mordenite due to facilitated intervention of the cerium couple (Ce™/Ce') on the
former than on the latter.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Ce-mordenite; Ce-ZSM-5; FT-IR investigation; NO adsorption

1. Introduction

The applications of zeolitic microporous materials in a
diversity of chemical reactions have resulted in the
development of new creation molecular sieves with different
structures. The chemical composition, structure and extra-
framework cations of the zeolite significantly affect the
molecular adsorption—interaction with the zeolitic active
sites, thus strongly influencing the catalytic properties of the
zeolitic material [1-3]. An approach to achieve this goal is
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the isomorphous substitution of Al or Si in the zeolite
framework by other atoms to prepare modified zeolites
having new physicochemical and catalytic properties, which
becomes an important research subject in the field of zeolitic
chemistry [4].

Noble metals such as Rh, Pt and Pd are used for the
catalytic decomposition of toxic gases like NO, CO and SO,
released into the atmosphere from industrial and automobile
exhaust sources. With an increase in global air pollution,
efforts are being made to obtain more effective catalytic
materials such as transition metal oxides in zeolites [5,6].
Actually the interaction of d-block transition metals with
NO often involves a d-electron and/or an empty d-orbital,
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which leads to the formation of metal nitrosyls [7]. This
species is supposed to be susceptible to decomposition
depending on the mode of d-transition metals for NO
coordination.

Cerium oxide, which is one of the important components
of automotive and industrial exhaust catalyst, is active for
NO, removal, oxidation of CO and hydrocarbons and
hydrogenation as well acts as oxygen storage in the lattice of
cerium oxide [8]. The surface area and the type of active
sites/species, however, are important factors in deciding the
catalytic activity of a material. Because of the limitations in
the surface area of cerium oxide, a high surface cerium-
containing catalytic material using cerium-exchanged
zeolites has been developed [9,10]. Yet, a little has been
published on the application of Ce-zeolites as selective
catalysts for the reduction of NO, compounds. This was
attributed to difficulties arisen due to a possible loss in the
degree of crystallinity of Ce-exchanged zeolites during the
exchange process [9,10], decreasing the thermal stability of
zeolite, and the probability of forming CeO, segregates
appear as clusters after calcination [11,12]. Consequently, it
was required to incorporate Ce into the framework of
mordenite and ZSM-5 as a result of the isomorphous
substitution of Al by Ce, which can be obtained from starting
gel. Cerium cation is known to show redox properties (Ce'"/
Ce"), that can possibly account for a distinguished NO
oxidation capacity of Ce-zeolite at low temperatures. The
interaction of molecular species with active metal sites is
usually studied with nitric oxide probe molecule using the
FT-IR technique. In the present paper, the adsorption—
interaction of NO with the active cerium species in the ZSM-
5 and mordenite catalysts was compared.

2. Experimental
2.1. Materials

The materials used were: silicic acid powder, sodium
hydroxide pellets (AR 98%), aluminum sulfate [Merck,
Al>(SO4)3-16H,0], o-phenylendiamine (Merck), Cerium
nitrate [Ce(NO3)3-6H,0 98%] and commercial H,SO,.

Details concerning methods of preparation of mordenite,
ZSM-5 and Ce-containing relevant zeolites have been given
elsewhere [13]. The amount of encapsulated Ce in zeolitic
substrates during their synthesis was 7.5 wt.% and expressed
as CeO,. The samples were referred to as CeM;, and Ce-
ZSM-5;, for Ce in mordenite and Ce in ZSM-5, respectively.

2.2. Experimental techniques

The X-ray diffractograms of various zeolitic samples
were measured by using a Philips diffractometer (type PW
3710). The patterns were run with Ni-filtered copper
radiation (A = 1.5404 A) at 30kV and 10m A with a

scanning speed of 26 = 2.5° min ",

In situ FT-IR spectra of the samples were recorded with
JASCO single beam FT-IR 5300 spectrometer with 50 co-
added scans at 2 cm ™' resolution. The sample was pressed
into a self-supporting wafer and mounted in a quartz infrared
cell with CaF, windows. The cell was connected to a closed
circulating pyrex system with a dead volume of 301 cm? that
is capable of reducing pressure to 10~° Torr. The vacuum
system was equipped with a vacuum gauge by which the
experiments were conducted when the vacuum leveled to
1077 Torr. The infrared cell was equipped with an electric
furnace and the sample temperature was adjusted by using
the temperature controller connected to a thermocouple
made of nickel chrome. The IR sample was prepared by
pressing the catalyst powder grounded in an agate mortar to
a wafer of ca. 30 mg cm®~. All IR spectra were collected at
room temperature and presented by subtraction from the
corresponding background reference.

The IR spectral changes due to adsorption of NO on CeM
and Ce-ZSM-5 samples in the region of 2500-1300 cm ™'
were evaluated. As a typical experiment the sample was
thermally treated at 300 °C for 3 h under a reduced pressure
of 107> Torr prior to admitting NO (50 Torr) gas at room
temperature.

The reduction of catalyst samples was carried out by
heating the wafer in H, atmosphere (50 Torr) for 30 min at
500 °C. A liquid nitrogen trap was installed to prevent
reoxidation of sample by evolved water. Following this, the
system was evacuated for 15 min to remove gaseous
hydrogen at the same temperature.

The nitrogen adsorption isotherms were measured at
—196 °C using a conventional volumetric apparatus. The
specific surface area was obtained using the BET method.
The micropore volume and the external surface area were
obtained from the 7-plot method.

3. Results and discussion
3.1. XRD and surface properties

The X-ray diffractograms of pure zeolites, Ce-M;, and
Ce-ZSM-5;,, are shown in Fig. 1. XRD patterns did not
confirm the presence of CeO, species in Ce-M;j, but a little
crystalline feature of this phase in Ce-ZSM-5;, at
26 =25.850, 39.480 and 42.440 are depicted, in addition
to a broad line at 260 =26.63 characteristic of a-quartz
(Si30¢) phase. Furthermore, both the diffractograms of
zeolite samples include small diffraction peaks character-
istic for cerium silicate [Ce,(Si,O7)] [14]. It seems that
cerium is well suited in CeM;, rather than in Ce-ZSM-5;,,.
The noticed decrease in crystallinity of zeolite samples
following cerium incorporation could be due to a possible
destruction of some frameworks during synthesis, due to the
bulky size of cerium ions compared with that of Na ones.

The BET surface area of cerium-free mordenite (289 m?/ g)
was lower than that of CeM,, (331 m* g_l). Besides, the
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Fig. 1. X-ray powder diffraction patterns of synthesized zeolites and after
incorporation with CeO,.

total pore volume of the latter (0.322 cm*/g) was higher than
that of the former (0.285 cm3/g) (Table 1), indicating the
involvement of cerium in the framework of mordenite
zeolite.

The V,_, plot of CeMj,, at p/ p° =0.35-0.85, indicates an
upward ¢ deviation starting at 4.3 A and extended up to
11.5 A, whereas that of cerium-free mordenite showed an
upward deviation starting at ¢ =5.3 A (Fig. 2). This result
demonstrates widening of the pores in the former sample
compared with the latter one, together with the absence of
pore blockage due to oxide formation as has been confirmed

v-.nls. (ml ,g)

tA)

Fig. 2. V,_, plots of synthetic mordenite sample and modified by CeO,.

from XRD analysis. This result was confirmed from the
increase in total pore volume (V,) of wide pores (V;V id) from
0.0575 cm?/g in mordenite to 0.0746 cm’/g in CeM;,. The
unit cell volume of CeM;,, was found to be higher than that of
mordenite reflecting the well incorporation of cerium in the
framework of mordenite (Table 1).

On the other hand, the BET surface area of Ce-ZSM-5;,
(431 m’ gfl) was lower than that of cerium-free ZSM-5
(624 m*/g) (Table 1), implying blocking of some pores of
ZSM-5 with CeO, and Ce,(SiO;) species. The revealed
decrease of V,, in Ce-ZSM-5;, (0.418 cm®/g) compared with
that in ZSM-5 (0.579 cm®/g) supports the latter suggestion.
Indeed, the unite cell volume was found to be lower in Ce-
ZSM-5;, than that in ZSM-5 (Table 1), signifying the
presence of CeO, and/or cerium silicate species inside the
ZSM-5 channels. In addition, the V,_, plot of the Ce-ZSM-
5in sample (Fig. 3) showed a non-defined upward deviation
followed by an earlier downward deviation at =8 A if
compared with that of CeM;,, giving a clue about the pore
blockage in Ce-ZSM-5;,.

3.2. Framework structure

Infrared spectra of the zeolite lattice vibrational modes
observed between 450 and 1300 cm ™! were recorded for the
different samples (Fig. 4). As it can be seen, the bands
associated with the structural tetrahedra in mordenite,

Table 1
Surface characteristics, unit cell parameters and degree of crystallinity of different zeolite samples investigated
C* (%) V(A® Cell parameters A) Microporosity  r Vp‘;’id v,g* ytotal gwid sext N SBET Samples
. PR (%) A (em¥y) (m¥p) (emg @7y @7 (m%g) (mYg)
100 2797 7.536 2797 18.022 94 25 0.0575 0.268 0.285 64 30 307 289 Mordenite
78 2946 7.661 2947 18.838 77 24 0.0746  0.247 0.322 77 38 254 331 Ce-mordenite
100 5350 13.413 5350 19.041 83 23 0.0973 0.481 0.579 105 50 519 624 ZSM-5
64 5322 13.364 5322 19.8522 85 24 0.0634 0.354 0.418 66 30 365 431 Ce-ZSM-5

* The values of C given in this column refer to the degree of crystallinity of zeolite samples investigated and considered as 100% for the cerium-free samples.
The peak height of the main diffraction line of zeolite sample was considered as a measure of its degree of crystallinity.
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Fig. 3. V,_, plots of synthetic ZSM-5 sample and modified by CeO,.

namely T-O in five-membered rings (582 cm™ "), and AI-O
vibrations belonging to alternate SiO, and AlO, tetrahedra
and/or single four-membered rings (629—640 cmfl) [15] are
retained in CeM;, which reflects the intact structure of the
zeolite framework following Ce incorporation. The absorp-
tion band at 720 cm™ ' in the spectrum of CeM;j, due to
isolated AlO, tetrahedra in four-membered rings was shifted
downward to 693 cm™'. However, the coexistence of a broad
band at 800 cm™' due to symmetric T-O stretching
vibration of the aluminosilicate lattice in M and CeM;,
indicates that dealumination of the mordenite lattice after
inclusion of Ce must be excluded. Such dealumination
requires, in contrast, upward shift of this band to higher
frequencies as well as an increase in its intensity [16].
However, the devoted increase in wavenumber of the T-O
asymmetric stretching vibration at 1078 in M to 1089 cm ™'
in CeM;, was due to substitution of Al by Ce that was
intentionally performed during the synthesis process.

The spectrum of Ce-ZSM-5;, showed some variations
from that of cerium-free ZSM-5, in the sense that v, T-O at
1088(1092) cm~' was markedly decreased in intensity
together with the one at 1224 cm™' assigned to the same
mode vibration after cerium incorporation. This indicates
that some deformation of aluminosilicate lattice is demon-
strated for this sample. Such deformation did not occur in
CeM;, plausibly due to the larger pore windows devoted for
the mordenite structure that accommodate Ce atoms. The
small bands simultaneously delivered at 694 and 622 cm ™"
in the spectrum of Ce-ZSM-5;, are most likely due to cerium
silicate species. This observation is associated with the
increase in the absorption at 796 cm ™! thus exposing more
unshielded Al-O bonds to vibrate in the T-O linkages.
These consequences are confirmed by the observed lower
value of micropore volume of Ce-ZSM-5;, than that of Na-
ZSM-5, implying the presence of some amorphous
structures inside ZSM-5 channels.

3.3. Adsorption of NO on Na-ZSM-5

Fig. 5 shows the in-situ FT-IR spectra of NO adsorbed at
room temperature on Na-ZSM-5 (dehydrated at 300 °C) in
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Fig. 4. FT-IR spectra of zeolites and Ce/zeolites samples.
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Fig. 5. FT-IR spectra of NO adsorbed on Na-ZSM-5 at room temperature:
(a) in the presence of NO gas phase (50 Torr), (b) after (a) evacuation at
room temperature and (c) evacuation at 50° following NO (50 Torr)
adsorption at room temperature.

equilibrium with 50 Torr of NO at room temperature, after
evacuation at room temperature and at 50 °C. The adsorption
of NO showed intense bands at 1902, 1873 and 1860 cmfl,
moderate intense ones at 1720, 1680 and 1639 cm™! in
addition to small bands at 2240 and 2000 cm . In the 1300
1200 cm ™! region, bands at 1290 and 1220 cm™ " appeared
as well. The spectral features at 1873 and 1860 cm ™' are due
to V(N-O) symmetric in (NO),, and that at 1720 and
1680 cm™' to v(N-O) asymmetric vibration of the same
species, in conformity with those identified by Yoshinobu
and Kawai (1865, 1859 cm_l) of NO adsorption on
aluminum oxide supported palladium [17]. The
1902 cm ™' band has been observed by many authors for
NO, sorption and has been attributed to N—O vibration in
NO bound to coordinatively unsaturated site (cus) [18]. The
band at 2240 cm ' is attributed to the stretching vibration of
N-N in N,O species inconsistent with the assignment made
for the same species on NaY zeolite (2240 cmfl) [19,20].
The occurrence of N,O species is ascertained by the band at
1290(1220) cm ™" that assigned to v(N-O) species in N,O in
conformity with that depicted previously on NaY [21]. The

absorption band at 1639 cm ™' can be assigned to adsorbed
NO, species [21].

Upon evacuation of the system at room temperature,
reversibly attached species at 2240 cm™' disappeared
together with those at 1902, 1860, 1720 and 1680 cm !
leaving less intense bands at 1984, 1881 and 1636 cm
Warming up the temperature to 50 °C decreased the NO,
(1640cm™") band with the bands occurring at
1881(1870 cmfl) of adsorbed dinitrosyls (NO),. The bands
at 2240 and 1270 cm ™' of chemisorbed N,O species on
ZSM-5 surface were simultaneously delivered. The presence
of N,O species at 50 °C was a result of NO disproportiona-
tion. Thus, it can be concluded that NO reacts to form (NO),,
N,O and NO, adsorbed species on ZSM-5.

3.4. NO adsorption on Ce-ZSM-5;,

Fig. 6 shows the IR spectra of the NO adsorption (50 Torr
equilibrium pressure) at room temperature on dehydrated
Ce-ZSM-5;, (300 °C, 3 h). The spectra monitored after gas
admission, evacuation at room temperature and 50 °C. Small
bands produced at 2240 and 2225 cm™', which appeared
parallel to those at 1287 and 1225 cm ™" are attributed to
N,O species. The medium band at 1877 cm ™' and a small
hump at 1580 cm ™" are caused by adsorbed N,Oj species,
and the band at 1645 cm™ ' assigned to Ce**-NO,. These
assignments are in good agreement with those published
previously [22,23]. The small bands at 1580, 1520 and
1491 cm ™" are locating in the region of typical bi- and
monodentate nitrato (NO3 ™) species [24,25].

The presence of N,O and NO5 ™~ suggests a disproportio-
nation of NO with the formation of adsorbed NO,
(1645 cm™") species. Disproportionation of NO was
reported over a variety of metal ions in zeolites, e.g. Cu-
ZSM-5 [26] and Au-Y [27] at room temperature. The
observed activity may be accounted for the enhanced
polarization due to electrostatic potential associated with the
presence of metal cations with a high valence state in zeolite,
ie. Ce"" (n=3-4) [28]. In addition, metal ions could also
offer adsorption sites for NO, for instance in the form of an
oxygen-coordinated hyponitrite ion (N,O,)*~, which is
subject to decomposition into N,O over CeO, [29]. An
alternative explanation for the presence of N,O might be
derived from the N,O3; complex (1877 and 1580 cm™ ),
which could be explained by following scheme:
Ce!V(N,03) + NO — Ce!Y(NO3) + N,0
The evacuation of sample at room temperature led to an
overall decrease of the absorptions due to less stable N,O
species with the eruption of a tiny peak at 2160 cm™
assigned to NO* [30]. Ce'" is a strong oxidant, and might
well oxidize NO to NO™ as can be described below:

NO + Ce!V — ce''(NO)*
NO™ would be present as nitrite ion, which is known to act as

NO* donor in nitrosition [31]. Another source of NO" is the
ionization of N,O5 into NO* and NO, . However, the N,O5
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Fig. 6. FT-IR spectra of NO adsorbed on dehydrated Ce-ZSM-5;,,: (a) in the
presence of NO gas phase (50 Torr), (b) after (a) evacuation at room
temperature and (c) evacuation at 50° following NO (50 Torr) adsorption
at room temperature.

band at 1877(1580) cm ™! is much decreased in intensity
(Fig. 6b), in favor of an intense doublet at 1416 and
1381 cm ™', indicative of nitrito (oxygen-coordinated nitrite
ion: ONO™) species [32]. Simultaneously, a small hump due
to NO* at 2160 cm ' appeared. The 1645cm ' band
(Fig. 6a) was developed as two bands at 1665 and
1624 cm™! (Fig. 6b), which could be due to NO, attached
to Ce in different coordination sites. The absorptions by
nitrate or/and nitrite ions in general, will be referred to as
NO,” (x=2 or/and 3). The NO,™ (x =2 or/and 3) species
most probably is attached to cerium cations as a result of
absence of these bands on the cerium-free ZSM-5 sample.

Raising the evacuation temperature to 50 °C did not lead
to significant spectral changes except the Ce**-N,O bands
was shifted from 2245 to 2285 cm ™! (Fig. 6¢) and small
spectral features related to NO (1987 and 1946 cmfl) were
coherently present. Besides, a new band at 1713 cm ™' due to
Ce,>*-(NO), asymmetric species was developed [33]. The
doublet grew at 1422 and 1387 cm ™' (NO, ") with the band

at 1626 cm~! (NO,) showed stability towards evacuation.
These nitrosyl complexes may be depicted as a consequence
of disproportionation of NO to NO, on Ce-ZSM-5;,. It is
likely that NO, production at low temperatures proceeded
efficiently only with the aid of redox couple (Ce™/Ce")
[34]. The NO, production observed with Ce-ZSM-5;,, was in
line with that reported with Ce-ZSM-5 [34]. The dinitrosyl
cerium complex is likely to be occurred as a result of
interaction of adsorbed NO with NO in the gas phase, which
subsequently converted to an unstable Ce™-N,O and O-
adsorbed species.

3.5. NO adsorption on prereduced Ce-ZSM-5,,

The interaction of NO on prereduced Ce-ZSM-5;,
(500 °C, 50 Torr H,, 1 h) is depicted in Fig. 7. The spectra
showed some changes compared with those obtained from
NO adsorption on dehydrated Ce-ZSM-5;,. Spectrum (a),
taken at equilibrium with 50 Torr NO, produced bands due
to NO* (nitrosonium ion; 2150 cm™ '), Ce**-N,O (2282—
2214 cm™ "), dinitrosyl complex species (1844, 1734 and
1720 em™ 1), and Ce**-NO, (1640 cm™"). Furthermore, the
appearance of maxima around 1609 and 1590 cm™', which
is fully removed by short evacuation, suggests that they are
due to molecularly adsorbed species, i.e. weakly bonded
NO,. The 1403, 1380 and 1360 cm~ ! were noticed in the
region of nitrato and nitrito (NO,, x = 2-3) species [35,36].
It is worth mentioning that the bands due to N,O5 species
were not appearing. Meanwhile the (NO), species were
predominant.

Evacuation at room temperature decreased the band
intensities due to N,O species (2245 and 2214 cmfl) and
Ce**-(NO), symmetric (1869 cm ™Y species. The band at
1734 cm™' was completely vanished with evacuation at
room temperature, thereby it can be ascribed to Ce3+—(NO)2
at the surface. On the other hand, the absorptions owing to
Ce*-NO, (1628cm™") and Ce’*-(NO), asymmetric
(1715 cmfl) became more evident together with those for
NO, ™ (1420, 1400 and 1370 cmfl) species.

The NO spectra on prereduced Ce-ZSM-5;, taken after
evacuation at 50 °C showed spectra almost similar to those
observed after evacuation at room temperature. A small
band at 1930 cm ™' due to Ce**-NO, that positioned at higher
frequency than it should be (1912 cm ™) is shown. This shift
could be due to an induction effect from the NO, ™ species
[10]. The Ce**-N,O (2280 cm™}) species was recovered
(2280 cm™ 1) at this 50 °C. This observation was associated
with the persistence of NO* (2158 cm ™) species, along with
a simultaneous shifting of the band locating at 1844 cm ™"
(spectrum a) to 1869 cm! (spectrum b) to 1877 cm™
(spectrum c) with increasing evacuation temperature. Such a
shift was plausibly due to gradual transformation of (NO), to
N,O; species. The latter band remained strong in the
spectrum of reduced Ce-ZSM-5;,,, where it almost dimin-
ished in the spectrum of dehydrated Ce-ZSM-5;, sample at
the same evacuation temperature. In addition, this band was

1
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Fig. 7. FT-IR spectra of NO adsorbed on prereduced Ce-ZSM-5;,.: (a) in the
presence of NO gas phase (50 Torr), (b) after (a) evacuation at room
temperature and (c) evacuation at 50° following NO (50 Torr) adsorption
at room temperature.

delivered shortly after the gas admission on the dehydrated
sample, dictating that N,O; species is favorably adsorbed on
Ce" cations. We conclude from these observations that a
gradual oxidation of Ce™ into Ce' occurred with increasing
temperature. It seems that the Ce**-cations experiencing
greater electric field strength with reduction due to
intervention of the cerium redox couple (CeIH/CeIV). Thus,
the reduction of Ce-ZSM-5;, with hydrogen at 500 °C
brought about enhancement in the interaction—adsorption of

NO.

We have observed that NO* (21502160 cm™ ') on
prereduced Ce-ZSM-5;, (500 °C, 50 Torr H,, 1 h), and this
absorption band was also shown for dehydrated form of the
same sample (Fig. 6). However, this species did not appear
on bare ZSM-5. It suggests that the formation of NO* may be
related to the presence of Ce cations in zeolite. NO* can
form on the zeolite framework anion site, which becomes
available due to the decreased effective charge of metal
cationic species upon a coordination of NO, . NO* and
NO, ™ species are actually the ion pairs of N,O3 [30].

From the forgoing observations, one can conclude that
the NO disproportion proceeded efficiently only with the aid
of the redox couple (Ce™/Ce") as in the following scheme:

ce + (NO), — Ce!V(N,0) + 0~

ce + NO — ce™(NO) "

Ce™(NO)™ + 0™ — CelV(NO,) ™

Ce™(NO)™ 4 Ce!V(NO,) ™ — CelV(N,03) + Cel!
Ce™ £ NO + 1/20, — Ce!V(NO;)

ce'V(NO; ) — Ce(NO,)
3.6. Adsorption of NO on Na-mordenite

Fig. 8 shows the spectroscopic development due to NO
admission onto thermally degassed mordenite (300 °C, 3 h,
107> Torr) at room temperature in comparison with those
recorded following evacuation at room temperature and at
50 °C. NO adsorption onto Na-mordenite showed bands due
to N,O (2255-2000, 1300-1220 cm_l) species, NO
(1894 cm™ '), N,O5 (1873 and 1610 cm™"), (NO), dimer
(1860 and 1720 cmfl) species, and weak bands (1680-
1641 cm ™) assigned to NO, species. The same species were
also revealed on the ZSM-5 sample but showed higher
intensities, comparatively.

The evacuation of sample at room temperature for
15 min almost decreased all bands except those beyond
1300 cm™'. Increasing the evacuation temperature to
50 °C caused further declining of the N,O band
(2260 cm™ ") with almost no change in the band intensity
at 1875cm™' except it accompanied a shoulder at
1890 cm ™. The evacuation of sample indicated a decrease
in intensities of the bands due to (NO), as well as those of
N,O in favor of NO,; 1636 cm™!, which markedly
enhanced following warming up the temperature to
50 °C. Thus, a mechanism for NO, formation at the
expense of N,O and (NO), species can be proposed: NO
underwent dissociation upon adsorption obviously from
the observation of N,O species even after evacuation at
50 °C. N,O may also be resulted from the dissociation of
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Fig. 8. FT-IR spectra of NO adsorbed on Na-mordenite, (a) in the presence
of NO gas phase (50 Torr), (b) after (a) evacuation at room temperature and
(c) evacuation at 50° following NO (50 Torr) adsorption at room tempera-
ture.

(NO), dimer adsorbed on positive charged sites; i.e. Na™,
as suggested by Cho and Lunsford [19,20]. NO, may be
derived from dissociation of adsorbed (NO), dimer or/and
the reaction of NO with adsorbed O. The latter pathway is
confirmed by the presence of visible bands at 1890 cm ™"
due to V(N-O) of monomeric NO species.

3.7. Adsorption of NO on Ce-mordenite

The spectrum of adsorbed NO (50 Torr equilibrium
pressure) at room temperature, on dehydrated CeM;, sample
is shown in Fig. 9, in comparison with those obtained
following evacuation at room temperature and at 50 °C.
Under equilibrium pressure of NO the pretreated sample
showed bands of moderate intensity at 2240 and 2200 cm ™
due to N,O probably adsorbed on two different surface sites

1628
1255
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Fig. 9. FT-IR spectra of NO adsorbed on dehydrated CeMj,, (a) in the
presence of NO gas phase (50 Torr), (b) after (a) evacuation at room
temperature and (c) evacuation at 50° following NO (50 Torr) adsorption
at room temperature.

[34]. A strong band at 1908 cm~! due to Ce**-NO [34],
together with another strong band at 1848 cm ™' due to Ce™*-
(NO), symmetric, are detected as well. Small spectral
features also appeared at 1880 cm™' together with a
shoulder locating around 1600 cm™!, which could be
obscured by the band at 1634 cm_l, ascribed to N,Os;.
Other dinitrosyl small bands at 1700(1580) cm ™! ascribed
specifically to Ce,>*-(NO), are depicted in addition to the
presence of a band at 1634 cm ™' due to Ce**-NO, and NO,~
species (nitrito or/and nitrato, 1300-1500 cm ™). These
species were reportedly observed for NO adsorption and co-
adsorption of NO and O, onto cerium-exchanged mordenite
[30].

Evacuation of the sample at room temperature for
10 min diminished N,O bands at 2240(2200) cm ™" as well
as the band of Ce**-NO positioned at 1908 cm™'. The
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bands characterizing Ce**-(NO), symmetric (1848 cm™ )
and N,O; (1880 cm™ ), reflecting the instability of these
species when they compared with the Ce**-NO, band
(1630 cm™ ') which showed an enhancement in intensity.
No spectral changes were depicted for nitrito or/and nitrato
(1300-1500 cm ™ l) bands and those of Ceas3 *_(NO), at (1700)
1680 cm ™. The effect of a temperature raise to 50 °C on the
different species was apparently small. However, minor
variations comprised decreasing the number of bands devoted
for nitrito or/and nitrato species, residual bands of NO
(1900 cm™") and N,O (2040 cm™') are developed. Of
particular interest, the Ce**-NO, band at 1630(1628) cm ™'
showed no changes in intensity following evacuation at 50 °C.

Comparing the IR results of dehydrated Ce-ZSM-5;,
and CeM;, samples (Figs. 6 and 9), NO, ™ species is formed
on Ce-ZSM-5;, that showed noticeable stability towards
evacuation (Fig. 6). This species was reasonably derived
from N,O; (1877 and 1580 cm™!) that ionized to NO*
(2160 cm ') and NO, ™~ (1422 cm™ ") (Fig. 6b). The NO,~
(x =2-3) species on Ce-ZSM-5;, in our oxygen-deficient
conditions, is likely to be stabilized by highly coordina-
tively unsaturated Ce'¥ cations in CeO, phase as it has
been evidenced from the XRD data. The NO,~ complexes
are stable in an oxygen-rich condition, which is thought to
arise from active dissociation of NO on Ce-ZSM-5;,.
Adsorbed NO, on different states of Ce sites in dehydrated
Ce-ZSM-5;,, i.e. Ce™/Ce™ (1665 and 1624 cm™') was
devoted. It is also evident that the N,O and (NO), species
are reversibly bound on Ce-ZSM-5;,. On the contrary,
small spectral features of nitrosyl complexes involving, a
high concentration of NO, species upon decomposition of
NO on CeM;, were noticed (Fig. 9). It has been suggested
previously that the redox couple (Ce""/Ce') is important
in the formation of adsorbed nitrosyl species on Ce-
exchanged mordenite [30]. Thus, the intervention of Ce
redox couple (Cem/CeIV) was accessible in Ce-ZSM-5;,
while inaccessible in CeM;,.

3.8. Adsorption of NO on prereduced cerium mordenite

The spectral changes observed upon adsorption of NO at
room temperature on prereduced CeM;, (500 °C, 50 Torr H,,
1 h); in comparison with those obtained following evacua-
tion at room temperature and at 50 °C are shown in Fig. 10.
At the NO adsorption pressure of 10 Torr of NO, the
spectrum exhibits a spectrum similar to that of the
dehydrated CeM;, (Fig. 9a) except, the prereduced sample
offered lower concentration of NO, species than the latter
sample. Evacuation the sample at room temperature,
spectrum 10b, caused a decrease in intensity of the band
characteristic of N,O (2261 cm™ ). The mono-nitrosyl NO
(1910 cm™") and N,05 (1880 and 1610 cm™") and (NO),
symmetric (1846 cmfl) bands almost diminished in favor of
a marked increase in intensity of NO, (1636 cmfl) and the
NO* (2250 cm™") band became visible. Degassing the
prereduced CeM;, sample at 50 °C (spectrum c) led to a
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Fig. 10. FT-IR spectra of NO adsorbed on prereduced CeM;,, (a) in the
presence of NO gas phase (50 Torr), (b) after (a) evacuation at room
temperature and (c) evacuation at 50° following NO (50 Torr) adsorption
at room temperature.

decrease in intensity of NO, (1630 cm™ ! band in addition to
the band at 1873 cm ™! [Ce3+(NO)2]. The analysis of spectra
in Figs. 9 and 10 revealed that the NO adsorption trend over
dehydrated and prereduced CeM;, is expected to follow a
similar path.

4. A comparison between Ce-ZSM-5;, and CeM;,

The results show that, prereduced Ce-ZSM-5;,, produced
bands due to appreciable amounts of nitrosyl complexes that
were with lower concentrations or absent in the spectra of
corresponding CeM;j,, such as N,O, NO*, NO, N,03, (NO),
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and NO, . A possible explanation for this phenomenon is
related mainly to position of cerium ions in both zeolites.
Undoubtedly, Ce ions embedding in the framework of
zeolite as tetrahedral lattice cerium in a high symmetry
environment, such as in CeM;,,, are not electrophilic enough
to form nitrosyls at ambient temperature. On the other hand,
Ce"™ (n=3-4) ions exposed to framework zeolite as
octahedral Ce-oxidic moities, such as in Ce-ZSM-5;,,
function in forming stable nitrosyl complexes. The possible
explanation for the role of support on the Ce-zeolite
performance in the NO adsorption—interaction is the high
coordinative unsaturation of Ce-oxidic moities. Evidently,
this allows easy coordination of NO, anions, which
proposed as intermediates in the SCR of NO, [37].

The intervention of dual Ce™/Ce'Y is necessary in such
system, which allowed enhanced formation of absorption
bands originated from NO adsorption. The inversion of
Ce™/Ce" is facilitated in Ce-ZSM-5;, but not in CeM;,,.
The production of nitrosyl complexes at lower temperatures
proceeds efficiently with the aid of the redox couple Ce'/
Ce". One must also consider the higher surface acidity of
ZSM-5 compared with that of mordenite that can be served
in enhancement of NO adsorption. However, NO possesses
one more electron suited on antibonding 27" orbital which
makes NO a slightly stronger base than CO. We indeed
observed better performance of NO adsorption on
unmodified ZSM-5 than on analogous mordenite (Figs. 5
and 8). These acid sites are assumed to play a role in the
oxidation of NO towards NO, (intermediate) for NO,
reduction with NHs, e.g. the enhanced adsorption of NH3
[38].

5. Conclusion

Ce"Y framework-substituted mordenite and ZSM-5 have
been hydrothermally synthesized from starting gels using o-
phenylendiamine as a template. The XRD, FT-IR in the T-O
range, unite cell parameters and textural characteristics data
indicated that Ce'v ions were incorporated into the
framework of mordenite. On the other hand, the ce" ions
were presented in ZSM-5 as exterior cerium silicate and
nano-crystallized CeO, phases, which associated with
deformation of aluminosilicate lattice.

NO adsorption at low temperatures on the Ce"-
substituted mordenite and ZSM-5 resulted in the formation
of a series of nitrosyl species: N,O (2245 cm_l), NO*
(2160 cm™ 1), NO (1910 cm ™), N,O5 (1880, 1580 cm ™),
(NO),q a5 (1844, 1734-1720 cm™ "), NO, (1630 cm™'), and
nitrato and nitrito NO,~ (x = 2-3) (1300-1500 cm ™).

Evacuation experiments suggest that the Ce"* (n = 3-4)
coordinated-NO,™~ anions are the most stable surface
species. It has been revealed that the nitrosyl complexes
were favorably formed on Ce-ZSM-5;, than on Ce-
mordenite. The hydrogen reduction of Ce-ZSM-5 at
500 °C improved greatly its surface reactivity, and the

stability of nitrosyl complexes. It has been suggested that
the intervention of the cerium couple (Ce'/Ce') was
facilitated on Ce-ZSM-5;, than on CeM;,. A proposed
mechanism was provided for NO adsorption—interaction
on prereduced Ce-ZSM-5;,, which seems reasonable and
in particular, close homogeneous analogies to it has
developed.
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