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Abstract

NO, adsorption over a wide temperature range (30-°850n monolith supported Na-ZSM-5 films were studied with a gas flow reactor.
The nature of the adsorbed species was further investigated by in situ infrared spectroscopy. Depending on the adsorption temperature, three
different ranges of thermally stable species were observed on Na-ZSM-5 films. In addition to the role of cationic sites and residual hydroxyl
groups in zeolite frameworks, it was found that the formation of nitric acid plays an important roledmd&0rption. Nitrate species were
formed during adsorption by two mechanisms. The nitrates formed via nitric acid and involving NO formation had lower thermal stability
than those formed through an N@isproportionation reaction.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction However, a direct adsorption study using a zeolite film with
crystal morphology similar to that of the membranes can
Zeolites are alumina silicates with a well-defined crys- lead to a better understanding of the adsorption and trans-
talline structure with cavities and pores of molecular dimen- port properties for a membrane. Recently, it was possible
sions. Positively charged cations are often required in theto coat monolithic and other structured support materials
structure to balance the charge. These cations are exchangewith binder-free zeolite film§1-3], and the films were cat-
able and influence the catalytic and transport properties of alytically active[2,3]. However, it has been found that the
the zeolite. These characteristics make zeolites promisingpresence of defects in thick films could increase the effective
materials for catalysis and separation applications. Among diffusivity and eventually reduce catalyst selectiidy5].
the different types of zeolites, the MFI type in particular (i.e., NO, adsorption on catalytic materials has been an im-
ZSM-5 and silicalite-1) is widely used and studied. portant research topic for the development of transport and
For separation applications, zeolite crystals may be inter- stationary exhaust after treatment systems. Investigations of
grown to form a film on a porous support material, resulting NO, adsorption on cation-exchanged zeolites have been re-
in a zeolite membrane. The selective permeation of a certainported in a number of publications. It has been found that
component through zeolite membranes strongly depends orlNO is much more weakly adsorbed than NGn several
both the adsorption properties and mobility of the compo- cation-exchanged zeolit¢8,7] and requires a low temper-
nent in the zeolite. Zeolite powder samples are commonly ature for storagéB,9]. To obtain storage of NO, oxidation to
used to study the adsorption of components on zeolites.NO; is required[6,10,11] Depending on the nature of the
zeolite, various adsorbed NGspecies may exist. Infrared
. studies, mostly at near-ambient temperatures, show that in
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However, there is no information now available concern- 2.2. Adsorption—desorption measurements

ing NO, adsorption on the zeolite in the form of a film. The

present work is devoted to a study of the adsorption of NO NO, adsorption measurements were performed in a gas-
on an oriented Na-ZSM-5 film supported on a cordierite flow reactor. The reactor consisted of a horizontal quartz
monolith. The presence of adsorbed N€pecies is stud-  tube with a length of 880 mm and a diameter of 22 mm and
ied by temperature_programmed desorption (TPD) and in was equipped with a circular electrical heating element on
situ DRIFT spectroscopy. In this report an adsorption mech- the outer surface of the tube. To regulate the gas tempera-
anism is also proposed. The results from this work give ture and measure the sample temperature, two thermocou-

valuable insights into NQadsorption and transport in Na- ples were placed in the reactor. The monolith sample was
ZSM-5 films or membranes. sealed in the quartz tube with glass wool to prevent the gas

flow from bypassing the channels. The two thermocouples
were inserted into channels near the center of the monolith
and from the downstream end of the monolith. One thermo-
2. Experimental couple was inserted about 5 mm into the monolith, whereas
the second thermocouple traversed the entire length of the
monolith so that it protruded about 10 mm out of the up-
2.1. Sample preparation stream end. We minimized heat loss by enclosing the reactor
with glass wool insulation. Before Nadsorption, the sam-
] __ ple was pretreated with 8%n argon at 500C for 15 min
The Na-ZSM-5 film samples were prepared on cordierite gy 4 total flow rate of 3000 ryiinin (STP). After the pretreat-
monoliths. The monoliths consist of 188 channels in the ment, the sample was cooled to the adsorption temperature
cross section with a channel dimension of 1 mm. A de- and equilibrated in an argon flow. For the adsorption, a gas
tailed description of the sample preparation procedure hasmixture at a total flow rate of 2600 frhin (STP) containing
been reported elsewhefg]. The monoliths were seeded 600 ppm NQ in argon was prepared in a gas mixer (En-
with 60-nm silicalite-1 seed§l5,16] and hydrothermally  vironics 2000) consisting of several mass flow controllers.
treated repeatedly at atmospheric pressure &C#r 48 h. The temperature was regulated with a temperature controller
The seeded monolith samples used in this work were hy- (Eurotherm), with the use of the measurement from the ther-
drothermally treated 12 times in a synthesis solution with mocouple positioned 10 mm in front of the sample. After
a molar composition of 3 TPAOH:25 SiM.25 AkLOs3:1 adsorption, the sample was flushed with only argon at the ad-
Nap0:1600 H0:100 EtOH. Between hydrothermal treat- sorption temperature. Finally, to release all of the adsorbed
ments the samples were rinsed with 0.1 M aqueous ammoniaspecies, the sample was heated from the adsorption temper-
solution and treated with ultrasound for 10 min. After the last ature to 550 C with a temperature ramp of 2C/min in an
hydrothermal treatment the samples were rinsed in a 0.1 Margon atmosphere during TPD.
aqueous ammonia solution for 4 days and treated with ultra- N Some experiments, the sample was also exposed to
sound for 1 h each day. To remove precipitated zeolite from NO in argon. The influence of NO on the adsorbed species

the ends of the monoliths, the monoliths were polished on Was investigated at 35€. The sample was first equili-
each side to a length of 75 mm. brated with 600 ppm N&for 20 min. After establishment

A powder sample for in situ DRIFT spectroscopy mea- of equilibrium, the sample was flushed with argon for 5 min.
surements was prepared from a synthesis solution with theSubsequentIy, at the same temperature, 600 ppm NO in ar-

same composition as that used for film growth. The result- gon was introduced at the inlet. In addition, the influence
; | of NO was further studied by NSINO co-adsorption ex-
ing ZSM-5 crystals were hydrothermally treated for 72 h at : : ) .

100°C, but without the support and silicalite-1 seé2ls To periments. During adsorption and desorption the outlet gas

i . composition was analyzed online with a chemiluminesence
remove the template material, the monolith and powder sam- 4 tector (Ecophysics CLD 700 EL ht). The amount of ad-
ples were finally calcined at 55 for 6 h with a heating )

) sorbed/desorbed NOwas quantified from the area under

and cooling rate of 1.75C min~". _ _corresponding concentration curves of adsorption, flushing,
The samples were characterized by scanning electron mi-, 4 Tpp.

croscopy (SEM) (Philips XL 30) and with nitrogen sorption
(Micromeritics ASAP 2010). It was found that the surface 5 3 |n situ DRIFT spectroscopy measurements
area of the support is negligible compared with the total

surface area of the Samqlﬁ]. Therefore, the zeolite load- In situ DRIFT Spectroscopy measurements were per-
ing was determined from gas sorption data (BET), with the formed with a rapid scan method with a Bio Rad FTS6000
surface area of ZSM-5 powder (415 1g) as a reference  spectrometer. The zeolite powder was placed in a sample
[5,17]. The elemental content of the powder sample was holder assembly in a Harrick Praying Mantis DRIFT cell.
determined by inductively coupled plasma atomic emission The gases were supplied by individual mass flow controllers
spectroscopy (ICP-AES). with a total flow rate of 200 mimin (STP). Before N@ ad-
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Fig. 2. Measured NQ composition out of the reactor upon exposure to
600 ppm NG for 60 min at 3¢°C followed by a 30 min argon flush, 30 min
NO» re-adsorption, 30 min argon flush at constant temperature and finally
a temperature ramp of 2@/min (thick solid line, NQ; dashed line, NO;
dotted line, NQ from empty reactor; thin solid line, temperature).

as can be seen irig. 1b. The top view shows that the sur-
face of the film is rough because of the porous surface of the
cordierite[2,4,5]. Some crystal deposits originating from the
bulk of the synthesis solution are also observed on top of the
film surface, as observed and reported bef@ie In addi-
tion, some cracks and open grain boundaries were found in

AccV SpotMagn Det WD —————— 2um several parts of the film, in accordance with previous reports
LA S [2,4,5] The zeolite loading was calculated from didsorp-
tion measurement data, and it was 0.14 g ze@itample.
Fig. 1. (a) Top view of Na-ZSMS5 film, (b) side view of Na-ZSM5 film. The SyAl and Si/Na ratios of the ZSM-5 powder sample
were determined from the elemental content measured by
sorption, the sample was pretreated with 8%i®argon at ICP-AES. The powder formed in a synthesis solution with

500°C for 15 min. The sample was then cooled to adsorp- the same composition as that for film preparation had an
tion temperature and equilibrated in an argon atmosphere.Si/Al ratio of 63.8 and an AlNa ratio of 0.9. According
The adsorption experiment was performed by the introduc- to SEM measurement, the powder was found to consist of
tion of 600 ppm NQ in argon. After the N@ adsorption, ~ 1-Um rounded twin crystaf$].

the sample was flushed with argon. To observe the influence It was reported2] that 6-9-um-thick films grown on

of NO, the NQ equilibrated sample was then flushed with the cordierite support had S\l ratios similar to that of a
600 ppm NO. Finally, to release the adsorbed species frompowder measured by energy dispersive X-ray (EDX) and
the sample, the temperature was increased t66@thd was ~ ICP-AES, respectively. The powder and films were prepared
then kept constant for about 20 min. Each spectrum takenWwith synthesis solutions of identical composition. However,

was the average of 100 scans with a resolution of 2%tm because of interference from the cordierite support, direct
analysis of the composition of the thinner film (1.7 um) used

in the present work by EDX was inconclusive. As a result,

3. Results and discussion the incorporation of traces of cations from the cordierite ei-
ther during the film synthesis or during calcination by solid-
3.1. General sample characteristics state ion exchangi2,5] cannot be ruled out.

The seed crystals were homogeneously distributed over3.2. NG adsorption on films
the entire support surfackigs. Ja and b show top- and side-
view SEM images of the prepared film. The polycrystalline The NQ, concentration in the reactor effluent during a
film is composed of columnar crystals grown from seed crys- transient NQ adsorption—desorption experiment with two
tals deposited on the monolith surface in the same way asNO, adsorptions at 30C is depicted irFig. 2 The first ad-
reported beforg¢2,4,5]. The film thickness is about 1.7 um, sorption is after pretreatment and the second (re-adsorption)
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As shown inFig. 2, the adsorption at 30C proceeds with a 100 -
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tion capacity. Further adsorption time results in an increase
in NO> concentration in the effluent because the \fOn-
vective transport tthUQh the mO.nOI'Fh exceeds the total flux Fig. 3. Measured N@composition out of the reactor when the sample was
of NO; transported into the zeolite film. Although the MO  exposed to 600 ppm N©at 350°C for 20 min followed by a 5 min argon
concentration in the effluent steeply increases, the systemflush and NQ re-adsorption for 5 min (thick solid line, NOdashed line,
does not reach equilibrium immediately. Furthermore, the NO; dotted line, NQ from empty reactor; thin solid line, temperature).
adsorption still proceeds with the production of NO, result-
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ing in a very low concentration of NO in the effluent. the same effluent concentration profile as in the previous
Szanyi et al. reported that zeolites adsorb NO very flushing. _ _ .
weakly, even at room temperatufg]. As a result, most Similar adsorption phenomena arise from the adsorption

net NO produced because of NGtorage should leave the ~at higher temperaturesig. 3 shows that N@ adsorption
zeolite surface by desorption into the gas phase. The dataft 350°C also occurs with simultaneous NO formation but
in Fig. 2 in combination with the fact that zeolites adsorb ¢aches equilibrium more quickly than at 30. The NO
mainly NO, and only a small amount of NO, show that the concentration in the effluent increases instantaneously once
NO, storage at 30C resulting in NO formation accounts for 1€ Sample is exposed to NOresulting in a concentration
only a small part of the total storage of NCFurthermore, peak: However, th_e NQ concentrgtlo_n decreases slowly with
since a high concentration of NO is observed only in the be- additional adsorption time, resulting in a broad peak.

ginning of NG adsorption; this indicates that NO mainly In comparison with the adsorption af[ 30, the sam-
forms when NQ is adsorbed on a strong site. ple obviously has a lower storage capacity at 350since

S equilibrium is reached after a shorter time. As we reported
After equilibrium was reached, the sample was flushed . : L
. . . elsewhere, adsorption and mass transport in the zeolite film
with argon.Fig. 2 shows that mostly N@is released dur-

ing this treatment. The release is mainly from physisorbed are thermally activated, so that the rates of both adsorp-

gt H ' b f a hiah M ¢ phy  resi tion and mass transport are faster at elevated temperatures.
SPecies. However, because of a nigh mass transport 1€SISypq gma)ier effect of mass transport resistance in the film at
tance in the film at low temperature, the release occurs very

350°C is also indicated by the quicker responses of the gas
slowly. Experiments with different film samples (0.8- and y ; P g

o= concentrations during flushing and re-adsorption. The NO
1.9-pum-thick films), as we have reported elsewhere, showedg s qncentration in the effluent reaches the feed concentra-

that mass transport resistance influenced the rate of NO rapidly. The peak of NO from the adsorption at 38D
adsorption. In contrast, a drop in N@oncentration was ob-  ig proader and has a lower maximum. The broader peak in-
served within a few seconds in an experiment with an empty gjcates that the time needed to saturate the adsorption sites,
reactor. leading to NO formation, is longer probably due to the much
NO; re-adsorption after argon flushing gives a differ- |ower NO, concentration in the film at the higher tempera-
ent concentration profile compared with the previous ad- {res.
sorption. Equilibrium is reached much faster during the  After NO, adsorption at both 30C (Fig. 2) and 350°C
re-adsorption. It seems that the re-adsorption successfully(Fig. 3), it is predominately N@ that is desorbed during
recovers the physisorbed species released during argomrpD. A small amount of NO was desorbed during TPD
flushing. In contrast to the first adsorption, NO desorption after adsorption at 30C (Fig. 2). It is probably mostly
is absent from the N@re-adsorption. This suggests that the physisorbed NO released from M@dsorption at low tem-
species resulting from NO formation are stable during flush- peratures. However, at higher adsorption temperatures, for
ing with argon and still occupy surface sites and that these example 350C in Fig. 2, no desorption of NO was detected.
species are adsorbed strongly. An argon flushing following  Since the quantity of N@entering the reactor is known,
the equilibration releases the physisorbed species again withthe amount of adsorbed/desorbed Néan be quantified by
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Fig. 4. The amount and distribution of adsorbed species at varying temper-

ature after exposure to 600 ppm N@ith a total flow rate of 2600 niimin Fig. 5. NO, concentration profiles during TPD after N@quilibration and
(STP). argon flushing at various temperatures.

integration of the area under the corresponding curves oftemperature and the amount changes little compared with
adsorption, flushing, and TPD. The amounts of various ad- that at low temperatures. This observation indicates that the
sorbed species after N@dsorption at varying temperatures NO formation might correspond to the formation of stable
are listed inFig. 4. The figure shows that the amount of adsorbed species on strong adsorption sites. These species
NO formed and desorbed during M@dsorption is almost  need higher temperatures for decomposition and desorption.
constant over the entire investigated temperature range, indi-Moreover, this is supported by the fact that in contrast to the
cating that NO formation is associated with Nédsorption adsorption at 30C, both NGQ and NO immediately appear
on strong sites. These sites will be saturated at all temper-in the reactor effluent when the sample is exposed te &lO
atures, resulting in a constant amount of NO formed. The 350°C (seeFig. 3). At increasing temperature, N@dsorp-
amount of NQ released during flushing decreases slightly in tion resulting in NO formation accounts for an increasing
an adsorption temperature range of 30-160The release  portion of the total NQ storage.
is significantly lower at 200 than at 18CQ and is insignifi- The thermal stabilities of the adsorbed species over a
cant above 250C. wide adsorption temperature range are showrign 5. The

The rate of desorption during flushing is dependent on the concentration profiles are the results obtained from TPDs
transport properties and the nature of the species at correfollowing equilibration at varying temperatures and flush-
sponding temperatures. Because of thermally activated dif-ing with argon. The results show that the adsorbed species
fusion in zeolites, less mass transport resistance is expecteadan be classified into three types resulting in concentration
at high temperatures. Therefore, during low-temperature maxima at low (100-200C), intermediate (250-35(),
flushing, only a portion of the physisorbed species are and high (400-500C) temperature. The first maximum is
detectable and may be removed. Part of the physisorbedreached quickly and might correspond to physisorbeg NO
species may still remain in the zeolite. On the other hand, and other weakly adsorbed species remaining in the interior
at high temperatures it is more likely that all weakly ad- of the zeolite after flushing. The second maximum is due to
sorbed species are released during the flushing period andnoderately thermally stable species and the third to nitrate
only strongly adsorbed species still remain on the surface, species.
requiring higher temperatures for desorption. The influence of NO on the adsorbed species was fur-

The residual weakly adsorbed species, remaining in the ther investigated at 35@ by the introduction of NO after
interior of the zeolite after flushing, can easily be released NO; equilibration and argon flushingig. 6 shows that N@
as the temperature increases. It is expected that mostly thesémmediately appears after introduction of NO. The concen-
species are released at the beginning of TPD [Sgs. 2 tration of NG then decreases and levels out at an insignifi-
and 5. It is thus more difficult to accurately determine the cant level as time increases, suggesting that the process has
amount of chemisorbed species in the film from Neau- reached equilibrium. The release of N@uring NO expo-
sorption at low temperatures by TPD. sure suggests that the reverse of the process that formed NO

Fig. 4 also indicates that at higher temperatures the stor- during NG, exposure occurs. Furthermore, since insignifi-
age resulting in NO formation seems to play a more impor- cant amounts of NO and NGare physisorbed at 35C (see
tant role in the N@ adsorption. The figure shows that NO is Figs. 3 and } the release of N©upon exposure to NO is
also formed during the adsorption at the highest investigatednot due simply to an exchange of physisorbed,N@ NO.
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Fig. 6. Outlet NQ concentration when the sample was exposed to 600 ppm
NO, at 350°C for 20 min followed by a 5 min flushing with argon, 20 min
exposure to 600 ppm NO and finally a temperature ramp 6{20nin.

These observations thus indicate a reversible reaction involv-

ing NO, and NO occurs to form a strongly adsorbed species.
This is in agreement with another report, which proposes
a reversible reaction for nitrate species formation involving
NO as a by-product but on Cu-ZSM[5].
A TPD with a temperature ramp of 2€/min after

10 min of re-flushing in argon following 20 min of NO ex-
posure results in an additional N@elease. As revealed in
Fig. 6, the NG concentration in the effluent is still increas-
ing at 550°C. However, mass balance calculations indicated
that the remaining stored NQvas desorbed when the max-

imum temperature was kept constant for about 15 min. Sev-

I. Perdana et al. / Journal of Catalysis 234 (2005) 219-229

the TPD removes the peak (deig. 7b). This result suggests
that another kind of adsorbed species may be present that has
a higher thermal stability than the adsorbed species formed
that produced NO. In addition, the TPD following the NO
introduction and flushing does not result in the appearance
of NO. This observation suggests that the disappearance of
the peak from TPD is not due to a competitive adsorption
but mainly to a surface reduction. This further strengthens
the evidence for a reversible reaction for N&xsorption on
strong sites.

As mentioned previously, bulk elemental analysis of the
powder sample measured by ICP-AES shows giiNalratio
of 0.9. This result apparently suggests that the charge of all
framework Al atoms might be balanced by Na cations. How-
ever, this bulk elemental analysis result does not necessar-
ily indicate the status of cations throughout as-synthesized
ZSM-5 crystals or films. Both Brgnsted OH and excess Na
in the form of Na&O might also be present in the sample.

3.3. In situ DRIFT spectroscopy results

Fig. 8shows that a feed of 600 ppm N® argon at 30C
over a Na-ZSM-5 powder sample results in the appearance
of an infrared band series. Accompanying the \#@sorp-
tion, several intense peaks were observed in a wave number
range of 1800 to 1200 cmt. On the other hand, in a higher
wave number range (3800—2400 chy, broad spectra were
found. Flushing the N@saturated sample with argon results
in a slight intensity decrease for almost the whole spectrum.
However, the peaks with bands at 1627 and 1601 'care
completely removed upon argon flushing. These peaks prob-

eral repeated experiments have also been reproducible. Thably correspond to physisorbed N{18,24] As observed in

amount of stored NQwas reduced by about 34% after the
introduction of NO.

Fig. 7 shows concentration profiles in the reactor efflu-
ent during TPD after different treatments following equilib-
rium with the NG feed at 350C. Without NO addition,
as shown irFig. 7a, TPD following NQ equilibration and
argon flushing at 35%C results in a maximum desorption
rate at about 470C. However, the exposure to NO before

the experiments with monolith samples, these species con-
tribute to the gas-phase N@esorption during argon flush-
ing. Additional time for argon flushing was found not to
cause a significant change in the infrared spectra.

Also in Fig. 8 another peak with a large decrease in
intensity after argon flushing is the peak with a band at
2135 cntl. This peak has been reported in several publi-
cations[14,18,22,24]s the stretching vibration of NOon

100 100
a) . NO > [ NO
80f — %% | 80f — NO
B B
\g;. 601 \g./_ 601
8] 9
S 40[ S 40(
(@] O
20( 20(
0 L L . - 0 e e AT e
350 400 450 500 550 350 400 450 500 550

Temperature, °C

Temperature, °C

Fig. 7. NO; concentration profiles from TPD after N@quilibration and flushing in argon at 383G without subsequent NO exposure (a) and with subsequent

NO exposure (b).
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Fig. 8. Infrared spectroscopy spectra following NQreatment on
Na-ZSM-5 at 30°C in sequence: (a) 30 min NCadsorption with 600 ppm
NOo, (b) 15 min 1st flushing with argon, (c) 15 min NO exposure.

zeolites following NQ exposure. However, since the peak
is very unstable upon argon flushing, it is more likely due to
complexes of NONO, or NO™N,O4. These species might
be formed following NG formation in the presence of ex-
cess NQ [7,12].

Fig. 8 (spectra c) shows that introduction of 600 ppm NO
to the sample following argon flushing results in an enor-

225

creased after the NO introduction. This band is thus assigned
to the blue-shifted bending vibration of water molecules as-
sociated with zeolite frameworks. It was found that there was
no significant change in infrared spectra with additional NO
exposure.

As reported in some publicatiofis2,13], in the presence
of water NG adsorption can take place through nitric acid
formation

3NO; + Hp0 = 2HNO; + NO. 1)

In addition, interaction between NGand water molecules
can also form HONO specigd2]. The spectra band at
1315 cnt! might represent N@~ from the HONO species.
The formation of nitric acid during the NCadsorption also
contributes to the OH vibration appearance in the infrared
spectra[12], as it appears ifrig. 8 as a broad peak in the
range of 3600—2800 cmi.

Introduction of NQ to the sample at 30C also causes a
band at 3718 cm' that decreases in intensity. This band is
very close to the OH vibration of terminal hydroxyl groups
in zeolites[19,22,23] Argon flushing and NO exposure fol-
lowing the NG saturation seem to recover this feature. This
observation seems to indicate that the terminal OH groups
can interact with N@-containing specied 4].

Fig. 8 also shows another OH vibration evolution with
a broad peak at around 3600 th This peak might corre-
spond to the formation of bridging hydroxyl groufi®,22,

23]. It has been reported that in the presence of wateg NO
adsorption on zeolites can form nitrates that accompany the
formation of Brgnsted acid sit¢$2,13,20]

HNOs3 + Zeo—O —Na" = Na"NO3~ + Zeo-O -H'. (2)

According to this scheme, the peak at 1450 émight cor-
respond to the stretching vibration of the nitrates associated
with Na* [10]. The OH groups formed might contribute as a
new site for further N@ adsorptionf10,14,18] This mech-
anism might explain the development of the broad peak of
the bridging OH vibration spectra.

Fig. 9 shows that N@ adsorption at 200C results
in slightly different infrared spectra. The peaks at 1567
and 1669 cm! are absent. Furthermore, the spectrum is
much less intense in the high-wave-number region of 3400—

mous change in the infrared spectra. The peaks at 1567 an®000 cnt. However, a broad spectrum still develops in

1669 cnt! are almost completely removed by the NO in-
troduction. At the same time, a collapse in intensity was
observed in a wide wave number range of 3400—2000'¢m
which is in the hydrogen containing (X—H) stretching vibra-
tion region[27]. These observations might indicate a pres-
ence of nitric acid upon N@adsorption. The peaks at 1567
and 1669 cm? are thus assigned to stretching vibrations of
NO, of nitric acid molecules. Water present in the sample

the wave number range of 3700-3000¢mwhile another
decreased in intensity at 1712 ch Furthermore, a peak
with a band centered at about 3600 this still observed.
These observations seem to indicate that the Id@sorp-
tion through nitric acid formation still occurs at 200. In
comparison with the adsorption at 30, the intensity drop
in the wave number range of 3400-2000 ¢nfrom the
adsorption at 200C might be due to the absence of NO

might cause the acid formation. It has been reported thatcontaining species weakly adsorbed on the sample. These
even in thoroughly dried zeolite samples, traces of water species might be adsorbed on the sample through their in-

remained that could lead to nitric acid formatift?]. An
intensity decrease was observed at 1712 tmiuring the
NO, adsorption. However, the intensity of this peak then in-

teraction with nitric acid. It is suggested that l€an bind
to nitric acid through hydrogen bonding. This interaction
magnifies the intensity of the spectra observed in the range
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saturation obviously removes peaks at 1602 and 1628 cm

which previously were assigned to physisorbed,NBow-

ever, the flushing seems not to cause a significant change in

the other peaks of the spectra.

Introduction of NO to the sample following argon flush-
ing over the NQ equilibrated sample at 20@ obviously
reduces the intensity of the spectra in the OH vibration re-
gion. The NO exposure seems to be able to slightly recover
the spectra in the wave number range of 3000—2000'cm
At the same time the band at 1712 chregains its intensity.
These observations suggest that the reversal of reagtipns
and (2)might take place during the NO exposure. However,
it is difficult to observe intensity changes in the nitrate spec-
22'00 20'00 1500 16'00 14'00 1200 tra bands because of noise in this region. It was found that
there was no significant change in the intensity of the spectra
with prolonged NO exposure.

3346 NO, adsorption at 30 and 20@ as shown inFigs. 8

and 9also resulted in a development of a broad spectra band

centered at 2460 cni. This band corresponds to the vibra-

tion of zeolitic OH groups interacting with NGcontaining
species and is the B component of the A-B-C structure

from hydrogen-bonded hydroxy[40,19,22] The A and C

components at~2900 and~1700 cntl, respectively, are

not clearly observed, since the peaks are obscured by high-

intensity vibrations of other features. As shownHigs. 8

and 9 these spectra are still clearly observed even after

NO introduction. In addition to the presence of zeolitic OH

groups due to the reactid), zeolitic OH groups present in

the sample during sample preparation might also contribute
to the evolution of these spectra. However, the broadness of
the B band indicates the heterogeneity of hydroxyl sites in

Elig.zgl.vI Igfr:l;(gc(iycspectroscopy spggtra_ foIIov(;/ing i[:\lOrefa:;nzstz)rE)t on the ZSM-5[26].

N?)z, (b) 15amin 1st IfTussi?rl:ger\:\th f':ll’)gon,n(]g; E?mﬁlolilpoloer:(\g:)sure. PP Fig. 10 shows |nfr§\red spectra from NCadsorption at
350°C. Features similar to those found at 2@were ob-
served after introduction of 600 ppm N@nd argon flush-

of 3400-2000 cm'. As mentioned in the previous section, ing. However, it was observed that the species with spectra

NO, adsorption over the monolith sample was accompa- in the wave number range of 3700-3200 ¢mvere almost

nied by an almost constant NO production over the observedcompletely removed by NO introduction. Simultaneously,

temperature range (sd€g. 4). This finding suggests that the spectra at lower frequencies (3200-2000 tnalso re-

the amount of nitric acid formed in the zeolite framework covered their intensities. The nitrate peak and another peak

according to reactioifl) is also rather constant with tem-  with a band at 2010 crt, which is assigned to NQ are

perature. However, the nitric acid formed might contribute also affected and seem to decrease in intensity upon NO in-

to the formation of weakly adsorbed NOThese species  troduction. However, these two peaks are still present after a

seem to have a slightly stronger bonding than physisorbedrelatively long period of NO exposure. Given these observa-

NO.. This assertion is supported by the fact that a tempera-tions, it can be asserted that another reaction scheme should

ture increase carried out over the monolith sample following be included to exp|ain the presence of N@nd the nitrates

NO; equilibration at low temperature resulted in animmedi- species at 358C. It was reported25,28] that NO, can in-

ate and large NQdesorption (se€igs. 2 and b However, teract with Brgnsted acid to form NO

as mentioned previously, physisorbed N@maining in the

zeolite framework after flushing might also contribute to the 2Zeo—O —H™ + NO, + NO 22 2Zeo—O —-NO" + H0.

desorption. )

Infrared spectra generated from the adsorption at200
as depicted irFig. 9indicates that the interactions between Reaction(3), together with the reverse of reactio{ly and
terminal OH and NQ species seem to be absent from the (2), is expected to occur during NO exposure over theeNO
adsorptionFig. 9 shows that argon flushing following NO equilibrated sample. In addition, more stable nitrate species

Absorbance

Absorbance

3800 3600 3400 3200 3000 2800 2600 2400
Wave number, cm™'
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The infrared spectra generated from the Ng@lsorption
at 30, 200, and 35%C are very useful for explaining the
nature of the desorbed species during TPD. As observed
from the experiments with the monolith samples, TPD fol-
lowing argon flushing over the NQequilibrated monolith
sample at 350C indicated the presence of two different ni-
trates. The nitrates can be distinguished by the introduction
of NO (seeFig. 7). The nitrate reducible by NO is sug-
gested to be formed via reactiofis) and (2) The other
nitrate is more thermally stable, and NO is not involved in
its formation. Instead, the formation follows a N@ispro-
portionation scheme via reactiof®) to (6) In addition to
the nitrates, TPD after the adsorption at 2@0results in
medium thermally stable species (d€g. 5). The infrared
spectroscopy results indicate that these species correspond to
NO,-containing species interacting with Brgnsted acids via
hydrogen bonding. The interaction thus contributes to the
OH vibration spectra. Furthermore, as the temperature in-
creases a direct decomposition of nitric acid also contributes
to the release of the moderately thermally stable species. Fi-
nally, NO,-containing species bound to terminal hydroxyl
groups, NQ bound to nitric acid, NQ with NO* as com-
plexes of NO'NO, or NO*N20Qy4, and physisorbed NO
might contribute to the NQdesorption below 200C.

Absorbance

2200 2000 1800 1600 1400 1200

Absorbance

3.4. Adsorption of a mixture of NGand NO

The role of different nitrate species in N@dsorption at
high temperature was further investigated. Before;N@-
sorption, the sample was exposed to 400 ppm NO af @50
It was observed that the NO concentration quickly increases,
Fig. 10. Infrared spectroscopy spectra following NQreatment on suggesting there is negligible adsorption of NO at this tem-
Na-ZSM-5 at 350 C in sequence: (a) 20 min N@dsorption with 600 ppm  perature. This assertion was supported by the fact that when
NGz, (b) 15 min 1st flushing with argon, (€) 15 min NO exposure, (d) e game step-change increase in NO was carried out with an
10 min 2nd flushing with argon, (€) 20 min NO re-exposure, (f) 10 min . .
3rd flushing with argon. empty reactor (without the monolith sample), the same NO
concentration response was observed. Subsequently, NO

gadsorption was carried out by the introduction of 600 ppm
NO3 in the 400 ppm NO present at constant temperature. As
shown inFig. 11a, an increase in NO concentration was ob-

3800 3600 3400 3200 3000 2800 2600 2400
Wave number, cm!

that are able to withstand NO exposure are probably forme
through a disproportionation reaction of N{¥,12,21]

2NO, = N2Oy, 4) served immediately when the N@vas added. However, the
amount of NO produced from Nadsorption with the NO
NoO4 = NOT 4+ NO3™. (5) present is about two times less than the amount of NO pro-

duced without the simultaneous feed of NO (ad=ig. 3).
This observation indicates that the nitrate formation through
nitric acid that produces NO still occurs; however, it is im-
peded by the presence of NO. A competitive adsorption be-
Zeo—-O —Nat + NOt + NO3~ tween NO and N@would give a negligible contribution to
_ the appearance of NO at this temperature. On the other hand,

=Ze0-0-NO" +Na'NO; ™. ) the amount of N@ adsorbed was unaffected by the feed of
Infrared spectra peaks with bands at 1737 and 1718'cm NO. TPD after equilibration and flushing gives a profile sim-
from the NGQ adsorption at 30 and 20C, respectively, in- ilar to that obtained from TPD after NCequilibration fol-
dicate the presence ofo4 [7,10,14,18,24] However, the lowed by NO introduction and flushing (s€&. 7), except
C band of the A-B—C structure might also interfere with this that the released NOconcentrations are higher. These re-
feature. At 350C this species was undetectable, suggesting sults certainly indicate that in the presence of NO  é@r-
that at high temperature a direct disproportionation obNO age involving NO formation is hindered. However, the fact
might occur. that the amount of N@adsorbed is not reduced and there

Subsequently the NObinds to negatively charged sites in
the zeolite framework, replacing the charge compensating
Na*, which is later bound to Ng"
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Fig. 11. Measured NQ composition out of the reactor when sample was initially exposed to 400 ppm NO for 5 min and subsequently 600-pfan NO
20 min at a constant temperature 3%Dfollowed by a 10 min argon flush and finally a temperature ramp 8£2@nin (a). NQ, concentration profiles during
TPD after NQ equilibration and argon flushing (b).
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