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Formation of the Surface NO during NO Interaction at Low Temperature with
Iron-Containing ZSM-5
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Interaction of NO at low temperatures (47303 K) with Fe-ZSM-5 zeolites (Fe, 0.012.1 wt %) activated

by steaming and/or thermal treatment in He at 1323 K was studied by the transient response method and
temperature-programmed desorption (TPD). Diffuse reflectance infrared fourier transform spectroscopy
(DRIFTS) of NO adsorbed at room temperature as a probe molecule indicated heterogeneity of surface Fe(ll)
sites. The most intensive bands were found at 1878 and 1894 characteristic of two types mononitrosyl
species assigned to F¢NO) involved in bi- and oligonuclear species. Fast loading of atomic oxygen from
N>O on the surface and slower formation of adsorbed NO species were observed. The initial rate of adsorbed
NO formation was linearly dependent on the concentration of active Fe sites assigned to bi- and oligonuclear
species, evolving oxygen in the TPD at around 6800 K. The maximal coverage of a zeolite surface by

NO was estimated from the TPD of NO &t700 K. This allowed the simulation of the dynamics of the
adsorbed NO formation at 523 K, which was consistent with the experiments. The adsorbed NO facilitated
the atomic oxygen recombination/desorption, the rate determining step duhdeétomposition to @and

Ny, taking place at temperatures63 K.

1. Introduction The active sites are related to iron, but their nature is still not
clear because of the complexity of the state of iron in zeolites.
Framework Fe(lll) species, surface extraframework isolated bi-
and oligonuclear Fe(ll) sites and bulkBe/Fe;04 nanoparticles
have been reported to be present in the samples, depending on
iron content and zeolite pretreatment.
Fe-containing zeolites are not unique for the NO formation
from NO. Evolution of gaseous NO/NQvas observed during
) the TPD after the contact of /@ with Cu—ZSM-5 catalysts at
Recently, the evidence was presented that adsorbed NO andsgg k. However, with Cermordenite and CuY zeolites, this
NOx species are also formed during®linteraction with Fe- was not the caséTraces of gaseous NO/N@ere also detected

ZSM-5 zeolitesi™® Thus, Grubert et &.by “in situ” FTIRS during the NO decomposition to ©and N over Cu-ZSM-5
observed the formation of adsorbed NO on Fe(ll) sites of Fe  ,¢qjites?.8

N2O decomposition to Nand Q over Fe-ZSM-5 catalysts
is known to take place at temperatures higher than 573 K. This
reaction involves Fe-containing sites, £ and takes place via
atomic oxygen loading from $O:

NZO + ( )Fe_> N2 + (O)Fe (1)

ZSM-5 and FeMCM-41 during an interaction with O at The formation of adsorbed NO from,® attracts much
room temperature. El-Malki et & also observed at 473 K ayention because this species promotes #@ ecomposition
surface nitro- and nitrate groups formation fromQNsimilar to O, and Ns over Fe-ZSM-5 catalystd:2-16 The decomposition

to those obtained by direct interaction of a NQf@ixture with involves the formation of surface atomic oxygen fromN
the catalysts prepared by sublimation of Fa@ito ZSM-5.The  (yeaction 1), followed by its recombination with desorption as
temperature-programmed desorption (TPD) from the catalysts ¢ rate-determining step

exposed to PO gave an NO peak with a maximum at around

653 K2 Mauvezin at eP. observed an evolution of NO at around

600 K during the temperature-programmed reduction cffe 2(0ke Oz +2( Jre (3)
zeolites with hydrogen after their oxidation in®. Novakova ] ] B ]

et al® observed the formation of NO and N® TPD performed This _step is facilitated by adsorbed NO, accelerating the overall
after \bO decomposition over Fe-ferrierite at 553 K. In line reactiont*!

with all these results, we fouhdhat adsorbed NO species are

slowly accumulated on the surface of-F2SM-5 catalyst with 2(O) + [NO] — O, + [NO] + 2( )ee (3a)
low iron content and strongly affect the dynamics ofQN

decomposition, leading to an increase of the reaction rate with  Recently, we proposed a kinetic model fos0\decomposi-

time. tion by taking into account the formation of adsorbed NO
Reaction 2 is often considered as responsible for the formation promoting the NO decomposition to @and N..17 The present
of NO/NO surface species: work aims to clarify the regularities of the adsorbed NO
formation on Fe-ZSM-5 zeolites from NO. The surface iron
2N,O—2NO+ N, (2) sites in Fe-ZSM-5 catalysts are characterized by the adsorption

of NO as a probe molecule at room temperature controlled by
*To whom correspondence should be addressed. E-mail; DRIFTS. The total amount of surface Fe(ll) sites is determined
lioubov.kiwi-minsker@epfl.ch. by the transient response method at 523 K. The amount of Fe-
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TABLE 1: Main Characteristics of the Studied Fe-ZSM-5 Catalysts

time of iron active sites< 1078, sites g*
activation in
catalyst Fe loading wt % Si/Al ratio steaming He at 1323 K, h CE, (olliy
Activated by Thermal Treatment in He at 1323 K
ZSM-5110 0.011 42 - 1 0.062 0
ZSM-5419 0.011 42 - 20 0.021 0
ZSM-5;50 0.015 25 - 1 0.55 0.34
ZSM-509 0.02 42 + 20 2 1.2
ZSM-5300 0.03 47 + 20 0.83 0.64
ZSM-5350 0.035 42 - 1 2.8 1.9
ZSM-5350 0.035 42 + 1 3.0 2
ZSM-547¢ 0.047 42 - 1 2.1 1.4
ZSM-5s500 0.55 25 - 1 3.9 2.6
ZSM-5sg00 0.58 25 + 1 11 10.3
ZSM-55g00 0.58 25 + 4 8.4 7
ZSM-5s5g00 0.58 25 + 8 7.2 4.8
ZSM-5s500 0.58 25 + 11 6.3 4.4
2.1%Fe-ZSM-5;5¢ 2.1 25 - 1 24 10
Activated by Steaming and Thermal Treatment in He at 823 K
ZSM-5s50 0.035 42 + 0 0.8 0.13
ZSM-5s800 0.58 25 + 0 7.3 2.4
2.1%Fe-ZSM-5;59 2.1 25 + 0 28.9 11.6
(I1) sites involved in Q formation via reaction 3 are measured Catalysts were characterized by “in situ” DRIFTS of adsorbed
by the TPD of oxygen evolved at 62670 K181° NO at 303 K. A Perkin-Elmer 2000 FTIR spectrometer with
an MCT detector was used. The catalys0(015 g) ground in
2. Experimental Section an agate mortar was placed into a SpectraTech—Q02

2.1. Catalyst Preparation.Both commercially available and ~ PRIFTS cell with Cak windows in a setup described earliér.

homemade ZSM-5 zeolites were used in the present study (Table! N€ Setup allowed quick switching between two flows, one with
1). The industrial Zeocat PZ-2/50H (Si/A+ 25, H form) as  Pure Ar, another containing 0.5 vol % of NO in Ar. The flow
extrudates (ZSM-&og and powder (ZSM-Bq) were provided rate was equal to 20 mII (STP)/min. Th(_e spectra of t_he nitrosyl
by Zeochem AG (Uetikon, Switzerland). The powder contained "©9'0" (1746-1940 cm*) were almost identical during-2
150 ppm of Fe as an impurity, and the extrudates were found MiN N I\!O. After 6 min, the flow passing through the qatalyst
to contain 5500 ppm of iron due to a binder used for pelletizing. WaS switched back to Ar. The DRIFT spectra obtained by
The isomorphously substituted ZSM-5 with Si/Al 42 or 47 averaging of_ 32 scans with a resolution c_)f 4 cm-1 were taken
were synthesized via the hydrothermal route. Typically, tetra- €Very 0-5 min. Before every run, the activated catalysts were
ethyl orthosilicate (TEOS, Fluka, 98%) was added to an aqueousPretreated in the cell in Ar at 823 K for 60 min. A single beam
solution of tetrapropylammonium hydroxide (TPAOH, Fluka, spectrum of the catalyst before introduction of NO into the cell
20% in water) used as a template, NaAl(Riedel-de Hap at the interaction temperature was taken as a background. The
NaO 40-45%, ALO; 50—56%) and Fe(N§s9H,0 (FIuka{ contribution of the gaseous NO to the spectra was negligible,
98%). The molar ratios between components were TEOS/ S shown by measuring the spectra of the mixture containing
TPAOH/NaAIO,/H,0 = 0.8:0.1:0.016-0.032:33 and Si/fFe=  0-2 Vol % NO over KBr.
160-3200. The mixture was stirredif@ h atroom temperature, _2.3. Transient Response and TPD MeasurementSran-
and the final clear gel was transferred to a stainless steelSient response and TPD experiments were performed in a
autoclave lined with Teflon and kept in an oven at 450 K for 2 Micromeritics AutoChem 2910 analyzer. A ThermoStar 200
days. The product was filtered, washed with deionized water, (Pfeiffer Vacuum) quadrupole mass spectrometer was used for
and calcined in air at 823 K for 12 h. The zeolite was then 9as analysis. Calibrations were carried out with gas mixtures
converted into the H form by an exchange with a /NI, of known compositions. The following peaks were controlled
aqueous solution (0.5 M) and subsequent calcination at 823 K Simultaneously by the mass spectrometer 4 (He), L®}H8
for 3 h. A postsynthesis iron deposition was performed with (N2 N20), 30 (NO, NO), 32 (Q), 40 (Ar), 44 (N:O), and 46
the ZSM-5s0 by the adsorption from an Fe(GEOO); aqueous (NO;) m/e. The lines in the setup as well as a fused silica
solution (0.01 M) (for 2.1%FeZSM-5,59). This sample had capillary connected to the mass spectrometer were heated to
an intensively brown color, indicating F@s formation. 383 K. Sometimes, a N@letector (EcoPhysics CLD 822) with
The catalysts were activated by steaming,@Hpartial a sensitivity of>10 ppm of NQ was used to identify the
pressure of 0.3 bar, He flow rate 50 mL/min) at 823 K for 4 h nitrogen oxides at the reactor outlet.
and/or by treatment at 1323 K in a He flow (50 mL/min) for ~ The amount of a catalyst placed in a quartz plug-flow reactor
1-20 h1® The main characteristics of the samples are shown Was equal to 0.51.0 g. Before every run, the activated catalysts

in Table 1. were pretreated in He (50 mL/min) at 823 or 1323 K for 1 h
To prepare an R©4/Al,03 sample, iron oxide was deposited  (Table 1), then cooled to the studied temperature.

on alumina by incipient wetness impregnation with 2.2 M Fe-  In the transient response experiments, noynall2 vol %

(NO3)3*9H,0O solution, followed by drying in air at room  N20/2 vol % Ar/96 vol % He mixture was used. Argon was

temperature and calcination at 823 K for 4 h. introduced to the mixture as an inert tracer. Other mixtures

2.2. Catalyst Characterization. The chemical composition ~ containing 1.3 and 0.7 vol % of J0 were created by dilution
of the catalysts was determined by atomic absorption spectros-with He in the Micromeritics 2910 analyzer. The same total
copy (AAS) via a Shimadzu AA-6650 spectrometer. The flow rate was used for all gas compositions (20 mL (STP)/min).
samples were dissolved in hot aqua regia containing HF. Two methods for the determination of the Fe(ll) sites were
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Figure 1. DRIFT spectra at 303 K (a) of nitrosyl region obtained during NO interaction (0.5 vol %, 6 min) with different ZSM-5 catalysts
activated in He fo1 h at1323 K; (b) of nitrosyl species removed from the 2.1%R&M-5;50 catalyst during 3 min of purge by Ar.

applied with a Micromeritics AutoChem 2910 analyzer as  The two strong bands at 1872890 cn1! were observed
described elsewhefé They were based on the total amount of earlier for different FeZSM-5 sampled22425However, two
oxygen loaded from pD on a zeolite (Mformed in reaction 1,  strong bands at 1856 and 1882 ¢r#3Cor only one band at
Cr, in Table 1) and on the amount of oxygen desorbed at around 1880 crr were also reporte#?2233+33 The differences
630-670 K after the NO interaction for 5 min (reaction 3, could be due to different NO partial pressures, time-on-stream,

CEED, Table 1). It was shown earlig! that these two temperature, conditions of catalysts synthesis, activation, and

methods give different amounts of Fe sitﬁé > cEZ’D_ pretreatments. The two species giving the bands at-+8800
NO interaction with a catalyst was performed for 5 min with cm~* were reported to possess high, but quite similar thermal
a 0.5 vol % NO/0.5 vol % Ar/99 vol % He mixture. AfterJ® stability 25 In accordance with our data, they were found stable

or NO reacted with the catalyst, the reactor was purged by He in the presence of 0.5% NO/He at 673'Kand in He at 573
for 10 min, and temperature-programmed desorption (TPD) was K.2* However different reactivity of these two species with
performed in He (20 mL/min, STP) with a 30 K/min ramp. Gas 0xygen was reportetf,indicating different species responsible
purities were higher than 99.998%, except for NO, which was for two bands.

>99.9%. The catalyst activation and pretreatments used in the present
work implied the formation of extraframework iron, its autore-
3. Results duction to the Fe(ll) state, and dehydroxylati§ri? It was

3.1. NO Adsorption on the Surface Iron Sites.The iron observed that the intensity of the bands at 187890 cnr*

sites were probed by infrared spectroscopy of adsorbed NO al,[increased after the thermal treatment of hydrothermally syn-

room temperature. This is a developing method for the iron sites thesized ZSM-5 samples in He at'1323 K as compared tq the
characterization in zeolit@8;2° which gives some hints con-  t1ermal treatment at 823 K. This suggests that the high-

cerning their oxidation state, nuclearity, and coordination. The [EMPerature treatment increases the amount of sites responsible
DRIFT spectra presented in Figure 1a were obtained for the for NO adsorption. The band intensities of adsorbed NO (3870

catalysts prepared by different methods, such as hydrothermat890 ¢T”) increased with the number of active iron sites
synthesis and postsynthesis iron deposition (2.19&%M-5) involved in the surface oxygen loading presented in Table 1 as
(Table 1). The spectra of the nitrosyl region obtained after 6 Cre Up to 80% of iron content in the sample ZSMsbwas

min of the NO (0.5 vol %) interaction with zeolites at 303 K in able to load oxygen, indicating that iron in this sample was
the presence of gaseous NO were similar. They showed twomainly in the Fe(ll) state before the NO adsorption. Additionally,
strong bands at 1891 and 1878 ¢nwith the same ratio of it is known that the adsorption of NO on Fe(lll) sites is much
intensities and weak bands at 1819 and 1806 dffeigure 1a). weaker than on Fe(ll) sites. Hence, the detected nitrosyl species
Only the former species were stable in a flow of Ar at room are assigned to iron in the state Fe(ll). In accordance, no band
temperature. The nitrosyl species characterized by the regionin the region 18761890 cnt! was observed for the similarly

of 1870-1890 cnt! were found also stable in the presence of treated FgOs (Fluka,>99%) or Fg(SQy)s-aq (Fluka) dehydrated
0.5 vol % NO at a temperature as high as 603 K. at 373 or 473 K.
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Figure 2. (a) Response curves of.Naind NO obtained at 523 K during introduction of the 2 vol % 2 vol % Ar mixture in He on the
ZSM-5350 catalyst pretreated in He at 1323 K for 1 h. Inert tracer (Ar) response is shown for comparison; (b) TPD profiles of oxygen and NO after
5 (a) and 65 (b) min of the O interaction (2 vol %) with the ZSMd, catalyst pretreated in He at 1323 K for 1 h.

A discrepancy is in the literature concerning the coordination product observed. No gaseous NO/N@rmation was detected
and nuclearity of the iron sites responsible for the 187890 by the NQ detector £10 ppm sensitivity). The amount of;N
cm! region. These sites were assigned to isolated iron sitesevolved was used to estimate the total amount of surface Fe(ll)
located inj positions of zeolit&®*°however, a detailed analysis  sites involved in oxygen loadingCE, Table 1). This assign-
showed that oligonuclear species are more probasiéd3* ment is formal: N appears as an asymmetric peak with a tailing
These species were also associated with the extraframework Feip to 200 s. This shape of the Kesponse could not be described
species attached to Al cations via bridging oxygen a®ms by the rate of reaction 1 on a single type of sites. The response
because the bands in this region were not observed fer Fe pattern suggests also another source pfdimation.
silicalites without aluminund?25Hence, the bands in this region After 5 and 65 min of interaction of the gas mixture
we assigned to mononitrosyl F€NO) species involved in containing 2 vol % of MO with the ZSM-550 catalyst at 523
surface bi- and oligonuclear iron species, probably with K and He purge, the TPD runs were performed (Figure 2b). It
aluminum in vicinity. is seen that adsorbed NO and oxygen loaded during #& N

As the species with the bands at 1891 and 1878onere interaction could be removed from the surface during the TPD
stable without gaseous NO at room temperature, the unstablewith the peaks at around 700 K for NO and 6370 K for
species could be distinguished. The spectrum after the subtracoxygen. The amount of iron sites able to desorb oxy@&i1
tion of the stable species bands is very weak (Figure 1b). The Table 1) was lower than the total amount of iron sites involved
bands at 1819, 1806, 1845, 1858, 1921, and 1906 ame seen.  in the oxygen loading from pD (CZ, Table 1). This indicates
The couples of bands in the regions of 1810 and 1915'cm  that iron sites of a different nature are present. Some of them
were assigned earlier to dinitrosyl ¥¢NO), 2429-30-34or trini- could accept oxygen from 40, but cannot evolve ©at 630~
trosyl FE*(NO); #*?®species. It is evident that the iron species 670 K in the TPD. Another reason for this difference could be

accepting two or three NO molecules should possess highdue to N release during the surface NO formation frorsyl
coordinative unsaturation and are probably isol&t&83°The

band at around 1770 crh accompanie®#3> or not ac- 2N,O
companieé3C by the 1845 cm! band assigned earlier to
dinitrosyls or mononitrosyls, respectively, was not observed in It is seen from Table 1 that the thermal activation of the same
the present study. zeolite synthesized by the hydrothermal method at 1323 K
The bands in the range of 186@840 cnT! seen on Figure provides a higher amount of active sites as compared to the
1b were assigned earlier to mononitrosyls>'fBlO)323.25.29 activation by steaming and heating at 823 K. The catalyst
associated with isolated iron sites. It should be noted that the prepared by postsynthesis iron deposition (2.1%F8M-5;5)
band with the close position was observed on-&ificalites is almost not sensitive to the activation temperature. The gap
without aluminum?s betweenCz, and C{L® is bigger for these catalysts, indicating
From the DRIFTS experiments, it follows that Fe(ll) species that some Fe(ll) is present in the form of iron oxide particles,
in the studied zeolites are not uniform. A comparison of the which can load some oxygen from®, but do not desorb it at
relative band intensities with the literature dat®-3%35shows 630-670 K. Long time activation of the ZSMsfy catalyst at
that the intensity of the bands shown in Figure 1b are extremely 1323 K results in a decrease of the amount of active sites,
weak with respect to the bands of 1878 and 1891cidence, contrary to the catalysts with much lower concentration of iron
the concentration ratio of the isolated iron species responsible (ZSM-5,00).181° This can be a result of agglomeration of iron
for the bands in Figure 1b to other species present (bi- andto inactive iron oxide particles.
oligonuclear, probably with aluminum in vicinity) is small, if The amount of NO accumulated on the surface increased
not negligible, for the studied samples. almost 1 order of magnitude when the interaction time with
3.2. NO Formation from N2O. N»O interaction with different N0 increased from 5 to 65 min (Figure 2b). This increase was
Fe—ZSM-5 catalysts (Table 1) was studied by the transient concomitant with a~30 K shift of the oxygen TPD peak to
response method, followed by the TPD in He. It is seen in Figure lower temperatures, indicating an easier desorption of oxygen
2a that, after the PO introduction, the BO-concentration curve  due to NO in agreement with our earlier datd.is important
is shifted with respect to the inert tracer (Ar). This shift is due that the amount of @desorbed in the TPD run remained
to N,O reversible adsorption and its transformation to atomic independent of the time of /D interaction with the zeolite.
surface oxygen and gaseoug!fINitrogen was the only gaseous  The time dependences of the NO amount accumulated on ZSM-

— N, + 2NO,4 4)

ads
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Figure 3. Time dependence of the adsorbed NO accumula@ij from N,O (2 vol %) at 523 K on the ZSM45, and ZSM-5q, catalysts
activated in He at 1323 K.
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Figure 4. Dependence of the concentration of adsorbed NO spe@l%?)(accumulated on the ZSMs& catalyst during 65 min of the interaction
with N2O (2 vol %) on the temperature. A result of direct adsorption of NO (0.5 vol %, 5 min) is shown for comparison.

B350 and ZSM-5 catalysts during the interaction with,8
are shown in Figure 3. The ZSMsdp catalyst possessing a
higher amount of active iron sites than the ZSM¢gTable 1)
accumulates more NO formed from® during the same period.

maximal amount of the sites. For this purpose, a mixture
containing 0.5 vol % of NO was contacted with the catalyst for
5 min at 523 K, and after He purge, the TPD was performed.
The amount of NO desorbed was equal to the amount of NO

This suggests that the sites active in the NO formation are relatedproduced from MO at temperatures 56303 K. This value

to iron.
The NO interaction with the ZSM-y catalyst was also

was 2 times higher than the concentration of adsorbed NO
formed from NO at 523 K for 65 min (Figure 4). These data

performed at different temperatures to determine the amountingdicate that the maximal concentration of sites, which adsorbed
of the accumulated, adsorbed NO. For this purpose, after 65NQ s equal to 1.5« 10' sites g, and that, after 65 min at

min of the reaction at the selected temperatur&43 K), the

reactor was quickly cooled in the reaction mixture to 523 K,
purged with He for 10 min, and the TPD was performed. The
NO amount produced fromJ® and accumulated on the surface
was calculated and plotted as a function of temperature (Figure
4). It is seen that the concentration increases, reaching a

maximum value equal to 1.5 10*® molecules g, which does
not change in the range 56803 K. The maximum value may

523 K, the produced NO from /D was not sufficient to cover
all sites. The maximum number of NO site€§{f>..) was
taken for kinetic modeling of pD decomposition in our previous
publication!” This value corresponds t&75% of the active
Fe(ll) sites determined by the TPEZJC® = 2.0 x 108 sites
9.

Figure 5 shows the effect of the initiab® concentration on

correspond to the saturation of the sites, which adsorb NO the NO formation. In these experiments, the catalyst was
irreversibly because desorption of NO starts only at higher contacted with the reaction mixture containing different con-
temperatures{653 K). The NO adsorption was also performed centrations of MO (2, 1.3, and 0.7 vol %) at 523 K for 5 min,

directly from gas phase on the ZSMsb catalyst to obtain a

and then heated in the reaction mixture at 10 K/min. It is seen
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activated at 1323 K; triangles, activated at 823 K) frogON2 vol %) during 5 min at 523 K on the concentration of the sites evolving oxygen
from these catalysts at 6370 K (CL5° from the TPD data).

that NO evolved in different amounts (Figure 5, inset). The Thus, iron oxide particles were not responsible for the NO
higher the concentration of X0, the higher the amount of the  formation/accumulation. On the contrary, the amount of ad-
evolved NO. Roughly linear first-order dependence is observed sorbed NO increased with the amount of Fe sites evolving
for the NO formation on the concentration 0@, as shown oxygen at 636-670 K. It is interesting that the temperature of
in Figure 5. the zeolite activation (823 or 1323 K) had no effect on the
3.3. Rate of NO Formation from N,O. The N,O interaction observed dependence (Figure 6, triangles and squares), showing
with different ZSM-5 catalysts (Table 1) was performed for 5 that the same sites were formed after both activations. The
min at 523 K, and the amounts of adsorbed NO and loaded straight line indicates that the formation/accumulation of NO
oxygen from NO were determined from the TPD profiles t@kes place either with participation of the sites responsible for
(Figure 2b). As the adsorption of NO is irreversible and is far ©XY9en desorption or on the sites related to them. The latter
from saturation of adsorption sites, the amount of adsorbed NO seems more probable, as for the ZSMOSa}gpIe, th? maximum
during 5 min of reaction of bD is proportional to the initial ~ coverage by NO equals only 75% froB.". Additionally, as
rate of its formation from BO. Thus, the rates were calculated S S€€n from Figure 2b, the adsorbed NO does not block the

for the samples with different concentrations of the active Fe- Sites for the oxygen loading from29, as the concentration of
(Il) sites (Table 1). oxygen in the TPD peak does not decrease when the NO con-

centration increases considerably. This conclusion corresponds
to the reported daté?! on the effect of NO in NO decomposi-
tion to G, and N, confirming noncompetitive adsorption.

A correlation of NO formation was found between the rate
and the concentration of the sites evolving oxygen during the
TPD at 630-670 K (CL®) and is presented in Figure 6. _ _
Neither oxygen nor NO were observed in the TPD after the 4. Discussion
N2O interaction with the F&/Al,O3 catalyst (0.20 g, Fe 5 wt Adsorbed NO was found to be formed from@ during its
%) pretreated in the same way as the-BSM-5 samples. interaction with Fe-containing ZSM-5 catalysts at low temper-
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Figure 7. The dynamics (simulated and measured) of adsorbed NO formation fe@n(Avol %, 523 K) related to the maximal NO coverage
on the ZSM-53sp and ZSM-5q catalysts activated in He at 1323 K.

atures (473603 K). The accumulated amounts of NO do not and the sites, which may form adsorbed NO froaONFigure
correspond to an impurity in XD: in order to accumulate the  6). Desorption of oxygen from isolated iron sites is more difficult

determined amounts of NO (3.5 107 NO molecules g?) than that from bi and and oligonuclear iron sites. Diffusion of
during 5 min of the NO reaction with the samples with high  one oxygen atom to another over the ZSM-5 surface is necessary
iron content, NO should contain up to 0.5% of NOThis in this case. Hence, the iron sites evolving oxygen at-6300

concentration could be easily monitored by the NO/NO K were assigned to bi- and/or oligonuclear o#&%.Thus, the

detector, but it was not the case. This is also in line with the initial rate of the adsorbed NO formation is proportional to the

observed dependence of the adsorbed NO concentration on thé&l,O concentration Gy,0) and concentration of the iron sites

temperature (Figure 4). Additional evidence that NO is not evolving oxygenCr-™

present as an impurity in JO was obtained by the comparison

of the oxygen dynamics curves at different temperattiredich %o ~ Cn.o Cro® (5)

were found to be dependent on the temperature. The increase :

of the reaction rate was more marked for higher temperatures, Nitrogen evolution during the 3D interaction accompanied

confirming the chemical interaction of ® with the surface by oxygen loading is finished withir-2 min (Figure 2), but

leading to adsorbed NO, but not accumulation of NO impurity. the accumulation of the strongly adsorbed NO species was slow
The amount of active iron sites, on which NO accumulation and was observed for more than 60 min (Figure 3). Hence, the

takes place, is generally low and does not exced@'3 sites step of NO decomposition to surface atomic oxygen and

g ! (Table 1)?* A slow increase of the adsorbed NO concentra- gaseous nitrogen is much faster than the accumulation of surface

tion takes place during more tha h of the NO interaction NO species and the oxidized iron sites gXould participate

with zeolite at 523 K (Figure 3). These species desorb at in the formation of adsorbed NO.

temperatures higher than 643 K (Figure 2b). The formation of A simplified kinetic scheme of the D interaction with Fe-

NO species in the FeZSM-5 samples was proportional to the  ZSM-5 at low temperatures<G63 K) can be presented as:

N2O concentration (Figure 5). Hence, the adsorbed NO species

is quite difficult to detect during or after the,® decomposition N2Ogas > N,O4q

performed over the FeZSM-5 catalysts with low iron content, (reversible adsorption) instantaneous (6)
at low N;O pressures, low time-on-streams, or temperatures
higher than 643 K. NyOugt+ ( Jpe™ Ny + (O)ee

DRIFTS of adsorbed NO at room temperature (Figure 1a) (deposition of oxygen) fast (7)

shows heterogeneity of iron sites. Adsorbed NO was mainly . '

presented by the species characterized by the bands at arounlalzoad+ (O)ee _ 2INOT (e ,

1870-1890 cnt! (Figure 1a). These species possessed high (formation of surface NO) relatively fast (8)

thermal stability, indicating strong interaction of NO with iron.  [NO]' — [NO]

Assignment of these bands to Fe(ll) involved in bi- and (accumulation of catalytic NO) slow (9)

oligonuclear sites associated with aluminum extraframework

cations seems possible; however, this point requires further Step 6 corresponds to reversible adsorption g Nollowed

studies. The contribution of the sites with high coordinative by the surface atomic oxygen loading, accompanied by N

unsaturation (probably isolated) is low. evolution (step 7). The adsorbed NO, [NO} formed in step
Insight concerning the sites involved in NO formation by 8, followed by the reaction 7 with participation of the liberated

measuring the NO amount formed from,®I on activated (' )re sites, additionally giving Min the gas phase. Evidence

ZSM-5 catalysts with different acidity, amount of iron, and for the relatively fast step 8 could come from the pattern of the

concentration of active iron species (Table 1) was also obtained.N, response. During the #0 interaction, nitrogen appears as

It was demonstrated that there is a relationship between the ironan asymmetric peak with a tail up to 200 s. This shape of the

sites, which form oxygen from )D desorbing at 636670 K N> response could not be described by only the rate constant of
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The transformation of the adsorbed NO to adsorbed NO
species via the oxidation by the loaded oxygen can also take o
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