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Abstract

The dynamics of MO decomposition to gaseous nitrogen and oxygen over HZSM-5 catalysts with a low iron content (200 and 1000 ppm)
was studied by the transient response method in the temperature range 523—-653 K. The active catalysts were prepared from HZSM-5 with Fe
in the framework on its steaming at 823 K followed by thermal activation in He at 1323 K. Two main steps were distinguished in the dynamics
of N2O decomposition. The first step represent®©Nlecomposition forming gaseous nitrogen and surface atomic oxygen. The second step is
associated with surface oxygen recombination and desorption. At 523-553 K only the first step is observed. Above 573 K the decomposition
of N2O to O, and N in stoichiometric amounts starts at a rate increasing with time until a steady-state value is reached. This increase
was assigned to the catalysis by adsorbed NO formed slowly on the catalyst surfaces@radNndicated by temperature-programmed
desorption. The catalytic effect of the adsorbed NO was also confirmed by transient experiments with forced addition of NO in the stream
of N>O during its decomposition. A simplified kinetic model is proposed to explain the autocatalytic reaction. Catalyst pretreatpent in O
did not affect NO decomposition, but irreversible water vapor adsorption at 603 K resulted in a twofold decrease in surface oxygen loading
from N»O and complete inhibition of the oxygen desorption.

0 2003 Elsevier Inc. All rights reserved.

Keywords:Fe-containing HZSM-5; MO decomposition; Transient response method; Temperature-programmed desorption; Surface oxygen loading
from NoO

1. Introduction tion decreasing the concentration of the reactant [9], which
should be avoided.
The kinetics of NO decomposition was shown to be of
310 times higher than that of GOand its concentration fwstorder in NO c.o.nce.ntrat|on [4]. The activity of zeolites
| in N2O decomposition is known to depend on the presence

in the atmosphere is still on the rise [1]. Metal- and meta FNO.. Or. H'0. SO. CO. and hvd b .
oxide-doped zeolites have been reported as promising cat> x, Oz, H20, SO, » and hydrocarbons in streams.

alysts for NO decomposition [2]. HZSM-5 with a low El-Malki et al. [4,10] and Zhu et al. [5] did not find any ef-

content of iron (hereafter H(Fe)ZSM-5) was shown to be ac- fect of Oxygen on this. regction, but in the presence of water
tive in nitrous oxide decomposition, forming surface atomic vapor, isothermal oscillations were observed durin@nde-

oxygen (O}q and gaseous Nand G [3]. The sites in composition with Fe/MFI [4,10]. Perez-Ramirez et al. [6,11]

H(Fe)ZSM-5 active in the above-mentioned processes haveStUdIBd the effect of NO on 20 decomposition and showed

been assigned to iron cations [3—6]. But until now very lit- that oxygen desorptioniis the ratg-limiting step, which could
tle quantitative information has been available on the total be accelerated. by NO. The objective of the present study
loading of (O)g and its role during MO decompositionto W8S to. determine the effect. (?fZONO' and HO on the

O2 and No. Moreover, H(Fe)ZSM-5 is able to hydroxylate dynamlcs of NO decomposn-lon over H(F?)ZSM'S_' The
benzene to phenol and oxidize methane to methoxy speciegrangent response method gives valuable mformanon con-
by NO at low temperatures [7,8]. For these reactionsOQN  Cerning reaction dynamics and the effect of different gases.

decomposition to gaseous oxygen and nitrogen is a side reac NS method was applied earlier to study® decomposi-
tion over Cu-ZSM-5 catalysts [12] and may shed additional

light on the mechanism of the reaction over H(Fe)ZSM-5. In
* Corresponding author. our previous study [13] it was shown that the transient re-
E-mail addresslioubov.kiwi-minsker@epfl.ch (L. Kiwi-Minsker). sponse method allows determination of the concentration of

N2O is a greenhouse gas with a warming potential
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Fe sites active in the formation of surface atomic oxygen via was calculated employing the BET method. The SSA of
N2O decomposition to gaseous lAnd (O)g. HZSM-5;00Fe Catalyst decreased after activation, but not
substantially (from 370 to 330 #ig).

2. Experimental 2.3. Catalytic activity measurements

In our previous study [13] it was found that thermal pre- Catalytic activity was measured in a Micromeritics Au-
treatment of steamed zeolites in He at 1323 K increases thetoChem 2910 analyzer. A ThermoStar 200 (Pfeiffer Vac-
concentration of sites active inJ® decomposition, which ~ uum) quadrupole mass spectrometer was used to analyze
were assigned to surface Fe-containing species. Thereforethe gas phase composition. Calibration was carried out with
this treatment was used during this study. Zeolites with very mixtures of known gas composition. The following peaks
small concentrations of irong(1000 ppm) were employed, ~Were controlled simultaneously by the mass spectrometer:
aiming at the formation of uniform Fe species. Low tempera- 4 (He), 18 (R0O), 28 (N>, N2O), 30 (NO, NO), 32 (),
tures were used to studyI® decomposition to discriminate 40 (Ar), 44 (N;O), and 46 (NQ) m /e. The lines in the setup

between the different reaction steps. as well as a fused silica capillary connected to the mass spec-
trometer were heated up to 383-423 K.
2.1. Synthesis of catalysts The amount of catalyst placed in a quartz plug-flow reac-

tor was equal to 1.04-1.09 g. Before every run the activated

Two zeolites, HZSM-Booore and HZSM-5g0re Were catalysts were pretreated in He (50 pmhin) at 1323 K for
used throughout this study. The initial parent HZSMdpre 1 D then cooled to the studied temperature (523, 603, or
(Zeocat PZ-2/50-H) with a $Al ratio of 25 and specific ~ 653 K). This pretreatment is hereafter called “standard.”
surface area (SSA) of 335%fg was provided by Chemie In the transient response experiments a mixture of 2 vol%
Uetikon SA (Switzerland). The initial parent HZSMdgore N20O/2 vol% Ar/96 vol% He was introduced into the reactor
with a Sj/Al ratio of 42 and SSA of 370 Ryg was at a flow rate of 20 mL(STR)nin. Argon was used as an
synthesized as reported elsewhere [13] The Synthesis Sojnert tracer. Interaction of NO with the Catalyst was studied
lution was prepared from sodium aluminate (52.5 wt% Withamixture of 10 vol% NG90 vol% Ar. After the NO or
NaAlO,, Riedel-de Haén), sodium chloride (99.5 wt%, NO reacted withthe catalyst, the reactor was purged with He
Fluka), and tetrapropylammonium hydroxide (20 wt% in for 10 min, and temperature-programmed desorption (TPD)
water, Fluka) in deionized water by adding the tetraethyl Was performed in He (20 mimin) with & 30 K/min ramp.
orthosilicate (TEOS, 98%, Merck—Suchardt) with vigorous Al gases were obtained from CarbaGas (Lausanne) and
stirring (2-3 h). The molar ratio was as follows: TPA- had a purity higher than 99.998 vol%. Medical-gradeON
OH:Si(OEt):NaCl:NaAIOyH,0 = 2.16:5.62:3.43:0.13:  (NOx lower than 2 ppm) and purezD (> 99.998%) were.
1000. The synthesis took 2 days under an autogenously regtSed. Water was pulsed to the catalyst using a 0.5-pL syringe
ulated pressure at 444 K. After being washed and calcined atVia @n injector. Adsorption of water was controlled by the
873 K in air for 5 h, the zeolite was converted into H formus- Mass spectrometer.
ing ammonia buffer, and heated in nitrogen at 823 K for 5 h.
For activation the zeolites were steamegQHpartial pres-
sure was 310 mbar) in aMlow for 3 h at 823 K and treated
in He for 4 h at 1323 K. This treatment did not alter zeolite
structure as was shown by X-ray diffraction (XRD) of the
zeolites before and after activation.

3. Results
3.1. Dynamics of BD decomposition

The transient response experiment with the HZSM-
51000recatalyst at 603 K is presented in Fig. 1 and illustrates
the formation of N and Q. N2 concentration first passes
a sharp maximum and then slowly increases, while oxygen
concentration is seen to continuously increase. After 45 min
of reaction a steady state is reached with a conversion of
around 50%. Nitrous oxide evolution is delayed with respect
to Ar (inert tracer) due to product formation and reversible
adsorption on the catalyst surface [13].

The HZSM-5qpre catalyst behaves in a similar way at
603 an 653 K (Fig. 2). Two steps can be suggested to explain
the dynamics of MO decomposition. The first is assigned to
the formation of surface atomic oxygen ¢g@and gaseous
N2 from N2O:

2.2. Catalyst characterization

Fe and Al content ofthe catalysts was measured by
atomic absorption spectroscopy (AAS) using a Shimadzu
AA-6650 spectrophotometer with an air-acetylene flame.

XRD patterns of the catalysts were obtained with a
Siemens D500 diffractometer with CuzKmonochromatic
radiation ¢ = 1.5406 A). XRD of the HZSM-5qoFe Cat-
alyst after activation by steaming following severe high-
temperature treatment in He (1323 K, 17 h) showed only
peaks corresponding to HZSM-5.

The specific surface are# the catalysts was determined
using Nb adsorption—desorption at 77 K with a Sorptomatic
1990 instrument (Carlo Erba). The SSA of the samples N2O+ () — N2 + (O)agds
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Fig. 1. Transient response curves obtained after introduction of the mixture of 2 val®t2N/0l.% Ar in He on the HZSM-Bggorecatalyst at 603 K after

the standard pretreatment.
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Fig. 2. Transient response curves of nitrogen (a) and oxygen (b) obtained after introduction of the mixture of 2@I24M.% Ar in He on HZSM-5q0Fe
catalyst at different temperatures after the standard pretreatment.
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Fig. 3. Effect of the different pretreatments on the transient response curves of nitrogen (a) and oxygen (b) obtained after introduction of thfe2radttero
N20/2 vol.% Ar in He on HZSM-5ggrecatalyst at 603 K after the standard pretreatment (1, standard), followed by 2 yoifH2 for 10 min (2, GQ), or
water vapor (3, HO), or 10 vol% NO in Ar for 10 min (4, NO). A 10-min purge with He is performed after every pretreatment.

Only this reaction takes place at 523 K (Fig. 2). Thedyp- concentration of Fe atoms in the sample equal 102108
pears in the reactor outlet with a sharp maximum, while the atomgg. However, for the HZSM-fyoore Sample the con-
formation of molecular oxygen is not observed. centration of active sites(Z.5 & 0.2) x 10" siteyg), is
The second step during2® decomposition is charac- ~considerably lower than the total concentration of iron in the
terized by a slow increase in-Qroncentration accompa- ~ catalyst (11 x 10*° atomgg).
nied by N formation in the stoichiometric ratio (Figs. .
1-3). At higher temperature (653 K) the conversion rapidly 3.2. Effect of catalyst pretreatments opONdecomposition
reaches 100%. dynamics
It is important that the amount of nitrogen at 603 and
653 Kdetermlned by lntggratlon of th@l‘pbgak SPb”ac“”g after standard pretreatment (1) was compared with those
the nitrogen formed during theJ® §t0|ch0|metr|c decom-  \\here the same pretreatment was followed by pretreatments
position is equal to the amount of nitrogen evolved at 523 K. i, gifferent gases at 603 K: (2) 2 vol%an He for 10 min
This was observed for both catalysts. Hence, the oxygen q,); (3) water vapor until catalyst saturation with irre-
(O)ag deposited from MO occupies all surface Fe-active versibly adsorbed water @d); (4) 10 vol% NO in Ar for
sites. The concentration of Fe-active sites for HZSpdobe 10 min (NO). It should be mentioned that after every pre-
was found to be(1.7 + 0.2) x 10'8 siteg’g, which was  treatment a 10-min He purge is performed.
calculated from the amount of Nreleased at 523 K. The It is seen in Fig. 3 that (Q) formation on the surface
concentration of active sites determined approaches the totals dependent on the type of pretreatment since the amount

The dynamics of MO decomposition over the catalyst
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Fig. 4. Transient response curves obtained after a switch of He to the 10 vol% NO rest Ar mixture on Hg§ab603 K after the standard pretreatment.
Inset: TPD profiles after interaction of NO ang® with HZSM-5ggreat 603 K.

found from the nitrogen formed (after subtraction of the 3.3. NO effects on decomposition i\
small contribution of N formed during the stoichiometric

decomposition of MO) was 1.7, 1.6, 0.8, and3x 10'8 at- The transient response with the NO-containing mixture
omg/g after pretreatments 1, 2, 3, and 4, respectively. is presented in Fig. 4, which shows a delay in NO evo-
Pretreatment with oxygen did not affect ¢@)oading lution with respect to Ar. At the same time no gaseous

and NbO decomposition (Fig. 3). This resultis in agreement products (@, N2, NO2, N2O) were observed. The delay is
with previous studies [8,10,13]. In contrast, water adsorption explained by the adsorption of NO on the catalyst as no de-
provided a twofold decrease in the amount of sites avail- lay in the evolution of NO with respect to Ar was observed
able for (O)q formation. The same result for both catalysts in a blank experiment with quartz instead of catalyst. The
studied was obtained at a lower temperature (523 K) [13]. concentration of adsorbed NO was calculated to lex2
Atomic surface oxygen recombination and desorption were 10*® molecules NQg.

more sensitive to pretreatment and were completely sup-  Temperature-programmed desorption (TPD) experiments
pressed in the case of the®-pretreated catalyst (Fig. 3). indicated that even after the He purge, there remains on the
Additionally, catalyst presaturation with water considerably Surface some irreversibly adsorbed NO, which is desorbed
decreased (3.5-4 times) the amount of reversibly adsorbed?t @round 720 K (Fig. 4, inset). However, the amount of

N,O as determined from the N balance. TheNadsorp- desorbed NO during TPD was more than one order of mag-
tion was supposed to take place on Lewis acid sites [14] nitude lower than the amount determined in the adsorption
Fe*+-sites, and Bransted protons [15] " experiment (Fig. 4), indicating that the major portion of ad-

sorbed NO was removed during the He purge.

It is important to note that NO evolution was also ob-
served in the TPD experiment aften® decomposition
(Fig. 4, inset). This result explains the dynamics ofNde-
composition (Figs. 1, 2) and the effect of NO pretreatment on
N2O decomposition (Fig. 3). The same position of the TPD
peak (Fig. 4, inset) suggests that the same surface species
’ are formed during RO decomposition (Figs. 1-3) and dur-
tion after pretreatment decreased onl24% as compared  jng NO adsorption (Fig. 4). The adsorbed NO formed during
with that for pretreatment in water vapor 60% decrease). N0 interaction with the catalyst cannot be assigned to the
The main effect of NO pretreatment was immediate initia- impurities of NO (the level of< 2 ppm) in the NO gas.
tion of O, release (@ response, Fig. 3). Roughly the same Hence, it was concluded that the adsorbed NO is formed in
steady-state conversiott(L0%) is reached as after the stan- 3 trace amount from $O during its interaction with the cat-
dard pretreatment. This indicates that some intermediates argylyst.
left on the surface after NO pretreatment promoting this re-  The results obtained are in line with recent FTIR spec-
action. To check this, interaction of the 10 vol% N& troscopy data [16] where the formation of adsorbed nitro-
mixture with the catalyst at 603 K was carried out and the syl groups was observed during interaction ofONwith
results are shown in Fig. 4. Fe-ZSM-5 and Fe-MCM-41 at room temperature and as-

The result obtained for the effect obB agrees with lit-
erature data. A decrease in® conversion to N and G
over Fe/MFI zeolites at 773 K after the introduction of water
vapor has been reported [4,10].

The NO pretreatment turned out to have a very significant
effect on the dynamics of }0 decomposition (Fig. 3). The
concentration of active sites participating in g@forma-



394 D.A. Bulushev et al. / Journal of Catalysis 222 (2004) 389-396

2.0
- 1.5 1 without NO addition
: ND . -
c
5 4 | V\/ A )
£ 1.0 1 v u
€
g m NO addition
c
<]
] NOX0.5 NOx0.5 NOx0.5

0.5 :

NOXx0.5 '\ '\
0.0 L " : - ‘ -
0 400 800 1200 1600 2000 2400
time, s

Fig. 5. Effect of NO pulse introduction on the;® response curve during interaction of the mixture of 2 vol.¥OX2 vol.% Ar in He with HZSM-5qgFe
at 603 K.

cribed to cially taking into account the small amount of NO formed
during NxO interaction with the catalyst.
N20O — NOggs+ 0.5No. The TPD data after different exposures of the catalyst to

N2O at 523 K reveal an increase in strongly adsorbed NO
with time (Figs. 6b, 7). Itis important that at the same time,
the Oy peak shifts to lower temperatures, confirming the cat-
alytic role of adsorbed NO. Small amounts of NO result in
a 60 K shift in temperature for the maximal rate of @e-
sorption (Figs. 6a, 7 inset), but the amount of oxygen in the
TPD peak seems to be independent of the adsorbed NO con-
centration (Fig. 7). Thus, irreversibly adsorbed NO formed
during NbO decomposition acts as a catalyst forQNde-
composition. Also interesting is that irreversible adsorption
of water at 523 K on the zeolite before® decomposition
was found to suppress NO formation on the surface as con-
firmed by TPD measurements (not shown).

Formation of NO from NO has been also taken into
account in [4,10] as a possible step in N@roup forma-
tion from N>O. NO evolution was observed in TPD profiles
after interaction of MO with different zeolites containing
iron [4,17], and copper [18] and with some other cata-
lysts [17].

The promoting effect of NO on O decomposition over
Fe-ZSM-5 zeolites is well known [6,11,19]. To study the
effect of NO on the dynamics of {0 decomposition over
HZSM-5;00re the reaction mixture (2 vol% HD/2 vol%
Ar/He) was periodically passed through a 2-mL loop filled
with a 10 vol% NQAr mixture. It is seen in Fig. 5 that af-
ter introduction of the first NO pulse, the steady-stap®©N
decomposition was immediately attained, which is not the
case for the run without NO (Fig. 5). The following NO 4 piscussion
pulses do not disturb the steady state. The same steady-state
convers_ion is reaphed with and without forced NO doping. A reaction scheme is proposed to explain the experimen-
Formation of negligible amounts of N@< 0.01 vol%) dur- tal data:
ing the NO pulse was observed. These data indicate that
introduction of NO results in the rapid formation of surface N2O <> N2Ogzg (reversible adsorption
species leading to steady-stateONdecomposition. Their
surface concentration (@ x 1018 molecules NOg) almost 120+ () = N2+ (O)ad fast (1)
does not change after the first NO pulse. N20 +[]— [NO] + 0.5N slow, (2)
" The ll\l<[36p1rg]moti(;)ré mechagisLm V(Vja[s1 gozn(;s]id%ed by '\|/IO_U- [NOJ] + 2(O)ag— [NO] + 02+ 2() relatively fast  (3)
ijn et al. [6, and Sang and Lun ,20]. The catalytic
effect of NO could be explained by: (1) scavenging of sur- 2(O)ad— O2+20) slow. (4)
face atomic oxygen by gaseous NO giving N€milarly to At 523 K only the first two steps seem to occur. The first
CO and regenerating active sites for interaction witfON step corresponds to surface atomic oxygen formation. Ex-
(2) facilitation of molecular oxygen formation and desorp- traframework F&' sites created by autoreduction offeo
tion due to the adsorbed NO [6] or N@19,20] species. Fe** during thermal treatment of the zeolite in He or vac-

No NO, was found during the reaction under the con- uum [13,21-25] are suggested as the active sites for this
ditions reported in Figs. 1-3. This means that the first reaction. NO is formed in the second step and accumulates
mechanism of NO promotion may not be important, espe- slowly on the zeolite surface. It participates in the reaction as



D.A. Bulushev et al. / Journal of Catalysis 222 (2004) 389-396 395

a 632 666
0.12 1 .

694

after N,O at 523 K

o

o

©
.

concentration, vol.%
o
o
[

0.03

550 600 650 700 750 800 850
temperature, K

0.04

b NO

0.03

after N,O at 523 K

60 min
0.02

concentration, vol.%

0.01 {

550 600 650 700 750 800 850
temperature, K

Fig. 6. Effect of exposure time of HZSMohgrein the mixture of 2 vol.% NO/2 vol.% Ar in He at 523 K on the TPD profiles ofsda) and NO (b).

1.5

- [

o

g

S [ J
312|e ©

2 o)
] 700 2
£

o

3 680

g 0.9 1 «

] E 660

©

° B 640
2. 06

o

-

x 620 - - -

5 0 0.1 0.2 03 0.4 NO
- " -18 -1

g 03 adsorbed NO x107°, g

c

[T

(%)

c

o

o

0 T T T T T T
0 10 20 30 40 50 60 70
time, min

Fig. 7. Concentrations of £5and NO desorbed in TPD runs after exposure of HZSiggbe to the mixture of 2 vol.% NO/2 vol.% Ar in He for different
times. Inset: Dependence of the temperature of maximal rate die@orption on the concentration of irreversibly adsorbed NO.



396 D.A. Bulushev et al. / Journal of Catalysis 222 (2004) 389-396

a catalyst, increasing the oxygen recombination and desorp-  presses the oxygen recombination/desorption step, ren-

tion rate (step 3). That the adsorbed NO accumulates onthe  dering the zeolite catalyst inactive toward® decom-

surface in time even when all iron sites are covered by oxy- position.

gen via interaction with MO at 523 K is significant (Fig. 7). Note added in proofVery recently Pirngruber [28] also

Hence, different sites are suggested for the formation of ad-observed, by the transient response method, the two-step

sorbed [NO] and (Q deposition from NO. behavior during MO decomposition, with oxygen desorp-
Step 4 is considered in the literature as completing the tion being the rate-limiting step, although the zeolites used

catalytic cycle during WO decomposition [21]. However, in his study contained much higher concentrations of iron

the increase in PO decomposition rate and reaction dy- (> 26,000 ppm).

namics (Figs. 1-3) may not be explained in the framework

of steps 1 and 4 without considering catalysis by [NO]. To
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