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Abstract

The catalytic reduction of dinitrogen monoxide (N2O) by ethylene (C2H4) in the absence and presence of O2 is studied over Fe-ZSM-5
catalysts. Two types of carbonaceous deposits (Cα, Cβ) are formed on Fe-ZSM-5 during the reduction of N2O by C2H4 in the absence of O2.
The catalytic activity of Fe-ZSM-5 decreases with an increase in the amount of Cα, while the catalytic activity is not affected by the presen
of Cβ. The formation of these carbonaceous deposits is suppressed by the presence of O2 in the feed gas, and the catalytic reduction of N2O
by C2H4 is promoted by O2, since deactivation of Fe sites is prevented in the presence of O2.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Dinitrogen monoxide (N2O) is well known to be a green
house gas component and to contribute to the catalytic
struction of ozone in the stratosphere. The removal of N2O
by suitable catalytic methods has been a very important
ject in order to protect the global environment. Recen
several research groups have reported high catalytic pe
mance of various metal ion-exchanged zeolites and m
containing catalysts for decomposition [1–6] and reduc
of N2O with hydrocarbons [7–15], activated carbon [16–1
CO [19,20], and NH3 [21,22]. Segawa and co-worke
[9–11] studied the selective reduction of N2O using C3H6
as reductant and reported a high reaction rate over Fe
even in the presence of oxygen and water vapor. In our p
ous paper [12], the catalytic reduction of N2O using CH4 and
C3H6 as reductants in the presence and absence of ox
was studied with 12 metal ion-exchanged ZSM-5 cataly
Pronounced activities were observed with Fe-ZSM-5,
ZSM-5, and Pt-ZSM-5 catalysts. No significant deactivat
was detected with Fe-ZSM-5 in the presence of O2, whereas
the pronounced activities of Pt- and Pd-ZSM-5 were
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creased drastically by the presence of 5% O2. We assumed
that the differences in the catalytic activity between
ZSM-5 and Pd-ZSM-5 on N2O reduction with CH4 in the
presence of O2 may be explained in terms of the reactiv
of O2 with CH4. Kameoka et al. [13–15] reported that the
lective catalytic reduction of N2O with CH4 and C3H6 in the
presence of excess O2 occurs effectively over ion-exchang
Fe-BEA and Fe-MFI. The authors found the formation
carbon-containing surface species during the N2O reduction
with C3H6 and suggested that these species may be th
tive species for the N2O reduction. Zhu and co-workers [1
reported that the activity of Cu- or Co-loaded activated c
bon in N2O conversion was better than that of Cu/ZSM-5
or Co/ZSM-5, respectively. They [17,18] also investiga
the role of O2 in the NO– and N2O–carbon reactions and r
ported that the presence of O2 greatly enhanced NO–carbo
reactions while it depressed N2O–carbon reactions on ca
bon surfaces. The catalytic combustion of hydrocarbons
the models of soot formation and oxidation have been ex
sively studied and were reviewed [23–25]. However, li
fundamental study exists pertaining to the reduction of N2O
by carbon species including reaction intermediates in
presence of O2 over metal zeolites.

In the present study, the reduction of N2O with C2H4

under various reaction conditions has been studied ove
ZSM-5. The nature and structure of carbonaceous dep

http://www.elsevier.com/locate/jcat
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formed on the catalyst have been investigated in the pres
and absence of O2 and the mechanism for the rate promoti
with O2 is discussed in terms of the activity of carbonace
deposits formed on the catalyst.

2. Experimental

2.1. Catalyst preparation

Fe-ZSM-5 catalysts were prepared by a conventional
exchange method using Na-ZSM-5 (SiO2/Al2O3 = 23.8)
supplied from Tohso Co.Ltd. Na-ZSM-5 (4 g) was added
100 cm3 of FeSO4 · 7H2O aqueous solution and then stirr
for 12 h at 343 K. After filtration, the metal-supported z
olites were washed with distilled water, dried at 383 K
24 h, and calcined in air for 3 h at 773 K. FeSO4 ·7H2O aque-
ous solutions in concentration of 2.45× 10−2, 1.29× 10−2,
and 7.17× 10−3 M were used for preparing Fe-ZSM-5 wit
3.4, 1.8, and 1.0 wt% Fe, respectively. A 3.4 wt% Fe co
sponds to approximately 100% ion-exchange level. Un
otherwise stated, all the experiments were carried out u
Fe-ZSM-5 (3.4 wt% Fe).

2.2. N2O reduction

The reactant gases used were N2O (2000, 4000, 6000, an
12,000 ppm) and C2H4 (2000, 4000, and 6000 ppm) dilute
by He. For elucidation of the effect of O2 on the reduction
of N2O, O2 (1000, 2500, 5000, 10,000, and 15,000 pp
was introduced in the feed gas. Prior to the runs, the c
lysts were treated in the reactor at 773 K for 2 h and coo
to the reaction temperature in a stream of He. The reac
was carried out in a conventional flow reactor at a W/F of
0.06 g s cm−3 and at 598 K. The reactor was made of 9-m
diameter Pyrex glass tubing in which a catalyst sample
0.05 g was mounted on loosely packed quartz wool. The
centrations of N2O, N2, O2, CO, CO2, and hydrocarbons in
the outflow gas were determined using gas chromatogr
(Hitachi 663-50 and 063) with Porapak Q and molecu
sieve 5 Å columns. The concentration of NO2 was monitored
using a UV–Vis spectrophotometer (Hitachi Model 100-1
Because of the low concentrations of N2O and hydrocarbon
in the outflow, the total flow rate was practically consta
throughout the catalyst bed.

2.3. Catalyst characterization

TPO (temperature-programmed oxidation) experime
were carried out in the same reactor as used above. Afte
reactions were carried out under various conditions, the r
tor was cooled to room temperature, the stream of reac
was switched to He, and it was passed for 60 min. P
grammed heating was then started from room temperatu
773 K at a rate of 5 K min−1 in the stream of 5000 ppm O2.
eThe amounts of gases (CO, CO2) evolved were estimate
from the peak areas of TPO curves.

DRIFTS (diffuse reflectance infrared Fourier transfo
spectroscopy) spectra were recorded by means of a Fo
transform-infrared spectrophotometer (Nihon Bunko F
IR5M) with a diffuse reflectance attachment (Nihon Bun
DG-500/H). The powdered catalyst was placed on a sam
cell in the diffuse reflectance attachment. N2O (8000 ppm)
and C2H4 (8000 ppm) diluted with He were fed over th
catalyst at 598 K for given periods of time. The IR measu
ment was then carried out at the same temperature as
for adsorption.

XPS (X-ray photoelectron spectroscopy) analysis w
performed in a ULVAC PHI ESCA 5600 instrument. M
Kα radiation (14.0 kV, 400 W) was used to excite pho
electrons, which were detected with analyzer operate
1253.6 eV constant pass energy. Correction of the en
shift, due to steady-state charging, was accomplished by
ing the C 1s line from adsorbed carbons at 284.5 eV a
internal standard.

57Fe Mössbauer spectra of catalysts were recorde
room temperature by an Austin S-600 instrument using57Co
in a Rh matrix as a source. XRD (X-ray powder diffractio
patterns were taken using a Rigaku Rint 1000 instrum
(Co-Kα radiation: 30 kV, 15 mA).

3. Results and discussion

3.1. Influence of the addition of O2 on N2O reduction

Fig. 1 shows typical results for the reduction of N2O
(2000 ppm) by C2H4 (2000 ppm) in the absence and pre
ence of O2 (5000 ppm) at 598 K. Under these condition
three gases such as N2, CO2, and CO were observed to for
as main products. In the absence of O2, the partial pressure
of these products decrease rapidly with time on stream a
initial stage of reaction and then they change graduall
steady-state values. When O2 is added, however, the parti
pressures of the products change little with time excep
an initial short period and the product distribution is diffe
ent from that observed in the absence of O2. The steady-stat
conversion of N2O to N2 in the presence of O2 is larger by a
factor of 2 than that in the absence of O2.

3.2. Formation and nature of carbonaceous deposits

Temperature-programmed oxidation was used to cha
terize chemical species formed on the surface of cata
after N2O reduction. Fig. 2 shows TPO curves of chemi
species formed on Fe-ZSM-5 (3.4 wt% Fe) during the
duction of N2O (2000 ppm) by C2H4 (2000 ppm) at 598 K
in the absence of O2. CO and CO2 were observed to evolve
along with a trace amount of H2O. The evolution peak o
CO is seen at approximately 570 K and CO2 peaks are see
at approximately 570 and around 670 K. The peaks cent



222 T. Chaki et al. / Journal of Catalysis 218 (2003) 220–226

SM-5

d to

rod-
rfac

SM-5

pm,

O
us

is

stant

ows
d on

e
O

e
e

osits
uc-
Fig. 1. The catalytic reduction of N2O (2000 ppm) by C2H4 (2000 ppm) in
the absence (1) and in the presence (2) of O2 (5000 ppm) over Fe-ZSM-5
(3.4 wt% Fe) measured at 598 K (2, N2; Q, CO2; !, CO).

Fig. 2. TPO curves of the carbonaceous deposit accumulated on Fe-Z
(3.4 wt% Fe) during the N2O reduction by C2H4 at 598 K for (1) 5 min,
(2) 15 min, (3) 60 min, and (4) 120 min (!, CO;Q, CO2).

at temperatures of 570 and 670 K are henceforth referre
as α-peak andβ-peak, respectively. CO2 and CO evolved
during the TPO run may be regarded as oxidation p
ucts of carbonaceous deposits accumulated on the su
 e

Fig. 3. TPO curves of the carbonaceous deposit accumulated on Fe-Z
(3.4 wt% Fe) during the N2O reduction by C2H4 at 598 K for 2 h in
the presence of (1) 0 ppm, (2) 1000 ppm, (3) 2500 ppm, (4) 5000 p
(5) 10000 ppm, and (6) 15000 ppm of O2 (!, CO;Q, CO2).

of catalyst, since the amount of carbon of C2H4 consumed
during the reduction is larger than that of the products (C2
and CO) and unreacted C2H4. Therefore, the carbonaceo
deposits evolved as CO2 and/or CO atα-peak andβ-peak
regions are named Cα and Cβ , respectively. On the bas
of the results shown in Fig. 2, it is found that only Cα is
formed over the catalyst during the N2O reduction at 598 K
for a short time (5 min). The amount of Cα increases with
an increase in contact time and then approaches a con
level up to 60 min. On the other hand, aβ-CO2 peak is ob-
served after 15 min and the amount of Cβ increases with an
increase in contact time.

The influence of the addition of O2 into the feed gas
was also investigated by means of TPO runs. Fig. 3 sh
TPO curves of the carbonaceous deposits accumulate
Fe-ZSM-5 (3.4 wt% Fe) during the reduction of N2O
(2000 ppm) by C2H4 (2000 ppm) at 598 K for 2 h in th
absence and presence of O2. Fig. 3 (1) shows the same TP
curves as shown in Fig. 2 (4). It is seen thatα-peaks of CO
and CO2 disappear in the presence of O2 (1000 ppm) while
β-CO andβ-CO2 peaks exist and the amount of Cβ de-
creases with an increase in the partial pressure of O2 used.
It is seen that a trace amount of Cβ is accumulated in th
presence of 5000 ppm O2 while theβ-peak disappears in th
presence of O2 above 10,000 ppm.

Fig. 4 shows TPO curves for the carbonaceous dep
accumulated on Fe-ZSM-5 (3.4 wt% Fe) during the red
tion of N2O (2000 ppm) by C2H4 (2000 ppm) at 598 K in
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Fig. 4. TPO curves of the carbonaceous deposit accumulated on Fe-Z
(3.4 wt% Fe) during the N2O reduction by C2H4 at 598 K for (1) 5 min,
(2) 15 min, (3) 60 min, and (4) 120 min (P, the total amount of O2 con-
sumption;F, the amount of O2 consumed for oxidation of the carbon
ceous deposits).

the absence of O2 for 5, 15, 60, and 120 min. This figur
gives the amounts of O2 consumed: one (closed symbol)
for the oxidation of C included in the carbonaceous depo
which is determined by the amount of CO evolved/2 + the
amount of CO2 evolved, and the other (open symbol) is t
total amount of O2 consumed during TPO. In theα-peak
region, the total amount of O2 consumption is larger tha
the amount of O2 consumed for the formation of CO an
CO2. In theβ-peak region, on the other hand, the amoun
O2 used for the oxidation of carbonaceous materials is a
ally identical to the total amount of O2 consumption. Thes
results suggest that in theα-region O2 is consumed by the
oxidation of not only C included in the carbonaceous ma
rials but also others, which should be H since the forma
of H2O was detected by gas analysis as noted earlier. Ta
shows the amounts of C and H that are estimated to b
cluded in the carbonaceous deposits and determined
TPO results. The former is the amount of CO evolved/2 and
the amount of CO2 evolved and the latter is the differen
between the total amount of O2 consumed and the former.
is found that the H/C ratio of theα-peak is between 0.90
and 1.08. These results shown in Fig. 4 and Table 1 sug
that the composition of the carbonaceous material oxid
atα-peak region is represented by approximately CH, w
the carbonaceous species oxidized at theβ-peak region doe
not need any additional oxygen to produce CO and CO2.
t

Table 1
The amounts of carbon and hydrogen evolved as COx and H2O, respec-
tively, and H/C ratio of carbonaceous deposit oxidized atα-peak region,
which is accumulated during N2O reduction by C2H4 for different times
on stream at 598 K

Reaction time (min) Carbona Hydrogena H/C (–)

5 0.402 0.364 0.905
15 0.704 0.760 1.08
60 1.31 1.34 1.02

120 1.39 1.42 1.02

Catalyst: Fe-ZSM-5 (3.4 wt% Fe), 0.05 g.
a Values are in mmol g−1

cat.

Table 2
Carbonaceous deposit accumulated under various conditions

Catalyst Reactant (ppm) N2O conversion Cα a Cβ a

N2O C2H4 O2 (%)

Na-ZSM-5 2000 2000 0 0 0 0
Fe-ZSM-5 0 2000 0 – Trace Trac
Fe-ZSM-5 2000 2000 0 36.0 1.39 1.85
Fe-ZSM-5 2000 2000 5000 87.4 0 0.18

Catalyst: Na-ZSM-5 or Fe-ZSM-5 (3.4 wt% Fe), 0.05 g. Conditions: 598
120 min.

a Values are in mmol g−1
cat.

The reaction behavior of C2H4 has been studied ove
Na-ZSM-5 and Fe-ZSM-5 to elucidate the formation of c
bonaceous deposits. Table 2 summarizes the results fo
conversion of N2O to N2 and the amounts of Cα and Cβ
formed on Na-ZSM-5 and Fe-ZSM-5 (3.4 wt% Fe) in t
reaction of C2H4 (2000 ppm) at 598 K for 120 min. Ove
Na-ZSM-5, no reaction occurs between N2O (2000 ppm)
and C2H4 (2000 ppm) under these conditions and thus
carbonaceous deposit forms on the surface. Only a t
amount of carbonaceous deposit forms on Fe-ZSM-5 in c
tact with C2H4 (2000 ppm) alone. The reduction of N2O
(2000 ppm) by C2H4 (2000 ppm) proceeds over Fe-ZSM
and the carbonaceous deposits (Cα, Cβ) form on the surface
in the absence of O2, while Cα disappears in the presence
5000 ppm of O2. These results suggest that the carbonace
deposit would form on the site of Fe on the catalyst surf
and the presence of N2O is effective for the accumulation o
the carbonaceous deposit.

The influence of Fe loading and the reaction tempe
ture on the amounts of carbonaceous deposits is mea
by means of the TPO method in a similar manner as sh
in Figs. 2 and 3 and the results are summarized in Tabl
and 4. Table 3 summarizes the influence of Fe loading (
1.8, and 3.4 wt%) and the reaction temperature (573,
and 623 K) on the amount of the carbonaceous dep
accumulated on Fe-ZSM-5 during the reduction of N2O
(2000 ppm) by C2H4 (2000 ppm) in the absence of O2. It
is found that the amounts of Cα and Cβ increase with an
increase in the amount of Fe loading. The amount ofα

formed on Fe-ZSM-5 (3.4 wt% Fe) is almost the same
spite differences in reaction temperature, while that ofβ

formed on Fe-ZSM-5 (3.4 wt% Fe) increases with an
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Table 3
The amount of carbonaceous deposit accumulated during N2O (2000 ppm)
reduction using C2H4 (2000 ppm) in the absence of O2

Fe-ZSM-5 Reaction temperature N2O conversion Cα a Cβ a

(wt%) (K) (%)

1.0 598 18.6 0.59 0.50
1.8 598 27.0 1.06 1.07
3.4 573 18.9 1.25 1.14
3.4 598 38.7 1.39 1.85
3.4 623 70.5 1.12 2.62

Catalyst: Fe-ZSM-5, 0.05 g. Conditions: 598 K, 120 min.
a Values are in mmol g−1

cat.

Table 4
The amount of carbonaceous deposit accumulated during the reduct
N2O using C2H4 at various partial pressures in the absence of O2

Reactant (ppm) N2O conversion Cα a Cβ a

N2O C2H4 (%)

2000 6000 32.5 1.38 2.0
2000 4000 33.1 1.31 1.6
2000 2000 38.7 1.39 1.8
4000 4000 27.1 1.33 2.3
6000 6000 21.9 1.39 2.9

12,000 2000 14.5 1.26 2.8

Catalyst: Fe-ZSM-5 (3.4 wt%), 0.05 g. Conditions: 598 K, 120 min.
a Values are in mmol g−1

cat.

crease in the reaction temperature. Table 4 summarize
influence of the partial pressure of N2O (2000, 4000, 6000
and 12,000 ppm) and C2H4 (2000, 4000, and 6000 ppm
on the amount of the carbonaceous deposits formed on
ZSM-5 (3.4 wt% Fe) in the reduction of N2O by C2H4 in
the absence of O2. It is found that the amount of Cα formed
on Fe-ZSM-5 changes little with the partial pressure of
actants, while that of Cβ increases with an increase in t
partial pressure of C2H4. On the basis of the results show
in Tables 3 and 4, it is found that the amount of Cα formed
on Fe-ZSM-5 does not depend on the reaction condition
much, while that of Cβ increases with increases of both t
partial pressure of C2H4 and the reaction temperature.

3.3. Actions of carbonaceous deposits and O2 in N2O
reduction

The reduction of N2O by C2H4 and the formation of Cα
and Cβ deposits were further examined to clarify the effe
of O2 and the carbonaceous deposits on this reduction.
influence of O2 on the conversion of N2O to N2 and the for-
mation of carbonaceous deposits are summarized in Fi
In Fig. 5, the amount of the carbonaceous deposit for
in the reduction of N2O (2000 ppm) with C2H4 (2000 ppm)
at 598 K for 2 h in the absence and presence of O2 and the
conversion of N2O to N2 are plotted against the partial pre
sure of O2. It is seen that the amount of the carbonace
deposit decreases with an increase in the partial pres
of O2 between 0 and 5000 ppm O2 and then it disappear
at O2 partial pressure above 10,000 ppm. N2O conversion
f

e

-

.

e

Fig. 5. The effects of O2 partial pressure on the conversion of N2O to N2
and the amount of the carbonaceous deposit accumulated in the N2O re-
duction by C2H4 at 598 K for 2 h (2, the conversion of N2O to N2; !, the
amount of the carbonaceous deposit).

obtained at O2 partial pressure below 1000 ppm is abo
36%, while it increases with an increase in O2 partial pres-
sure up to 5000 ppm and then a maximum value of 87.4
obtained at 5000 ppm O2. The conversion of N2O decrease
with an increase in O2 partial pressure above 5000 ppm.
these gaseous reactants react with each other compl
the scheme of stoichiometric reaction would be follow
by:

(1)N2O+ C2H4 + 5
2O2 → N2 + 2CO2 + 2H2O.

In this case, for example, 2000 ppm N2O, 2000 ppm C2H4,
and 5000 ppm O2 give the stoichiometric compositio
When the reduction of N2O proceeds under reductive com
position below 5000 ppm O2, the carbonaceous depo
would be accumulated on the catalysts continuously.
the other hand, when the reaction proceeds under oxid
composition above 5000 ppm O2, the carbonaceous depo
could be oxidized to CO2 or CO by gaseous oxygen imm
diately, while a large excess of oxygen above 10,000 p
in the feed gas would act as an inhibitor for the reductio
N2O, since a considerable extent of C2H4 reductant may be
reacted with excess oxygen.

The experiment for transient response of O2 has been
attempted to elucidate the action of O2 on the reduction
of N2O with C2H4. Fig. 6 shows the results for the tra
sient response of O2 (5000 ppm) in the reduction of N2O
(2000 ppm) with C2H4 (2000 ppm) at 598 K. In Fig. 6A
the changes in the partial pressure of N2 and the amoun
of the carbonaceous deposits (Cα, Cβ) accumulated during
the reduction of N2O by C2H4 are plotted against the rea
tion time. It is seen that the partial pressure of N2 decrease
with an increase in the amount of Cα. This strongly sug-
gests that the formation of N2 is obviously inhibited by the
presence of Cα, while the activity of catalyst is not affecte
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Fig. 6. The results for the transient response of O2 (5000 ppm) in the re-
duction of N2O (2000 ppm) by C2H4 (2000 ppm) at 598 K (2, the partial
pressure of N2 formation;", the amount of Cα; Q, the amount of Cβ).
(A, N2O/C2H4; B, N2O/C2H4/O2.)

by the presence of Cβ . Fig. 6B shows the changes in th
partial pressure of N2 and the amount of Cα and Cβ ob-
tained after the addition of O2 (5000 ppm) into the reactan
(N2O, C2H4). When O2 is added into the feed gas, the p
tial pressure of N2 in the outflow increases rapidly and th
gradually comes to a new steady-state value and the am
of Cα decreases rapidly and disappears within 60 min a
the addition of O2. On the other hand, the amount of Cβ re-
mains constant as long as Cα exists on the catalyst, whil
Cβ decreases gradually after the disappearance of Cα. It is
found from these results that the addition of O2 into the re-
actants could take away the inhibitory effect of Cα on N2O
reduction, since Cα reacts rapidly with O2 under the reaction
conditions.

3.4. Characterization of carbonaceous deposits

The nature of Cα and Cβ deposits was further chara
terized by means of DRIFTS and XPS. The structure
carbonaceous deposits formed during the reduction of N2O
(8000 ppm) with C2H4 (8000 ppm) on Fe-ZSM-5 (3.4 wt%
Fe) was studied by means of DRIFTS method. It is fou
that the absorption bands ascribed to C–H stretching
C=CH groups (3130, 3190 cm−1) [26,27] are observed from
10 min after contact with the reaction gases and C=O groups
(1740, 1780 cm−1) [26,27] are observed after 30 min. The
results suggest that carbonaceous species containing
groups formed on Fe-ZSM-5 at the initial stage of N2O re-
duction and then another carbonaceous species conta
C=O groups also formed on the catalyst. These findi
correspond to the results for the composition of the carbo
ceous materials estimated by TPO as shown in Fig. 4
Table 1. Thus, the carbonaceous material oxidized at thα-
peak region is represented by approximately CH, while
evolved at theβ-peak region is expressed by C.

On the basis of XPS spectra measured on Fe-ZS
(3.4 wt% Fe) used for the reduction of N2O, it is found that
the binding energies of the Fe2p3/2 photoelectron are be
tween 711.6 and 712.2 eV. The values are higher than t
for bulk α-Fe2O3 (710.5 [30], 711.2 eV [31]) and Fe3O4
t

g

Fig. 7. XPS spectra of C 1s obtained over Fe-ZSM-5 catalysts used fo
reduction of N2O (2000 ppm) with C2H4 (2000 ppm) in the absence o
O2 at 598 K. Reaction conditions: (1) no reaction, (2) N2O/C2H4, 15 min,
(3) N2O/C2H4, 120 min.

(710.5 [32], 711.2 eV [30]). This may indicate a strong
teraction between iron and zeolite, and in fact, the bind
energies of 711.6 and 712.1–712.3 eV are reported for
incorporated in Fe-ZSM-5 [33] and Fe2O3–SiO2 [29], re-
spectively. These findings are supported by the data of X
powder diffraction and57Fe Mössbauer spectra. XRD pa
terns of Fe-ZSM-5 (3.4 wt% Fe) show no evidence for
presence of bulkα-Fe2O3 on the surface of catalyst and57Fe
Mössbauer spectra of the catalyst show the presence of3+
with tetrahedral coordination [34]. Fig. 7 shows XPS sp
tra of C 1s obtained over Fe-ZSM-5 catalysts used for
reduction of N2O (2000 ppm) with C2H4 (2000 ppm) in the
absence of O2 at 598 K. Fig. 7 (1) shows C 1s spectrum o
tained over Fe-ZSM-5 before reaction. Since the correc
of the energy shift due to steady-state charging is acc
plished by taking the C 1s line from adsorbed carbon
284.5 eV [28,29] as an internal standard, this spectrum
be regarded as a background of the Fe-ZSM-5 catalyst u
The dotted curves shown in Fig. 7 (2) and (3) represent
ference spectra between the solid curves shown in Fig.
and (3) and that in Fig. 7 (1), respectively. Fig. 7 (2) sho
C 1s spectrum obtained over Fe-ZSM-5 used for the N2O re-
duction in the absence O2 at 598 K for 15 min. It is found
that the main peak (284.5 eV) increases slightly and the
ference spectrum (283.6 eV) may indicate the formation
an isolated carbon [28]. Fig. 7 (3) shows C 1s spectra
tained over Fe-ZSM-5 used for the N2O reduction in the ab
sence of O2 for 120 min. The main peak obtained by the N2O
reduction for 120 min is larger than that for 15 min. A sho
der peak represented by dashed line appears at 288.
together with main peak and may be assigned as carbo
groups [28]. Cβ species could be formed on the catal
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Table 5
Surface composition of Fe-ZSM-5 catalysts used for the reduction of N2O (2000 ppm) by C2H4 (2000 ppm) in the absence of O2 at 598 K as derived from
XPS

Reactant composition Reaction time Type of C deposit Content (at%) C/Fe C/Si Fe/Si

(min) C O Al Si Fe N (–) (–) (–)

(No reaction) – 9.4 63.0 1.9 24.4 1.2 0.1 7.7 0.39 0.050
N2O/C2H4 15 Cα 10.9 62.0 1.7 24.4 1.0 0.2 10.7 0.45 0.042
N2O/C2H4 120 Cα, Cβ 15.6 58.7 1.7 23.0 0.75 0.3 20.8 0.68 0.033
eous
as C

ere
gen

in

d b

, on

sults
e
he
ation
al-
on
face
es b

-
n

C
The
e in
d
us

r-

al.

tal.

98)

o-

tal.

271.
98)

–36

inet.

, K.

, K.

ige,

05

106

3.

298.
tal.

ess,

2nd

Z.

er,
surface by sufficient time reactions, and the carbonac
species assigned as carboxylic groups can be regardedβ
species derived by TPO.

The elemental compositions of the surface regions w
investigated by means of XPS. The surface carbon, oxy
aluminum, silicon, iron, and nitrogen contents are listed
Table 5, together with the reaction conditions of the N2O
reduction and the types of carbonaceous deposits derive
TPO. It is seen that the C content and surface C/Fe and C/Si
ratios increase with an increase in the reaction time and
the contrary, Fe and O contents and surface Fe/Si ratios de-
crease with an increase in the reaction time. These re
suggest that the Cα species, which is mainly formed at th
initial stage of N2O reduction, may be accumulated on t
Fe site, since the Fe content decreases with the form
of Cα while the Si content of ZSM-5 zeolite remains un
tered. On the other hand, Cβ species may be accumulated
ZSM-5 zeolite surfaces, since the Si content on the sur
as observed by XPS, as well as the Fe content, decreas
the N2O reduction for 120 min.

4. Conclusions

The catalytic reduction of dinitrogen monoxide (N2O) by
ethylene (C2H4) in the absence and presence of O2 is stud-
ied over Fe-ZSM-5 catalysts. The reduction of N2O is fairly
promoted by the presence of O2. Two kinds of carbona
ceous deposits (Cα, Cβ) classified by TPO are formed o
Fe-ZSM-5 during the reduction of N2O by C2H4 in the ab-
sence of O2. Cα species is formed at the initial stage of N2O
reduction and accumulated mainly on the Fe site, whileβ
species is also accumulated on ZSM-5 zeolite surface.
catalytic activity of Fe-ZSM-5 decreases with an increas
the amount of Cα, while the catalytic activity is not affecte
by the presence of Cβ . The formation of these carbonaceo
deposits is suppressed by the presence of O2, and thus the
catalytic reduction of N2O by C2H4 is obviously promoted
by the presence of O2.
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