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Abstract

The catalytic reduction of dinitrogen monoxide/®) by ethylene (GH,) in the absence and presence of i® studied over Fe-ZSM-5
catalysts. Two types of carbonaceous deposits @B) are formed on Fe-ZSM-5 during the reduction gfby CH, in the absence of ©
The catalytic activity of Fe-ZSM-5 decreases with an increase in the amout, @¥tt@le the catalytic activity is not affected by the presence
of CB. The formation of these carbonaceous deposits is suppressed by the presenaetbE@eed gas, and the catalytic reduction ofIN
by CoHg4 is promoted by @, since deactivation of Fe sites is prevented in the presence.of O
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction creased drastically by the presence of 5% @e assumed
that the differences in the catalytic activity between Fe-
Dinitrogen monoxide (NO) is well known to be agreen-  ZSM-5 and Pd-ZSM-5 on pD reduction with CH in the
house gas component and to contribute to the catalytic de-presence of @may be explained in terms of the reactivity
struction of ozone in the stratosphere. The removal ®®N  of O, with CH4. Kameoka et al. [13—15] reported that the se-
by suitable catalytic methods has been a very important sub-lective catalytic reduction of pD with CHs and GHe in the
ject in order to protect the global environment. Recently, presence of excess@ccurs effectively over ion-exchanged
several research groups have reported high catalytic perfor-Fe-BEA and Fe-MFI. The authors found the formation of
mance of various metal ion-exchanged zeolites and metal-carbon-containing surface species during th®Meduction
containing catalysts for decomposition [1-6] and reduction with C3Hg and suggested that these species may be the ac-
of N2O with hydrocarbons [7-15], activated carbon [16-18], tive species for the PO reduction. Zhu and co-workers [16]
CO [19,20], and NH [21,22]. Segawa and co-workers reported that the activity of Cu- or Co-loaded activated car-
[9-11] studied the selective reduction op® using GHe bon in NbO conversion was better than that of Z$M-5
as reductant and reported a high reaction rate over Fe-MFlor Co/ZSM-5, respectively. They [17,18] also investigated
evenin the presence of oxygen and water vapor. In our previ-the role of @ in the NO— and MO—carbon reactions and re-
ous paper [12], the catalytic reduction of® using CH and ported that the presence of Qreatly enhanced NO—carbon
CsHe as reductants in the presence and absence of oxygeneactions while it depressed,®—carbon reactions on car-
was studied with 12 metal ion-exchanged ZSM-5 catalysts. bon surfaces. The catalytic combustion of hydrocarbons and
Pronounced activities were observed with Fe-ZSM-5, Pd- the models of soot formation and oxidation have been exten-
ZSM-5, and Pt-ZSM-5 catalysts. No significant deactivation sively studied and were reviewed [23-25]. However, little
was detected with Fe-ZSM-5 in the presence gfWhereas  fundamental study exists pertaining to the reduction gON
the pronounced activities of Pt- and Pd-ZSM-5 were de- by carbon species including reaction intermediates in the
presence of @over metal zeolites.
mspon ding author. In the present s'Fudy, the_ _reduction ob@® With CoHa
E-mail addressshimo@proc-ms.eng.hokudai.ac.jp under various reaction conditions has been studied over Fe-
(M. Shimokawabe). ZSM-5. The nature and structure of carbonaceous deposits
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formed on the catalyst have been investigated in the presenc& he amounts of gases (CO, gQevolved were estimated

and absence of £and the mechanism for the rate promotion
with Oz is discussed in terms of the activity of carbonaceous
deposits formed on the catalyst.

2. Experimental
2.1. Catalyst preparation

Fe-ZSM-5 catalysts were prepared by a conventional ion-
exchange method using Na-ZSM-5 ($j@l,03 = 23.8)
supplied from Tohso Co.Ltd. Na-ZSM-5 (4 g) was added to
100 cn? of FeSQ - 7H,0 aqueous solution and then stirred
for 12 h at 343 K. After filtration, the metal-supported ze-
olites were washed with distilled water, dried at 383 K for
24 h, and calcined in air for 3 h at 773 K. Fe$@H,0 aque-
ous solutions in concentration of45 x 1072, 1.29 x 1072,
and 717 x 10-2 M were used for preparing Fe-ZSM-5 with
3.4, 1.8, and 1.0 wt% Fe, respectively. A 3.4 wt% Fe corre-

sponds to approximately 100% ion-exchange level. Unless
otherwise stated, all the experiments were carried out using

Fe-ZSM-5 (3.4 wt% Fe).
2.2. NO reduction

The reactant gases used wegg€N2000, 4000, 6000, and
12,000 ppm) and £H4 (2000, 4000, and 6000 ppm) diluted
by He. For elucidation of the effect of {n the reduction
of N»O, O, (1000, 2500, 5000, 10,000, and 15,000 ppm)

was introduced in the feed gas. Prior to the runs, the cata-

lysts were treated in the reactor at 773 K for 2 h and cooled

from the peak areas of TPO curves.

DRIFTS (diffuse reflectance infrared Fourier transform
spectroscopy) spectra were recorded by means of a Fourier
transform-infrared spectrophotometer (Nihon Bunko FT-
IR5M) with a diffuse reflectance attachment (Nihon Bunko
DG-500/H). The powdered catalyst was placed on a sample
cell in the diffuse reflectance attachmentON(8000 ppm)
and GH, (8000 ppm) diluted with He were fed over the
catalyst at 598 K for given periods of time. The IR measure-
ment was then carried out at the same temperature as used
for adsorption.

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

5’Fe Mossbauer spectra of catalysts were recorded at
room temperature by an Austin S-600 instrument usiip
in a Rh matrix as a source. XRD (X-ray powder diffraction)
patterns were taken using a Rigaku Rint 1000 instrument
(Co-K, radiation: 30 kV, 15 mA).

3. Resultsand discussion

3.1. Influence of the addition of@n N,O reduction

Fig. 1 shows typical results for the reduction op®I
(2000 ppm) by GH4 (2000 ppm) in the absence and pres-

to the reaction temperature in a stream of He. The reactionge of Q (5000 ppm) at 598 K. Under these conditions

was carried out in a conventional flow reactor at dR\Of
0.06 gscnt® and at 598 K. The reactor was made of 9-mm-
diameter Pyrex glass tubing in which a catalyst sample of

0.05 g was mounted on loosely packed quartz wool. The con-

centrations of MO, Np, O, CO, CQ, and hydrocarbonsiin

three gases such agNCOp, and CO were observed to form
as main products. In the absence of e partial pressures

of these products decrease rapidly with time on stream at the
initial stage of reaction and then they change gradually to
steady-state values. When» @ added, however, the partial

the outflow gas were determined using gas chromatographs,ressures of the products change little with time except for
(Hitachi 663-50 and 063) with Porapak Q and molecular gp, jnjtial short period and the product distribution is differ-

sieve 5 A columns. The concentration of N®as monitored
using a UV-Vis spectrophotometer (Hitachi Model 100-10).
Because of the low concentrations of@®and hydrocarbons
in the outflow, the total flow rate was practically constant
throughout the catalyst bed.

2.3. Catalyst characterization

TPO (temperature-programmed oxidation) experiments

ent from that observed in the absence 6f The steady-state
conversion of NO to Ny in the presence of £is larger by a
factor of 2 than that in the absence of.O

3.2. Formation and nature of carbonaceous deposits

Temperature-programmed oxidation was used to charac-

terize chemical species formed on the surface of catalyst

after NbO reduction. Fig. 2 shows TPO curves of chemical

were carried out in the same reactor as used above. After thespecies formed on Fe-ZSM-5 (3.4 wt% Fe) during the re-

reactions were carried out under various conditions, the reac-

duction of NbO (2000 ppm) by GH4 (2000 ppm) at 598 K

tor was cooled to room temperature, the stream of reactantsn the absence of £ CO and CQ were observed to evolve,

was switched to He, and it was passed for 60 min. Pro-

along with a trace amount of #. The evolution peak of

grammed heating was then started from room temperature toCO is seen at approximately 570 K and £kaks are seen

773 K at a rate of 5 Kmin® in the stream of 5000 ppmO

at approximately 570 and around 670 K. The peaks centered
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Fig. 1. The catalytic reduction of 0 (2000 ppm) by GH4 (2000 ppm) in

Egella\:l):;n:; %)egggréndt:l&%rg S.eF’Sle_(i) %):f((g) Fé:pg;) over Fe-ZSM-5 Fig. 3. TPO curves of the carbonaceous deposit accumulated on Fe-ZSM-5
' 0 2, A, CO2 0, ' (3.4 wt% Fe) during the HO reduction by GH,4 at 598 K for 2 h in

the presence of (1) 0 ppm, (2) 1000 ppm, (3) 2500 ppm, (4) 5000 ppm,

(5) 10000 ppm, and (6) 15000 ppm 05 @O, CO; A, COy).

(4)

0.5 umol s g'-cat.

of catalyst, since the amount of carbon ofHG consumed
during the reduction is larger than that of the products{CO
and CO) and unreactecbB4. Therefore, the carbonaceous
deposits evolved as GCQand/or CO aix-peak andg-peak
regions are nameddCand @3, respectively. On the basis
of the results shown in Fig. 2, it is found that only Gs
formed over the catalyst during the® reduction at 598 K
for a short time (5 min). The amount ofeGncreases with
an increase in contact time and then approaches a constant
level up to 60 min. On the other handaCO; peak is ob-
served after 15 min and the amount 8 @creases with an
increase in contact time.

The influence of the addition of Dinto the feed gas
was also investigated by means of TPO runs. Fig. 3 shows
TPO curves of the carbonaceous deposits accumulated on
Fe-ZSM-5 (3.4 wt% Fe) during the reduction ofo®
(2000 ppm) by GH4 (2000 ppm) at 598 K for 2 h in the
absence and presence of ®Big. 3 (1) shows the same TPO
curves as shown in Fig. 2 (4). It is seen thapeaks of CO

co, CO'2 evolution rate / umols™' g'1-cat.

Temperature /K and CQ disappear in the presence o (1000 ppm) while
Fig. 2. TPO curves of the carbonaceous deposit accumulated on Fe-zsM-58-CO and_,B'COZ_ peaks e_X|St and the amount offQle-
(3.4 wt% Fe) during the DO reduction by GH4 at 598 K for (1) 5 min, creases with an increase in the partial pressuresofised.
(2) 15 min, (3) 60 min, and (4) 120 mikY, CO; A, COy). It is seen that a trace amount of8Gs accumulated in the

presence of 5000 ppmx@vhile thes-peak disappears in the
at temperatures of 570 and 670 K are henceforth referred topresence of @above 10,000 ppm.
asa-peak andg-peak, respectively. COand CO evolved Fig. 4 shows TPO curves for the carbonaceous deposits
during the TPO run may be regarded as oxidation prod- accumulated on Fe-ZSM-5 (3.4 wt% Fe) during the reduc-
ucts of carbonaceous deposits accumulated on the surfac¢ion of N2O (2000 ppm) by @Hz (2000 ppm) at 598 K in
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0.5 umol s™ g'1—cat.j|:

Table 1

The amounts of carbon and hydrogen evolved as @®d H0, respec-
tively, and H/C ratio of carbonaceous deposit oxidizedwapeak region,
which is accumulated during 4D reduction by GHy4 for different times
on stream at 598 K

Reaction time (min) Carbén Hydroge® H/C (-
5 0.402 Q364 Q905
L 15 Q0704 Q760 108
60 131 134 102
120 139 142 102

Catalyst: Fe-ZSM-5 (3.4 wt% Fe), 0.05 g.
2 Values are in mmolgg.

O2 consumption rate / umol s g'1-cat.

Table 2
Carbonaceous deposit accumulated under various conditions

Catalyst Reactant (ppm) 4O conversion @2 CB?2

NoO CoHg Oy (%)
Na-ZSM-5 2000 2000 0 0 0 0
Fe-ZSM-5 0 2000 0 - Trace Trace
Fe-ZSM-5 2000 2000 0 36 139 185
Fe-ZSM-5 2000 2000 5000 v 0 018
Catalyst: Na-ZSM-5 or Fe-ZSM-5 (3.4 wt% Fe), 0.05 g. Conditions: 598 K,
300 400 500 600 700 120 min.

2 Values are in mmolgg.
Temperature / K

Fig. 4. TPO curves of the carbonaceous deposit accumulated on Fe-zsM-5 ~ The reaction behavior of £, has been studied over
(3.4 Wt% Fe) during the DO reduction by GH,4 at 598 K for (1) 5 min, Na-ZSM-5 and Fe-ZSM-5 to elucidate the formation of car-
(2) 15 min, (3) 60 min, and (4) 120 miny( the total amount of @ con- bonaceous deposits. Table 2 summarizes the results for the
sumption;’,_ the amount of @ consumed for oxidation of the carbona- conversion of NO to N, and the amounts of £and (8
ceous deposits). formed on Na-ZSM-5 and Fe-ZSM-5 (3.4 wt% Fe) in the
reaction of GH4 (2000 ppm) at 598 K for 120 min. Over
the absence of for 5, 15, 60, and 120 min. This figure  Na-ZSM-5, no reaction occurs between (2000 ppm)
gives the amounts of £consumed: one (closed symbol) is  and GH,4 (2000 ppm) under these conditions and thus no
for the oxidation of C included in the carbonaceous deposits, carbonaceous deposit forms on the surface. Only a trace
which is determined by the amount of CO evoly2d the amount of carbonaceous deposit forms on Fe-ZSM-5 in con-
amount of CQ evolved, and the other (open symbol) is the tact with GH4 (2000 ppm) alone. The reduction of,®8
total amount of @ consumed during TPO. In the-peak (2000 ppm) by GH4 (2000 ppm) proceeds over Fe-ZSM-5
region, the total amount of ODconsumption is larger than  and the carbonaceous deposite (CB) form on the surface
the amount of @ consumed for the formation of CO and in the absence of §while Cx disappears in the presence of
C0;. In the g-peak region, on the other hand, the amount of 5000 ppm of @. These results suggest that the carbonaceous
O used for the oxidation of carbonaceous materials is actu- deposit would form on the site of Fe on the catalyst surface
ally identical to the total amount of consumption. These  and the presence ofJ® is effective for the accumulation of
results suggest that in theregion G is consumed by the  the carbonaceous deposit.
oxidation of not only C included in the carbonaceous mate-  The influence of Fe loading and the reaction tempera-
rials but also others, which should be H since the formation ture on the amounts of carbonaceous deposits is measured
of HO was detected by gas analysis as noted earlier. Table 1by means of the TPO method in a similar manner as shown
shows the amounts of C and H that are estimated to be in-in Figs. 2 and 3 and the results are summarized in Tables 3
cluded in the carbonaceous deposits and determined fromand 4. Table 3 summarizes the influence of Fe loading (1.0,
TPO results. The former is the amount of CO evolkdnd 1.8, and 3.4 wt%) and the reaction temperature (573, 598,
the amount of C@ evolved and the latter is the difference and 623 K) on the amount of the carbonaceous deposits
between the total amount ob@onsumed and the former. It accumulated on Fe-ZSM-5 during the reduction ofON
is found that the HC ratio of thex-peak is between 0.905 (2000 ppm) by GH,4 (2000 ppm) in the absence of,Olt
and 1.08. These results shown in Fig. 4 and Table 1 suggesis found that the amounts ofaCand @3 increase with an
that the composition of the carbonaceous material oxidized increase in the amount of Fe loading. The amount af C
at-peak region is represented by approximately CH, while formed on Fe-ZSM-5 (3.4 wt% Fe) is almost the same de-
the carbonaceous species oxidized atghgeak region does  spite differences in reaction temperature, while that gf C
not need any additional oxygen to produce CO ang.CO formed on Fe-ZSM-5 (3.4 wt% Fe) increases with an in-
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100 5
Table 3 - -
The amount of carbonaceous deposit accumulated dur (R000 ppm)
reduction using gH4 (2000 ppm) in the absence 050 s
- - 80
Fe-ZSM-5  Reaction temperature ,@® conversion @2 Cg?2 s 4 o
(Wt%) (K) (%) X 3
~ T
1.0 598 18.6 0.59 0.50 o ‘o
N 60 3 —_
18 598 27.0 1.06 1.07 z g
34 573 18.9 1.25 1.14 g £
3.4 598 38.7 139 185 9o _ >
34 623 70.5 1.12 2.62 g 40 2 'g’
> o
Catalyst: Fe-ZSM-5, 0.05 g. Conditions: 598 K, 120 min. 5 2
2 Values are in mmolgg. © [ o
20 1
Table 4
The amount of carbonaceous deposit accumulated during the reduction of J
N2O using GHy4 at various partial pressures in the absence of O 0 EEE— s = —0 0
Reactant (ppm) BO conversion G2 cpa 0 5000 10000 15000
e 0,/ ppm
N20 CoHy (%)
2000 6000 325 1.38 2.09 Fig. 5. The effects of @partial pressure on the conversion of®to Ny
2000 4000 33.1 131 1.65 and the amount of the carbonaceous deposit accumulated inyBeréN
2000 2000 38.7 1.39 1.85 duction by GH4 at 598 K for 2 h M, the conversion of BO to Np; O, the
4000 4000 27.1 1.33 2.31 amount of the carbonaceous deposit).
6000 6000 21.9 1.39 2.93
12,000 2000 145 1.26 2.85

obtained at @ partial pressure below 1000 ppm is about
36%, while it increases with an increase ia artial pres-
sure up to 5000 ppm and then a maximum value of 87.4% is
obtained at 5000 ppmOThe conversion of BO decreases
crease in the reaction temperature. Table 4 summarizes th&yith an increase in ®partial pressure above 5000 ppm. If
influence of the partial pressure 0b® (2000, 4000, 6000,  these gaseous reactants react with each other completely,

and 12,000 ppm) and 24 (2000, 4000, and 6000 ppm)  the scheme of stoichiometric reaction would be followed
on the amount of the carbonaceous deposits formed on Fe4yy:

ZSM-5 (3.4 wt% Fe) in the reduction of J0 by GHj in

the absence of O It is found that the amount of&formed N20 + CzHg + 302 — Na + 2C0, + 2H,0. 1)

on Fe-ZSM-5 changes little with the partial pressure of re- |n this case, for example, 2000 ppm®, 2000 ppm GHa,
actants, while that of g increases with an increase in the and 5000 ppm © give the stoichiometric composition.
partial pressure of £Hs. On the basis of the results shown when the reduction of pD proceeds under reductive com-
in Tables 3 and 4, it is found that the amount ef ©rmed position below 5000 ppm £) the carbonaceous deposit
on Fe-ZSM-5 does not depend on the reaction conditions sowould be accumulated on the catalysts continuously. On
much, while that of @ increases with increases of both the ' the other hand, when the reaction proceeds under oxidative

Catalyst: Fe-ZSM-5 (3.4 wt%), 0.05 g. Conditions: 598 K, 120 min.
2 Values are in mmolga.

partial pressure of £44 and the reaction temperature. composition above 5000 ppmyCthe carbonaceous deposit
could be oxidized to C®or CO by gaseous oxygen imme-
3.3. Actions of carbonaceous deposits andiON,O diately, while a large excess of oxygen above 10,000 ppm
reduction in the feed gas would act as an inhibitor for the reduction of
N20O, since a considerable extent oft; reductant may be
The reduction of NO by GH4 and the formation of & reacted with excess oxygen.

and B deposits were further examined to clarify the effects ~ The experiment for transient response of kias been
of O, and the carbonaceous deposits on this reduction. Theattempted to elucidate the action of @n the reduction
influence of Q on the conversion of pO to N> and the for- of N2O with C;H4. Fig. 6 shows the results for the tran-
mation of carbonaceous deposits are summarized in Fig. 5.sient response of (5000 ppm) in the reduction of 2D

In Fig. 5, the amount of the carbonaceous deposit formed (2000 ppm) with GH4 (2000 ppm) at 598 K. In Fig. 6A,
in the reduction of MO (2000 ppm) with GH4 (2000 ppm) the changes in the partial pressure of &hd the amount
at 598 K for 2 h in the absence and presence ph@d the of the carbonaceous deposita{,GC8) accumulated during
conversion of NO to N are plotted against the partial pres- the reduction of MO by GH,4 are plotted against the reac-
sure of Q. It is seen that the amount of the carbonaceous tion time. It is seen that the partial pressure efdécreases
deposit decreases with an increase in the partial pressurevith an increase in the amount ofxCThis strongly sug-
of O between 0 and 5000 ppmy@nd then it disappears gests that the formation of Ns obviously inhibited by the
at O, partial pressure above 10,000 ppnpQNconversion presence of €, while the activity of catalyst is not affected



T. Chaki et al. / Journal of Catalysis 218 (2003) 220-226 225

i—— (AIN,0/C,H, —pie—— (B)N,0/C,H,/0,—

2.5 2.5

Concentration / 103 ppm
s CB / mmol g"-cat

Intensity / a.u.

0 40 80 120 160 200 240
Time / min

Fig. 6. The results for the transient response of(B000 ppm) in the re-
duction of N O (2000 ppm) by GH4 (2000 ppm) at 598 KM, the partial
pressure of N formation; ®, the amount of @; A, the amount of @).
(A, N2O/CoHgy; B, N2O/CoHy4/05.)

by the presence of £ Fig. 6B shows the changes in the ; )
partial pressure of Nand the amount of &€ and @8 ob- 290 288 286 284 282 280
tained after the addition of {5000 ppm) into the reactants Binding energy / eV

(N20, GHq). When G is added into the feed gas, the par- Fig. 7. XPS spectra of C 1s obtained over Fe-ZSM-5 catalysts used for the

tial pressure of Nin the outflow increases rapidly and then  reduction of NO (2000 ppm) with GH4 (2000 ppm) in the absence of
gradually comes to a new steady-state value and the amoun0; at 598 K. Reaction conditions: (1) no reaction, (2@ CpHg4, 15 min,

of Cu decreases rapidly and disappears within 60 min after (3) N2O/CzHg, 120 min.

the addition of Q. On the other hand, the amount of Ce-

mains constant as long asx@xists on the catalyst, while  (710.5 [32], 711.2 eV [30]). This may indicate a strong in-
Cp decreases gradually after the disappearancexofliGs teraction between iron and zeolite, and in fact, the binding
found from these results that the addition of iBto the re- energies of 711.6 and 712.1-712.3 eV are reported for iron
actants could take away the inhibitory effect af Gn N,O incorporated in Fe-ZSM-5 [33] and §®3-SIiO; [29], re-
reduction, since & reacts rapidly with @under the reaction  spectively. These findings are supported by the data of X-ray

conditions. powder diffraction and’Fe Méssbauer spectra. XRD pat-
terns of Fe-ZSM-5 (3.4 wt% Fe) show no evidence for the
3.4. Characterization of carbonaceous deposits presence of bulk-FeOs on the surface of catalyst aRtFe

Mossbauer spectra of the catalyst show the presence’sf Fe

The nature of @ and 8 deposits was further charac- with tetrahedral coordination [34]. Fig. 7 shows XPS spec-
terized by means of DRIFTS and XPS. The structure of tra of C 1s obtained over Fe-ZSM-5 catalysts used for the
carbonaceous deposits formed during the reduction,@ N reduction of NO (2000 ppm) with GH4 (2000 ppm) in the
(8000 ppm) with GH4 (8000 ppm) on Fe-ZSM-5 (3.4 wt%  absence of @at 598 K. Fig. 7 (1) shows C 1s spectrum ob-
Fe) was studied by means of DRIFTS method. It is found tained over Fe-ZSM-5 before reaction. Since the correction
that the absorption bands ascribed to C—H stretching of of the energy shift due to steady-state charging is accom-
C=CH groups (3130, 3190 cnt) [26,27] are observed from  plished by taking the C 1s line from adsorbed carbons at
10 min after contact with the reaction gases aegdgroups 284.5 eV [28,29] as an internal standard, this spectrum can
(1740, 1780 cm?) [26,27] are observed after 30 min. These be regarded as a background of the Fe-ZSM-5 catalyst used.
results suggest that carbonaceous species containing C—Hhe dotted curves shown in Fig. 7 (2) and (3) represent dif-
groups formed on Fe-ZSM-5 at the initial stage gfONre- ference spectra between the solid curves shown in Fig. 7 (2)
duction and then another carbonaceous species containingnd (3) and that in Fig. 7 (1), respectively. Fig. 7 (2) shows
C=0 groups also formed on the catalyst. These findings C 1s spectrum obtained over Fe-ZSM-5 used for th® ke-
correspond to the results for the composition of the carbona-duction in the absencexCat 598 K for 15 min. It is found
ceous materials estimated by TPO as shown in Fig. 4 andthat the main peak (284.5 eV) increases slightly and the dif-
Table 1. Thus, the carbonaceous material oxidized a&the ference spectrum (283.6 eV) may indicate the formation of
peak region is represented by approximately CH, while that an isolated carbon [28]. Fig. 7 (3) shows C 1s spectra ob-
evolved at the8-peak region is expressed by C. tained over Fe-ZSM-5 used for the® reduction in the ab-

On the basis of XPS spectra measured on Fe-ZSM-5sence of @for 120 min. The main peak obtained by the
(3.4 wt% Fe) used for the reduction 0b@, it is found that reduction for 120 min is larger than that for 15 min. A shoul-
the binding energies of the Fegp photoelectron are be- der peak represented by dashed line appears at 288.5 eV
tween 711.6 and 712.2 eV. The values are higher than thoseogether with main peak and may be assigned as carboxylic
for bulk «-FeO3 (710.5 [30], 711.2 eV [31]) and 64 groups [28]. @ species could be formed on the catalyst
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Table 5
Surface composition of Fe-ZSM-5 catalysts used for the reductiorp6f (2000 ppm) by GH4 (2000 ppm) in the absence ob@t 598 K as derived from
XPS

Reactant composition Reaction time Type of C deposit Content (at%) /FeC C/Si Fe/Si
(min) C 0] Al Si Fe N =) ) ()
(No reaction) - 9.4 63.0 19 244 A 0.1 7.7 0.39 0.050
N2O/CoHy 15 (04 10.9 62.0 1.7 24.4 0 0.2 10.7 0.45 0.042
N2O/CoHg 120 Gy, CB 15.6 58.7 1.7 23.0 @5 0.3 20.8 0.68 0.033
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