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Abstract

The interaction of NO with MFI zeolites was investigated by a multipulse transient response method &€ 2kith subsequent
temperature-programmed desorption. It was shown that the active sites for the formation of a surface oxygen species can be determine
guantitatively using this method under the conditions of catalytic applications. Iron content and several pretreatment procedures influence
the formation of surface oxygen and moleculaiO\sorption. For example, fresh zeolites with high and low iron content formed significantly
more surface oxygen than zeolites that had been pretreateginThe calcination at higher temperatures had an effect only on the activity
of the zeolites with high iron content, which was not as pronounced as has been reported in the literature. The adsorption of mQ@ecular N
as an elementary step 0hH® activation in iron-containing zeolites cannot be neglected, because it was found to be thermally quite stable.
All results indicate that in these zeolites not only one, but several oxygen species were formed that differ in thermal stability and thus in
reactivity.
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1. Introduction sites, and this question remains a matter of intense dbate
16], but correlation between certain sites and the surface
Iron-containing zeolites of the ZSM-5 type play an im- oxygen formation has not yet been found. In the abatement
portant role as catalysts for the abatement of nitrous oxide of N,O, the formation of a monoatomic surface oxygen
in waste gases and partial oxidation with nitrous oxide as species is also the initial step of the catalytic cycle, and the
the oxidant. One important reason for the suitability of iron- corresponding sites in the zeolites are assumed to be similar
containing zeolites for these applications is the formation of to those for partial oxidatiof2,10-12,17—-20]One method
a monoatomic surface oxygen spedigs3] that has an ex-  of preparing active zeolites for both applications is to incor-
tremely high reactivity for the oxidation of C[2,4], Hz [5], porate iron into the framework of ZSM-5 during the synthe-
and different hydrocarbons including benzene and methanesis (H-Fe-ZSM-5), followed by extraction of iron from the
[3,6-8] even at room temperature. The catalytic properties framework by high-temperature calcination and/or steaming
of zeolites in these reactions relate to the amount and stabil-[1-3,12,18] As a second method, iron can be introduced into

ity of this active surface oxygen species, caltedxygen, the zeolite by several ion exchange and impregnation proce-
which is formed at moderate temperatures (200-=8)J3]. dures[5,9,10,17,19-21]The amount of surface oxygen and
Different iron species are considered corresponding activeits reactivity depend on the preparation and pretreatment of
the zeolite.
mpon ding author. Fax: +903462191179. Until now, the concentratiqn of act.ive surface oxygen
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and coworker$1,9,22] Indirectly, the reactive surface oxy- helium, calibration was done using several gas mixtures of
gen content was determined via isotope exchange\t@s. known compositions for M O,, and NO in helium before
This method should also allow a distinction between reac- and after each experiment. To determine the correct molar
tive and nonreactive oxygen species formed after the acti-flow of N2 (Fy,), the signal at 28: /e was corrected by sub-
vation of NO [1-3,22,23] Recently, step experiments with  stracting the contribution of the D fragment of the signal
N»O and pulse experiments witfiO, as dynamic methods  at 28m/e in the calibration with the following equation:

have been performed8,24,25] The step technique seems

g . f28N,0
promising, because very low concentrations of surface oxy- Ig — Taango 144
gen can be determined quantitatively under atmospheric N2 = Tan ; (1)
), IN2

pressure conditions, which are valid for catalytic applica-

tions [18,24,26] However, despite the application of sensi- Where I>g and 4 is the intensity of the signal at 28 and

tive, dynamic methods, formation and special characteris- 44 m/e, respectively, andf2gn,o. f28N,. faaN,0 are the

tics of a surface oxygen species, like thermal stability and factors derived from the calibration with the gas mixtures.

activity peculiarities, are not yet fully understood and are ~ Before all catalytic investigations, the zeolite samples

intensely debated. For example, results of Pirngriibe, were calcined in a flow of pure He at 500 to remove

Jia et al[23], Kiwi-Minsker et al.[24], and our preliminary adsorbed components. After this pretreatment, the zeolites

results[27] indicated that various oxygen species with dif- (mass= 0.05-0.5 g) were cooled to 25C in a helium flow

ferent properties (“surface oxygen pool”) likely are formed ©f 50 ml/min (NTP). At this temperature, a certain number

during the interaction of pD with ZSM-5-type zeolites. ~ Of pulses (50 or 100) were injected to a helium flow of 10

Moreover, it has been recently found that iron-containing ©F 50 mi/min at normal conditions via a sample loop with a

zeolites that have been prepared differently contain differ- volume of 1 ml. The loop gas contains 1% (¢abl) N2O in

ent iron species but show similar activity in stoichiometric helium. Ata loop temperature of 12C, one pulse contains

N,O decomposition. This indicates that the rates of each el- 0.31 pmol NO. After the pulse sequence, temperature was

ementary step in the 40 decomposition mechanism must increased from 250 to 50@ with a ramp of 16C/min to

be reconsideref£8]. follow the desorption of the surface-bound species formed

In the present investigation, a transient multipulse tech- during the pulses.

nique combined with temperature-programmed desorption ~Peak areas in the multipulse sequence were integrated

(TPD) studies was applied to determine the formation and Using MatLab software. This program uses a trapezoidal nu-

the characteristics of the surface oxygen species on ZSM-5merical integration method that computes an approximation

zeolites. The first goal was to demonstrate the applicability Of the integral. The amount of deposited oxygen was calcu-

and accuracy of the method as well as what kind of quan- lated by summarizing all peak areas of nitrogen.

titative information can be derived with it. As a reference,

ZSM-5 zeolite with a high iron content (“overexchanged”), 2.2. Zeolites

which has been shown to be very active igNdecomposi-

tion and reductiofi29,30], was chosen. The method has also ~ The initial ZSM-5-type zeolite was an NHorm (SM27,

been applied to the same zeolite without the extra addition Synthesized without an organic template; AlsiPenta GmbH)

of iron species, which is generally suitable for the partial ox- with a molar Si:Al ratio of 11.8, which contains iron in

idation of benzeng31]. Both zeolites were pretreated with traces (Fe content 0.035% (wywt); molar Fe:Al ratio=

different procedures; thus it was possible to determine the 0.007). Additional iron species were introduced via a solid-

influence of some zeolite properties on the nature of the sur-state ion exchange with Fe£AH,;O (sample: Fe-MFI) to

face oxygen species that are valid for partial oxidation and obtain a Fe:Al ratio of 0.75 (Fe conteat 5.66% (wywt)).

N»>O abatement. The detailed preparation procedure was described elsewhere
[29,30] The protonated zeolite form (sample: H-MFI) was
obtained after calcination of the NHorm in an air flow for

2. Experimental 2hat550C.
To investigate the influence of pretreatment conditions on
2.1. Multipulse and desorption experiments the transient response behavior, zeolite samples were cal-

cined in a flow of helium for 2 h at 90TC (sample: Fe-MFI-

All transient-response studies were performed in an ap- HT and H-MFI-HT) or in a flow of 1% NO in a helium flow
paratus containing a quartz glass reactor (AutoChem 2910,0f 50 ml/min (NTP) for 2 h at 500C (sample: Fe-MFI-HNO
Micromeritics). A quadruple mass spectrometer (QMS 422; and H-MFI-N;O).

Pfeiffer Vacuum) was used in an on-line mode to determine

the composition of the gas phase. The intensity of the fol- 2.3. Additional characterization

lowing signals was measured simultaneously: 4, 28, 32, and

44 m/e. Molar flows of Nb, O, and NO were determined The chemical composition of the zeolite samples was de-
from these signals. After zero gas measurements with puretermined by X-ray fluorescence (XRF) (Shimadzu 1700).
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Table 1
Characterisation of the zeolite samples
Catalyst Element compositiBn Micropore volum&  Crystalline phases ~ Crystallinity 0a¢  Si/Al frameworld  N»O sorption capacify
SiAI(-) Fe wt%) (cm®/g) ) =) - (umol/g)

Fe-MFI 11.8 5.66 120 ZSM-5 hematite 0.80 n.d. 19
Fe-MFI-HT 11.8 5.66 111 ZSM-5§- hematite 0.69 n.d. .3
H-MFI 11.8 0.035 133 ZSM-5 0.81 13.0 KB
H-MFI-HT 11.8 0.035 127 ZSM-5 0.70 39.5 .@
FeO3/Na-MFI  11.8 5.66 - - - 13.0 30

@ Determined with XRF.

b Calculated from the sorption isotherm of argon at 77 K witilot method, equivalent to the sorbed argon amoupt/ak = 0.02.

C Related tax-Al 03 taken as 100% crystalling2a = 1).

d Determined with?/Al-NMR.

e

Amount of adsorbed PO calculated from the step experiment at’&d

The influence of the calcination procedure on the zeolite’s 5.00E-09 N
characteristics was studied by X-ray diffraction (XRD) (Cu- 2
K, radiation; Regaku F-DMAX llIC),2’Al MAS NMR "o 400809 1
spectroscopy (Bruker NMR type MSL-400; resonance fre- g 5.00E.00 |
quency= 104.3 MHz, rotation speeg= 10 kHz), sorp- e
tion of argon at 77 K (ASAP 2000, Micromeritics), as well 2 5 00E.00 ]
as temperature-programmed reduction (TPR) with hydro- E
gen and TPD of ammonia (TPR2HTPD-NHz; AutoChem 2 1.00E-09
2910, Micromeritics). In TPR-bl zeolites were heated from
50 to 900°C in 5% (vol/vol) Hz in helium at a ramp rate 0.00E+00 N
of 10°C/min. The profiles were deconvoluted and fitted by 0 o000 10000 150$?me/2:00° 25000 3000035000
Gaussian functions. In TPD-NJ zeolites were saturated A)
with a flow of 10% (vo)vol) NH3z in helium at 50 C. Subse- 5.00E.00
quently, N was desorbed in a helium flow of 25 fnhin up N,O
to a temperature of 60T (ramp rate 10C/min). The sorp- %, 4.00E-09 |
tion capacity of NO at 50°C was determined using a step -
technique. Therein, the flow of helium was switched to a he- £ s.00e-00
lium flow containing 1% (volvol) N2O and 1% (volvol) Ar 5
as an inert standard at a certain time. The area between the § 2.00E-09 4
N,O and the Ar signal was integrated to determine the mo- &
lar amount of adsorbedJ4®. The analysis of the gas stream = %599 \H HH H H' Hl }H
in the temperature-programmed and step experiments was 0.00E+00 MM“]H w [” H H “ d J H ’ H [ l
performed with mass spectroscopy (QMS 422; Pfeiffer Vac- 0 5000 10000 15000 20000 25000 30000 35000
uum). Quantitative results are givenTable 1 Time/ s
(B
8E-10 600
3. Results . -
3.1. Multipulse method: Explanation and validation E eE10] 400 ®
3
In the multipulse experiments, a sequence of definite mo- 'S 4B-10 1 300
lar N2O amount (0.31 pmol pD) was injected to a continu- 2 200 g
ous flow of inert gas at 250C. This temperature was chosen S 2E-104 =
because it is commonly used as a standard condition in the = - 100
literature to suppress the formation of molecular oxyfen ol o
10’24] 35000 36000 37000 38000 39000 40000 41000 42000
Figs. 1A-1Bdisplays the response behaviors during a se- Time/ s
quence of 100 pulses over the Fe-MFI (mas8.1 g). It can ©

_be observed thatin the beginning of the puI;e ?’equem,@’ N Fig. 1. Results of multi-pulse response experiments and temperature pro-
is totally consumed and converted te.NWith increasing grammed desorption: (A) Aresponses, (B) pD responses at 25@ and
pulse number, the consumption of® and the formation of  (C) desorption of NO, N, and & up to 500°C (Fe-MFI, zeolite mass=

N, decreased. No molecular oxygen was formed, and thus0.1 g, total flow 10 mimin (NTP)).
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Table 2

Quantitative results of the multi pulse respond method for Fe-MFI

Sample Mass (g) Flow (rpinin (NTP)) O/Cat (Np)2 (umol/g) O/Cat ()P (umol/g) N,O/Caf (umol/g)
Fresh Fig. 1) 0.10 10 40.0 14.0 D

Fresh Fig. 2 0.05 50 42.0 12.0 10

Fresh Fig. 2) 0.10 50 40.0 11.0 B

Fresh Fig. 2) 0.20 50 41.0 13.0 B

Fresh Fig. 3 0.20 10 41.0 14.0 D

1. RepeatFig. 3 0.20 10 171 17.2 .0

2. RepeatFig. 3 0.20 10 17.0 17.2 n.d.

& Molar amount O/zeolite mass calculated via formedadwring pulse sequence.
b Molar amount O/zeolite mass calculated via desorbgafter pulse sequence up to 500.
€ Molar amount adsorbedJD/zeolite mass calculated via desorbegdNafter pulse sequence up to 500.

the zeolite was stepwise-loaded with surface oxygen. The
responses on each pulse in the multipulse sequence reflected
increased oxygen loading of the zeolite reduced the rate ofg
further surface oxygen formation. At the end of the pulse se-
guence, no more Nwas formed, and the area 0p® pulses
reached a stable value.

After the pulse sequence, the temperature was increased 01 1
to 500°C (Fig. 1C). During this period, molecular oxygen
desorbed from the catalyst sample because of the recombina-
tion of surface-bound oxygen species formed on the zeolite

0.3

0.2 1

ar amount/

0 20 40 60 80 100

during the pulse sequence to molecular oxygen. In addition, Pulse number/ -
molecular MO desorbed from the zeolite in the same tem- (A)
perature range as molecular oxygen.

Besides qualitative results, certain characteristic values . | o, N
can be quantitatively determinediable 9. The amount of o AZJEDDD Q%% 2005g
surface oxygen per zeolite masg,@at, was calculated from g “A W 001g
the amount of formed nitrogen and revealed the oxygen stor-= 4,1 DE'DDD R 0029
age capacity of the zeolite. The amount of desorbed oxy- é B Qz%o
gen and the temperature of the @esorption maximum c e % °<><2>
(~495°C) (Fig. IC) indicates the stability and reactivity 2 o014 % T %%b
of the oxygen species. The quantitative results show that N djithxh: %%&

40 pmol atomic oxygen per gram of catalyst/(Cat) was P i 3
By
formed, but only about 35% of the surface-bound oxygen 0 . M
was desorbed as@ip to temperature of 50 (first line of Pulse number/ -
Table 2 mcat= 0.1 g). The molar amount of desorbed®, (B)
formed during the pulse sequence;QyCat, was 7 pmol
N2O/g. Fig. 2. Influence of catalyst mass on the multi-pulse response behaviour:

To prove these findings and validate the method, differ- (A) N2O, (B) Nz (Fe-MF, total flow 50 mfmin (NTP)).
ent amounts of Fe-MFI were placed in the reackg. 2
plots the results as molar amounts ofland N\ as func- but not on the quantitative values/Oat and NO/Cat (Ta-
tions of pulse number. The molar amounts were determinedble 2. Thus the multipulse technique is generally suitable
by numerical integration of each pulse area using a MatLab for investigating the intrinsic formation of the surface-bound
trapezoidal numerical integration routine. It was observed oxygen species. However, in each case only approximately
that with increasing zeolite mass, the formed amount of ni- 35% of the surface oxygen was recombined to molecular
trogen and the plateau of stable® amount were reached oxygen up to 500C, and a significant amount ofJ® was
with higher pulse numbers. Molecular oxygen was not found molecularly adsorbed in the zeolite, which is stable up to
during any of the multipulse sequenc@&able 2shows that 500°C.
during each experiment, the same amounts of surface oxy- The multipulse sequence was repeated several times to
gen related to the zeolite mass were formed and the samestudy the role of the surface oxygen, which seems to be sta-
amounts of @ and N O related to the zeolite mass were des- ble up to 500C. Between each pulse sequence, the sample
orbed. The rate of the flow in which the pulses were injected was heated to 500C in helium.Fig. 3 shows that more ni-
has an influence on the trend of the multipulse sequence,trogen was formed and more nitrous oxide consumed in the
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Pulse number/ - Fig. 4. Desorption of MO, O, and N, after the multi-pulse sequence up to

®) 900°C: (A) Fe-MFl,m = 0.1 g, (B) H-MFI,m = 0.5 g.
Fig. 3. Results of repeated multi-pulse experiments with intermediate treat- . .
ment in Helium at 500C (Fe-MFI, m = 0.2 g, total flow 10 mymin Most of the oxygen was desorbed in the high-temperature
(NTP)): (A) N2O, (B) Na. region. A total amount of 56 pmol QCat can be calculated,

which is more than that formed during the pulse sequence.
) ) Thus it must be assumed that a part of the desorbed oxygen
first pulse sequence than in the subsequent two sequencegyiginated from the zeolite and iron-oxo species. In addi-
After the second pulse sequence, the results did not changeyion molecular NO also desorbed at higher temperatures,
The quantitative values ilable 2confirm that the helium-  jnqicating a strong sorption of moleculap®. Blank exper-
pretreated zeolite was able to form and stabilize almost 2.5jments in which the samples were heated in helium and air
times more surface oxygen than a zeolite that had alreadyshowed that no carbon oxides were adsorbed or formed from

interacted with MO and was loaded with oxygen at 230. total oxidation of any carbonaceous impurities in the zeolite.
This supports the finding that indeed the main part of the

surface oxygen is stable at temperatus¢g)0°C. Because 3.2, Comparison of Fe-MFI and H-MFI

no molecular oxygen is formed during the repeated pulse se-

quences, oxygen was also not removed with additional gas |t is widely accepted that any kind of iron species in the
phase MO at 250°C. Nevertheless, the “oxidized zeolite” is  zeolite is essential for the formation of the surface oxygen.
still able to form surface oxygen that can be completely re- For determining the role of the iron, the multipulse method
moved by heating in helium at 50€. This indicates that  was also applied to the protonated form of the zeolite (H-
the surface-bound oxygen in the zeolite formed during in- MFI), which contains iron only in trace34ble 1. Although
teraction with MO comprised several species that differ in  measurable formation of Nduring the pulse sequence was
stability and reactivity. It was also remarkable that the de- observed only at a higher zeolite mass for H-MFI, qualita-
sorption of NO during the temperature increase after the tive trends for NO and N> pulse area with increasing pulse
pulse sequence became smaller after the first repeated exaumber were similar to those of Fe-MFI. The quantitative
periment and that no M0 was desorbed after the second values inTable 3show that the amount of surface-bound

repetition up to 500C (Table 2. oxygen per catalyst mass (Oat) of H-MFI is 15 times
The temperature limit of the desorption experiment after lower than that of Fe-MFI. In addition, at H-MFI, molec-

the pulse sequence was increased up to°@@ deter- ular N,O, but not molecular oxygen, was desorbed up to a

mine the stability of the formed surface oxygdfig. 4A temperature of 500C. Increasing the temperature after the

clearly shows two temperature regions for the oxygen de- multipulse sequence up to 900 resulted in desorption of
sorption, one at about 49& and the other at about 80C. 02, N2, and NO (Fig. 4B). In contrast to Fe-MFI, the N
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Table 3

Comparison of quantitative results of the multi pulse respond method for Fe-MFI and H-MFI

Catalyst Calcination temperature Calcination atmosphere Mass O/Cat (\p)2 O/Cat (Oz)b N,O/Caf
(°C) =) (9) (Hmol/g) (Hmol/g) (pmol/g)

Fe-MFI 500 Helium 0.1 10 14.0 7.0

H-MFI 500 Helium 0.5 28 n.d. 0.4

Fe-MFI-HT 900 Helium 0.1 40 10.0 n.d.

H-MFI-HT 900 Helium 0.5 26 n.d. n.d.

Fe-MFI-N,O 500 1% (vofvol) NoO/He 0.1 287 18.6 n.d.

H-MFI-N2O 500 1% (volvol) N,O/He 0.5 1 n.d. n.d.

& Molar amount O/zeolite mass calculated via formedduring pulse sequence.
b Molar amount O/zeolite mass calculated via desorbgafier pulse sequence up to 500.
€ Molar amount adsorbedJ/zeolite mass calculated via desorbegdNafter pulse sequence up to 500.

700 . . .
zeolite pores, which compensate charges of the zeolites as

r 600 cations and are present as iron oxide clusters, partly de-
L 500 tectable with XRD Table ). The results of the sorption
experiments at 58C, in which no surface oxygen forma-
tion was observed, demonstrate that H-MFI adsorbed almost
five times less MO than Fe-MFI Table 1 last column). The
redox properties of the iron species in Fe-MFI are character-
100 ized by the TPR profile ifirig. 5B. Two distinct peaks were
Fe-MFI-HT ) i detected with their maximums at approximately 490 and
4000 5000 600(;) 685°C. In addition, a shoulder in thetonsumption was
e s visit_)le at temperatl_Jres of 340 anc_i 85, Co_nsequently, the
) profile was fitted with four Gaussian functions up to 900
(Fig. 5B). The total area of these functions led to a molar H
consumption per mol of iron of 0.48, which is close to the
theoretical value of 0.5 necessary to reduce all iron(lll) to
iron(ll). At the end of the temperature ramp at 9@) the
baseline was not reached; thus further reduction of the iron—
0X0 species must be assumed. Comparing the TPR profile of
Fe-MFI with that of a mechanical mixture of $®; and Na-
| 300 MFI containing the same iron amount clearly shows that the
Fe-MFI-HT ‘/ \@ L 200 shoulder at 340C and the corresponding peak must be at-
Hz/Fe =044 L 100 tributed to the reduction of iron(lll) to iron(Il) in iron(lll)
— 0 oxides. The other peaks in Fe-MFI must be attributed to
Timels iron—0xo species, oxide clusters, or cations, which can be
B) present only in the zeolite.
Fig. 5. Characterisation of acid-base properties and redox-properties of Surface oxygen formation clearly depends on the iron
the different zeolites: (A) temperature-programmed desorption of NH content in the zeolite. However, because the iron content of
(TPD-NHg), (B) temperature-programmed reduction with (TPR-Hp). Fe-MFI is 100 times higher than of H-MFITéble 1), not
all iron species seem to be able to form surface oxygen.
This fact is generally in concordance with results reported by
formation indicated that a part of the adsorbegONdecom-  other researchers. The presence of iron oxide in the zeolite
posed at H-MFI. Because this decomposition leads to Only main'y determined the Sorption Capacitym because the
a small oxygen signal (0.7 (at), it must be assumed that mixture FeO3/Na-MFI adsorbed 1.5 times morex® than
additional surface oxygen is formed. The other part 9N the Fe-MFI [Table 1. The relationship between the zeolite
is more strongly bound to the zeolite than at Fe-MFI. How- characteristics and surface oxygen formation, as well as the
ever, a comparison ¢figs. 4A and 4Bclearly shows thatthe  sorption of molecular BO is discussed later in this paper.
amounts of desorbed,@nd N>O are much lower than those
on Fe-MFI. 3.3. Influence of zeolite pretreatment conditions on surface
The addition of iron species into the zeolite via solid-state oxygen formation
exchange decreased the sorption capacity of,Nbartic-
ularly in the high-temperature region between 380and Several investigations have shown that the pretreatment
600°C (Fig. 5A), and the micropore volum&éble ). These of zeolite is important for its catalytic activity in waste gas
results show the presence of iron—oxo species inside theapplications and partial oxidations. For example, calcina-

I 400

F 300

Temperature/ °C

F 200

NH; desorption a. u. /g'1

0 1000 2000 3000

1000
I 900
- 800
- 700
- 600
I 500
I 400

Fe,O5/ Na-MFI

Fe-MFI
H,/Fe =0.48

H, - consumption a. u. /g'1
Temperature/ °C




170 A. Ates, A. Reitzmann / Journal of Catalysis 235 (2005) 164-174

tion of the zeolite at 700—110@ enhances its catalytic N,O
activity in several applications, but the reasons for this ef- 03079 o .\..r.-ﬂ,nnlllllnllllllnlhnlnl}
fect remain unclear. One possibility is that this pretreatment &, ..-':tu“‘
leads to the formation of additional sites for the surface oxy- g 0.20 | LR A Preteatment with Helium
gen formation9-11,21,26,32]Another is that the number é o 2t A Pretreatment with Helium
of Brgnsted acid sites is strongly decreased with this pre- © " éA u Protreatment with 1 vol% N;O
treatmen({6,31,33] Thus the goal was to determine whether 3 oo ® AQD N N, _ '

. =] 02 O Pretreatment with 1 vol.% N>O
such pretreatment has an influence on the amount and stabil- A DDQA?(
. . . 0O
ity of su.rface-.bound oxygerable 3s_hoy\{s that_ calcination At ugéggmé A B0, P oo PP
for 2 h in helium at 900C had a significant influence on 0.00 - A==0 - U

0 10 20 30 40 50

surface oxygen formation for Fe-MFI, but not for H-MFI.
Significantly more surface-bound oxygen was formed on Fe-
MFI-HT, but the amount of oxygen desorbed up to 800

Pulse number/ -

GV

P e HMEL T o 36 dosorbeg . 050] sepmmestisees it

to 500°C (Table 3 and 90C0°C (not shown). In addition, the g 'A‘ N,O

sorption capacity for O at 50°C was significantly reduced 2 A Pretreatment with Helium

for both zeolites after helium pretreatment at 900 3 020 . A Pretreatment with Helium
High-temperature calcination influenced the zeolite char- % a = Pretreatment with 1 vol% N;O

acteristics Table 3. Although XRD patterns showed almost 3 ., | 4 '

no change in crystallinity, the sorption capacity for argon = LN 0 Pretreatment with 1 vol % N:O

and NH; (Fig. 5A) was significantly decreased, due to a loss Dmuﬂ%ﬁ o .

of micropore volumeTable 1) and acidity for both zeolites. 0.00 4+ O A AOMANAARAA° A A SR gy

It was reported previously that a change in these characteris- 0 10 20 30 40 50

tics indicates dealumination of the zeolif@4], which was Pulse number/ -

quantified with?’Al-NMR for H-MFI and is represented by ®)

the framework Si:Al ratio infable 1 Because the amount of _ _

h face-bound oxvaen did not chanae for the H-MEI-HT Fig. 6. Influence of MO pretreatment on the multi-pulse response behav-
the sur _ Y9 ne ing iour (total flow 10 mymin (NTP)): (A) Fe-MFI,m = 0.1 g; (B) H-MFI,
compared with the H-MFI, acidity, micropore volume, and ,, —05g.
the presence of extra-framework aluminium had no affect on

surface oxygen formation. The increased .amount of surface-j;qp content, MFI zeolites were oxidized by® and surface
bound oxygen at Fe-MFI-HT compared with Fe-MFI results gyygen. At both of the NO-pretreated zeolites, desorption
from a reorganization of the extra-framework iron species ¢ N,O during the temperature increase was suppressed, in-

in the zeolite as shown in the TPR profilésd. 5B). At Fe- dicating that the “oxidized” zeolites lose the ability to adsorb
MFI-HT, the total molar H consumption per mol ofironwas  olecular NO.

slightly reduced (H/Fe ~ 0.44) compared with Fe-MFI,

and the area of the peaks at 490 and 884%vas decreased.

The maximum of the corresponding peak to fit the shoulder 4. Discussion

at low temperatures shifted from 340 to 4@ and the area

increased. In addition, the peak at 8Z5increased. The re- The multipulse technique is a sensitive tool for determin-
lationship between the change in zeolite characteristics anding the activation of nitrous oxide. The method enables one
surface oxygen formation, as well ag®isorption behavior,  to follow quantitatively the formation of a surface oxygen

is discussed in the next section. species for zeolites under conditions of catalytic applica-
Both of the zeolites were also calcined in 1% (wall) tions, like partial oxidation and waste gas treatment, which
N2O/helium at 500C before the pulse sequendeg. 6 is an advantage over the common static vacuum technique.
shows that this pretreatment led to similar results as in the The molar amount of the surface oxygen related to the ze-
repeated multipulse experiment at 28D (Fig. 4, Table 3. olite mass (@Cat) can be determined by summarizing the

On both zeolites, Fe-MFI-pD and H-MFI-NO, nitrogen amount of nitrogen in each pulse response over the entire
formation and the BO consumption were lower than they pulse sequence, because no molecular oxygen was formed.
would have been had the zeolites been pretreated in heliumThe accuracy for the determination of the molar amounts is
Quantitative results reveal that the amount of surface-bound+5%. The nitrogen amount was not equal to the amount of
oxygen was reduced by almost 30% for Fe-MFRI&Nand consumed MO, particularly for the parent zeolites, Fe-MFI
65% for H-MFI-N>O (Table 3. Similar to the findings of  and H-MFI, contradicting the findings of Panov et al. us-
the repeated multipulse experiment of Fe-MFI (Sec8di), ing the static vacuum setup at the same temperdi&.
helium-pretreated zeolites formed more surface oxygen thanThe present results confirmed the more recent findings of
those previously exposed to. Thus, independent of the  Kiwi-Minsker et al., who also found a discrepancy between
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consumed MO and formed N using a transient step tech- mation (Table 1. Nevertheless, the profiles of NHIPD
nigue[24]. One reason for this must be the sorption of mole- (Fig. 5A) show also a 40% reduction of Brgnsted acid sites in
cular nitrous oxide in the zeolité&{g. 3 Table 3. This initial the Fe-MFI compared with H-MHR7]. This must be due to
step of NO activation can be preferentially studied with the the presence of cationic iron species, which are assumed to
multipulse technique under atmospheric pressure, becausde isolated cationfl3,19] or binuclear cationic specig9,
N2O should immediately desorb under vacuum conditions. 14,15,24] The TPR profile of Fe-MFI irFig. 5B displays
In contrast to the transient step techniques, the multipulsetypical behavior of an iron-containing zeolifg4—37] Lit-
technique is more suitable for studying the formation of sur- erature results for zeolites with similar iron content and Si: Al
face oxygen, because the gas phase concentration©f N ratio [35-37] show that due to the high iron content, nu-
is always very low. This property allows maximum sup- merous different iron—oxo species are present in the zeolite,
pression of the reaction of surface oxygen with gas phaseand discriminating between the reduction of iron oxides and
N20O, which is kinetically favored over the recombination of iron cations is undoubtedly difficult. The comparison of TPR
atomic oxygen to molecular oxygéh7,20] profiles Fig. 5B) of Fex0O3/Na-MFI and Fe-MFI clearly in-
The multipulse method has been validated by changing dicates that the large iron oxide clusters in Fe-MFI, also
the zeolite mass and the flow rate. Because all quantitativevisible on XRD, are reduced at 34CQ. Cationic species are
results for the reference sample, Fe-MFI, were in the samereduced at temperaturegt00°C [19,36,37] Thus peaks at
range (able 2, the influence of external mass transfer on 490 and 683C probably represent the reduction of cations
the rate of surface oxygen formation can be excluded. and small iron oxide clusters, which are favored in surface
Concerning comparisons with results in the literature, one oxygen formation. The small oxide clusters may be simi-
has to keep in mind that other zeolites are usually prepared inlar to the nanoclusters with the J&;, structure proposed by
a different way, which has a significant impact on the active Joyner and Stockenhuber. They can undergo autoreduction
sites for NO activation and the behavior of surface oxy- in helium and cannot be reduced with ltb metallic iron
gen[9,12,21,28] The effect of preparation method can only up to 1000°C [16]. In the H-MFI, the value of 0.447 mol
be studied using many differently prepared zeolites, which surface oxygen per mol iron is near the maximum values re-
has not yet been don&able 4presents important literature  ported by other research group&ble 4 and supports the
results for MFI zeolites with similar chemical compositions general opinion that binuclear iron clusters play important
obtained with different methods. In part, the values for the roles in surface oxygen formati¢f,14,15,24]
surface oxygen amount related to the molar amount of iron  According to the literature, the pretreatment of the ZSM-
have been calculated with data given in the corresponding5 zeolites at 700—-1100 mostly leads to a distinct increase
references. These results are used as basis for the followin surface oxygen formation during,® activation. It is
ing discussion of the role of zeolite characteristics in surface assumed that this treatment forms special, active iron—oxo
oxygen formation from NO. specieq9,10,12,22,23] After pretreatment of the zeolites,
Table 4shows that the quantitative results on surface oxy- surface oxygen amount increased only at the iron-containing
gen loadings related to the iron amount are in the samesamples, Fe-MFI and Fe-MFI-HT, by approximately 10%
range as those for other iron-containing zeolites. Regard-(Tables 3 and ¥ Any significant activation of the H-MFI
ing these results, first one must distinguish between two due to extraction of iron from the zeolite framework, as
groups of iron-containing zeolites, one in which iron is in- was reported previousi®,10,22—24] cannot be confirmed.
troduced into the zeolites by postsynthetic methods using A possible explanation for this is that the iron species are
various ion-exchange or impregnation procedures, and thealready in an adequate extra-framework position for surface
other in which iron is introduced in the synthesis mixture of oxygen formation. A contribution of the Brgnsted acid sites
the zeolite itself. Zeolites of the first group usually contain to the surface oxygen formation can also be excluded, be-
more iron than those of the second group. Second, literaturecause these sites were significantly reduced after the high-
results show that higher iron concentrations in the zeolite temperature treatment. The higher amount of formed sur-
lead to higher surface oxygen loadings related to the catalystface oxygen at Fe-MFI-HT compared with Fe-MFI can be
mass, but the amount of surface oxygen related to the ironattributed to a partial reorganization of the iron species. Al-
concentration generally increases with decreasing iron con-though the reflex for hematite in the XRD pattern remained
tent. This effect must result from the fact that with increasing unchanged, the relative reduction of Brgnsted acid sites den-
iron content, the relative part of nonactive iron increases. In sity, derived from the Ng-TPD profiles, was stronger for
the first group, nonactive iron is attributed to the formation of Fe-MFI-HT than for H-MFI-HT. Thus it can be assumed that
large iron oxide clusters; in the second group, nonactive iron a part of the iron(lll) oxide was transformed to charge com-
may also be located in the zeolite framework. This was the pensating iron cations or extra-framework Fe—O-Al clusters,
case for the zeolites Fe MFI and H-MFI in the present study. an assumption also recently proposed by Hensen EtGl.
In the Fe-MFI zeolite, a value of 0.039 mol oxygen per mol The change in TPR profiles showniig. 5B, showing the
iron was determinedTéble 3. This low value results from  formation of iron cations or extra-framework Fe—O-Al clus-
the large hematite clusters as iron oxide species, which wereters from iron(lll) oxides, displayed by a peak shift from
identified with XRD and are inactive for surface oxygen for- 340 to 400°C and an increased peak area, supports this
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Table 4

Comparison of quantitative results obtained with different methods and zeolites from the literature with results of the present study

Initial iron Si/Al Fe Site/Fe Pretreatment: Method for surface Reference
positiorf* (wt%) (mol/mol) Temperature/atmosphere oxygen determination

PI 194 3.68 0.022 550C/air Static vacuum [10]

PI 194 3.68 0.040 700C/air Static vacuum

PI 194 3.68 0.015 550C/air 180, exchange [10]

Pl 194 3.68 0.038 700C/air 1802 exchange

PI 20 45 1 400C/Oy—He 180, exchange [25]

Pl 23 4 0 500°C/H, Static vacuum [23]

PI 23 4 0.278 700C/Hy Static vacuum

PI 23 4 0 500°C/H; 180, exchange [23]

PI 23 4 0.070 700C/H, 180, exchange

PI 45 0.14 0.013 550C/air Static vacuum [9]

PI 45 0.14 0.080 900C/air Static vacuum

PI 80 0.38 0.110 500C/air-He Transient step [18]

PI 118 5.66 0.039 500C/He Multipulse This work
Pl 118 5.66 0.045 900C/He Multipulse This work
PI 118 5.66 0.028 500C/N,O Multipulse This work
FwW 21 0.31 0.111 550C/air Static vacuum [9]

FW 21 0.31 0.111 900C/air Static vacuum

FwW 25 0.1 0.045 550C/He Transient step [24]

Fw 25 0.10 0.195 1050C/He Transient step

FwW 50 0.004 0 600C/air Static vacuum [1]

FW 50 0.080 0.047 600C/air Static vacuum

FwW 50 0.50 0.061 600C/air Static vacuum

FW 522 0.38 0.127 550C/air Static vacuum [22]

FwW 522 0.38 0.439 900C/air Static vacuum

FW 118 0.035 0.447 550C/air—He Multipulse This work
FwW 118 0.035 0.415 900C/He Multipulse This work
FW 118 0.035 0.160 550C/N,O Multipulse This work

& PI: postsynthetic iron introduction (ion exchange, impregnation); FW: initially, iron in framework position (addition to synthesis mixturzeofitag

concept. According to previous repoif$5—37] binuclear In the temperature ramp after the pulse sequence, molecu-
iron(lll)-oxo cations are reduced by,Hat approximately lar oxygen was formed and nitrous oxide was desorbed at the
400°C. Our previous XPS measurements with similar ze- zeolites, which were pretreated at 5@in helium. Only a
olites [32] support and extend this theory. Therein, it was small part of the molecular oxygen desorbed at temperatures
found that iron oxide species formed at the outer zeolite sur- <500°C. Thus the high activity of the Fe-MFI in the station-
face migrated into the zeolite channels and transformed toary decomposition of BO [29,30] must be due to the high
cationic iron species, which are active in benzene hydroxy- rate of the reaction of gas phase®with surface oxygen.
lation with NO. Consequently, on the one hand, the greater In other words, this means that the rate of recombination
surface oxygen formation for Fe-MFI-HT must be due to the of surface oxygen to ©plays a minor role in stationary
formation of iron—oxo cations after pretreatment in helium at NoO abatement on the zeolite, as has been suggested pre-
900°C. On the other hand, these species and the small ironviously [17,19]
oxide clusters are probably autoreduced, as indicated by the The high thermal stability of the surface oxygen at the
decreased hydrogen consumption per mol of ifeig.(5B). studied zeolite contradicts several results reported in the lit-
Based on previous resulf$6,19,24,25] this phenomenon  erature. Commonly, ©desorbed in a temperature range of
also enhances surface oxygen formation. 300-400°C[10,18,24] Indirectly, the quantitative values of
Nonetheless, surface oxygen formation on the studied ze-Kiwi-Minsker et al. also support the present result, because
olites did generally not show this sensitivity on the activation only ~60% of the oxygen desorbed up to 5@ which was
procedure as is reported in literatui@ble 4. Therefore,the  formed after the activation of pD [24]. In the present case,
effect of the activation procedure on surface oxygen forma- it was only 30-35%. For the Fe-MFI, high-temperature de-
tion depends strongly on the parent zeol[&H. sorption of the main part of oxygen up to 900 clearly in-



A. Ates, A. Reitzmann / Journal of Catalysis 235 (2005) 164-174 173

dicates the presence of another, very stable oxygen specieghat molecular NO was adsorbed on highly dispersed silica-
which confirms the TPD-@results of Yoshida et al. These supported iron oxide and desorbed in a temperature range
authors also assumed a low- and high-temperature-stablesimilar to that in the present study.
oxygen specie§38]. Repetition of the MO multipulse se- After pretreatment of the zeolites at 900 in helium, no
quence with intermediate treatmentin helium flow at 800  molecular NO desorbed from Fe-MFI-HT or H-MFI-HT
and pretreatment of the zeolites with® supports the for-  (Table 3, and the sorption capacity of & at 50°C was
mation of this thermally stable surface oxygen. This oxygen significantly reduced at both of the zeolitdgable 1. There-
is likely used for the oxidation of cationic iron(ll) species or fore, dehydroxylation and dealumination of the zeolites, and
small iron oxide clusters with a mixed oxidation state, like the aforementioned transformation of iron oxide to cationic
Fe304, formed during helium pretreatment, as has been sug-iron species under these conditions, must be the reason for
gested previously24]. “Oxidation” of the zeolites did not  the decreased sorption capacity. Moreover, if the zeolites
totally prevent NO activation; it only significantly reduced  were pretreated with )D, either by repeating the multipulse
the activity of surface oxygen formation. The “oxidized” ze- sequenceRig. 3) or at 500°C (Fig. 6), then the sorption ca-
olites can form almost the same amount of oxygen from the pacity of molecular NO decreasedTable 3. Wood et al.
N20 activation as is desorbed up to 5@ (Table 2. [19] found a similar behavior using FTIR spectroscopy. They
The fact that at Fe-MFI, slightly more surface oxygen assumed that the oxidation of Fe(ll) to Fe(lll) species with
desorbed up to 90T than was formed during 20 activa- N»O was responsible for the reduced sorption capacity. This
tion in the multipulse sequence can be explained similarly. phenomenon remains unclear and awaits further validation.
Before the multipulse sequence, the zeolites were treated All results support the idea of a surface oxygen poo] con-
in helium only at 506C. During the subsequent TPD up  tajning several species located at various sites with different
to 900°C, additional iron—-oxo species were autoreduced in stapjlities[23-25,27] Jia et al.[23] and Hensen et aJ10]
helium at temperatures500°C [16,19,25] Thisledtoare-  reported a discrepancy between the amount of surface oxy-
lease of thermally stable oxygen, which was initially present gen that is formed from pD and can be exchanged with
in the zeolite. Such a phenomenon could explain the dis- 189 (Taple 4. Our own preliminary studief27] and those
crepancy between formed surface oxygen and desorbed O of Kjwi-Minsker et al.[24] demonstrate this discrepancy in
reported by Hensen et 410]. . CO oxidation. Thus, in contrast to the findings of Panov’s
At H-MF, the formation of molecular oxygen at higher groy[1,3-5,9,22] the formation of surface oxygen after
temperatures must be attributed to the decomposition of ad-n, 0 activation must be distinguished from an active oxygen

sorbed NO. Moreover, the lack of oxygen balance indicated  gpecies important for partial oxidation and® abatement.
a thermally activated deposition of oxygen in the zeolite,

which has not yet been reported and requires further vali-
dation.

The role of the NO sorption in the catalytic activity of
ZSM-5 zeolites cannot be neglected. This has been investi-
gated in detail by Wood et aJ19] and Waclaw et al[21],
who found different sorption complexes ob® with iron
cations and Brensted acid sites in ZSM-5 zeolites, similar ~ and surface oxygen formation with MFI zeolites as a
to those of the present study, by means of Fourier trans-  function of the oxygen-loading status.
form infrared (FTIR) spectroscopy. Nonetheless, such strong 2. For H-MFI zeolites, where iron is introduced in the ze-
sorption of NO has not been reported to date. A falsification olite synthesis mixture, a special activation procedure
of the signal at 44 /e with COy, resulting from oxidation of does not necessarily influence surface oxygen forma-
any hydrocarbonfL9], can be excluded. It has been proven tion. In Fe-MFI zeolites, where iron is introduced by

5. Conclusions

1. The multipulse method offers a detailed, quantitative
method for studying the interaction of2®, sorption,

that the interaction of C@with the zeolites is very weak as a
result of TPD up to 500C after multipulse experiments with
1% (vol/vol) of both CO and CQin He at 250°C[27]. The

postsynthetic methods like ion exchange and impreg-
nation, several iron species influence surface oxygen
formation and can be affected by the pretreatment pro-

cedure. In the present example of solid-state “overex-
changed” zeolites, iron oxide species can be transformed

location of the NO sorption of the zeolites cannot be speci-
fied in detail, as previously if21]. A comparison of Fe-MFI
and H-MFI Fig. 4 indicates that Bransted acid sites and to cationic iron species by high-temperature calcination,
iron—oxo species provide sites for the sorption of molecular which enhances surface oxygen formation.

N2O. But because the amount of desorbedNvas signif- 3. Helium-pretreated zeolites can form significantly more

icantly greater in Fe-MFI than in H-MFI, iron oxide species
are mainly responsible for theJ® sorption. The measure-
ments of sorption capacity at 5C (Table J) for all zeolites
and the mixture of Fg3/Na-MFI gave a clear proof of the

validity of this concept. This conclusion is also in concor-

dance with results of Duma and Honicg9], who found

surface oxygen and adsorb significant morgONthan
zeolites pretreated in 20, at both high and low tem-
peratures. Thus proposed correlations of surface oxygen
content with the zeolites’ catalytic activity in any appli-
cation must be verified according to the determination
method.
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4. Sorption of molecular pD proceeds on iron oxide

species and Brgnsted acid protons. In particular, the
presence of the oxides increases the sorption capacity.

Several adsorbed 4O species exist that can be very
thermally stable. The sorption capacity 0f®l and the
stability of adsorbed DD depend on pretreatment con-
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