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Abstract

In-ZSM-5 catalysts for the selective catalytic reduction (SCR) of NO by methane have been prepared by different routes (aqueous ion
exchange at different pH values; solid-state ion exchange, sublimation, and transport reaction, with &mdlo@l source) and compared
with respect to their catalytic behavior in the SCR (1000 ppm NO, 1000 ppm methane, 89448, at 30,000 hl) to elucidate the origin
of differing NO conversion-temperature characteristics observed with the In-ZSM-5 catalyst system. The samples were categorized intc
those containing intrazeolite indium oxo species exclusively or coexisting with extrazeolite indium oxo aggregates, and materials containing
exclusively intrazeolite InQCl, species on the basis of structural information available from EXAFS and XPS studies. In addition, physical
mixtures of In(OH} and NH;-ZSM-5 were studied. The results confirm that intrazeolite indium oxo species are active SCR sites. Their
catalytic properties depend on details of the coordination environment. The presence of extrazeglispeni®s is hardly reflected in
the SCR activity but induces unselective methane activation. The complete failure of an In-silicalite-1 catalyst in NO reduction despite
considerable methane activation capability indicates a crucial role of Brgnsted acidity for the SCR over In-ZSM-5 catalysts. Intrazeolite
InO, Cl, species exhibit low NO reduction activity, but are able to activate methane as well. With physical mixturg®phid H-ZSM-5
(ex In(OH)3/NH4-ZSM-5) activities comparable to those of In-ZSM-5 prepared by aqueous techniques were measured. These activities
were obtained only when the constituents were well mixed in the catalyst pellets, while segregation in separate pellets strongly decreased tt
NO conversions.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction feeds containing water and $CQDevelopment of success-
ful catalyst should be strongly favored by knowledge about

The selective catalytic reduction of nitric oxides by hy- the catalyst structure and its relation to the catalytic proper-
drocarbons (HC-SCR) has been the focus of environmentalties. There has been much effort to collect such information
catalysis over several years because it bears the promise ofor the more popular catalyst systems, e.g., Cu-ZSM-5, Co-
an elegant NQ abatement technology for oxidizing exhaust ZSM-5, Fe-ZSM-5 [1-8].
gases of mobile and stationary sources. A large number of Much less information about catalyst structure and its re-
new catalysts have been found in the past decade (reviewedlation to SCR performance is available for catalysts based on
e.g., in [1-3]), but until now it has not been possible to the active componentindium. Indium belongs to the few ele-
achieve both high catalytic activity and durability in realistic ments able to activate the relatively inert methane reductant.

It has been extensively studied as an active componentin ze-
- olite systems [9—15], but interesting activities, though with
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motion by a third component, e.g., noble metals [18—20], be only briefly summarized here. The codes used to denote
FeO3 [21], cobalt [22], or Ce@[23-25]. Promoted In zeo-  the samples are compiled in Table 1. The indium contents
lites have been reported to achieve excellent NO conversiongreported were determined from X-ray absorption spectra as
in dry feed with both methane and short alkane reductants,described in [28].
and the poisoning effect of water, which is rather strong  For ion exchange, a total of 5 g of MFZSM-5 was
with unpromoted catalysts, is significantly diminished and suspended in 400 ml of an In(Ng3 solution (13 mmoll)
almost absent at temperature800 K [18-20,23-25]. Ac-  and stirred overnight at room temperature. The initial pH of
cording to the literature, intrazeolite indium is attached to the In(NQ;)3 solution was set to 6, 2.5, or 1.5 by adding
zeolite cation sites as INMOspecies, which has been demon- HNOg, but some results from preparations with uncontrolled
strated by temperature-programmed reduction with CO [24], initial pH will be given as well. After filtration, the exchange
and this cation has been proposed to be the active SCR sitavas repeated twice. Subsequently, the material was washed
[10,11,13]. However, different preparation routes for In zeo- with water and dried at 393 K. These samples will be labeled
lites may result in the presence of different In species, amongby |E (pH 6), |IE (pH 2.5),1E (pH 1.5), andlE (pH nat)
them extrazeolite moieties, which may also contribute to the (natural pH~ 6.5, and therefore sensitive to fluctuations in
SCR activity observed. As to the function of the promoting the experimental conditions).
elements, it has been proposed that they catalyze the oxida- For precipitation, a total of 2 g of H-ZSM-5 was sus-
tion of NO to NG, which is a step of the reaction network pended in 100 ml of an In(N§)3 solution containing the
on these catalysts, more efficiently than the unpromoted In desired amount of indium, and the precipitation was per-
zeolites [18-20]. The Cefpromoter has been also foundto formed by adding 20 ml aqueous ammonia (25%). The
be an active catalyst for NO oxidation, but it can additionally samples were washed with water, dried at 393 K, and cal-
activate methane (in CeH-ZSM-5 catalysts [26]). cined in helium at 873 K (heating protocol—2/Kin to
The present paper aims at the elucidation of the active 393 K, 5 K/min to 873 K, 2 h isothermal). This sample will
sites in Ce-In-ZSM-5 catalysts and the identification of be referred to a®(H), indicating that indium was precipi-
their role in the SCR of NO by methane. The first part tated onto the H-form. A sample in which additional indium
will deal with the basic In-ZSM-5 system while the second was precipitated onttE (pH nat), will be labeledE-P.
part will extend to the interaction between this system and  For solid-state ion exchange, InGlas intimately mixed
the Ce promoter [27]. The conclusions will be derived by with dehydrated H-ZSM-5, transferred to a vacuum vessel,
combining the results of catalytic studies with evidence and evacuated under a temperature regime including a
from the physicochemical characterization of the catalysts 5 K/min ramp from room temperature to 873 K and a 2-h
by various techniques, in particular EXAFS and XPS. The isothermal period at this temperature. The samples, which
latter information will be partly cited from a comprehensive will be labeledSSIE (in bold, to differentiate them from
study of the relations between the preparation method the abbreviation of the technique, SSIE; cf. Table 1), were
and the microstructure of indium in In-ZSM-5 catalysts, studied after cooling and exposure to air. In one case, an
which has been published recently by some of the presentSSIE sample was washed in water (1000 ml for 2 g catalyst)
authors [28]. to achieve the hydrolysis of the In—Cl bonds in the sample
prior to catalysis. AgN@ tests rendered the washing water
hazy even at the end of the washing step; i.e., chloride was

2. Experimental still left in the samples. Other pretreatments performed with
the same intention will be described in the text.
2.1. Materials Sublimation of InC} onto dehydrated H-ZSM-5 was

performed in flowing nitrogen under the same temperature

The ZSM-5 zeolite employed was provided by Alsi regime as in the case of procedure SSIE. Since there was
Penta (NH-ZSM-5, “SM 27,” SiAl ~ 14). Indium was no contact between Inghnd the zeolite in the sublimation
applied in aqueous solutions of In(NX@ (Fluka) or as In({ apparatus, only volatile indium species had access to the
(ChemPUR, 99.99%). Despite its hygroscopicity, the latter zeolite. Moreover, since the indium fixation on the catalyst
was used without particular protection from the ambient gives rise to reaction zones in the fixed bed of the catalyst,
atmosphere except if stated otherwise. In(@¥as obtained  the preparation had to be continued up to maximum In
from an In(NQ)z solution by precipitation with aqueous loading. The sublimation sample will be label& The
ammonia (25%). The precipitate was washed in water andresults presented in [28] show that the structure and stability
dried at 395 K. of the indium species formed were primarily determined by

A variety of In-ZSM-5 catalysts were prepared by ion the indium content, not so much by the difference in the
exchange, by precipitation, by mechanical mixing, and by preparation procedures.
dry techniques based on the use of IGiolid-state ion The transport reaction between MFI materials and anhy-
exchange, sublimation, and transport reaction. Except fordrous InC} was performed in evacuated glass ampoules at
those made via transport reaction, the preparation of thesetemperatures significantly lower than with solid-state ion ex-
materials has been described in detail in Ref. [28] and will change or sublimation. The porous support was dehydrated
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Table 1
Description of In-ZSM-5 samples

Code Preparation wt% In Structure of indium component, [28]

(a) Preparations via ion exchange, precipitation and dry methods

|E (pH 6) Agueous ion exchange, initial pH 6 A Extrazeolite+ intrazeolite indiurf
1E (pH 2.5) Agueous ion exchange, initial pH between 2and 3 .250  Indium exclusively intrazeolite, coordination different frog (pH 6)2
IE (pH 1.5) Aqueous ion exchange, initial pH between 1and2 .170 Indium exclusively intrazeolite, coordination unknown
1E (pH nat) Aqueous ion exchange without pH control 11 Extrazeolite+ intrazeolite indium (as inE (pH 6)?
IE+P | E (nat pH), with InQ, precipitated subsequently B Extrazeolite+ intrazeolite indium (as inE (pH 6)72
P(H) H-ZSM-5 suspended in indium nitrate solution, 7 Extrazeofititrazeolite indiur@P

immediate precipitation with ammonia
SSIE(1) Mixing InCl3 with H-ZSM-5, heating in vacuo 1.0
SSIE(2) Mixing InCl3 with H-ZSM-5, heating in vacuo 21 . . . . N
SSIE@) Mixing InCl with H-ZSM-5. heating in vacuo 32 Indium exclusively intrazeolite~r 3.5 O at 2.16 A~ 2.5 Cl at 2.36 A
SSIE(4) Mixing InCl3 with H-ZSM-5, heating in vacuo 44
SSIE(4)/W SSIE(4) washed in water (1 | for 2 g) 4

Sublimation

S Sublimation of InC} into H-ZSM-5 in flowing N» 118 As after SSIE

Transport reaction

T-Z Transport reaction In@g)/H-ZSM-5 at 673 K 038 -
T-SiI Transport reaction In@J /Silicalite-1 at 673 K 15 -

(b) Mechanical mixtures (7 wt% indium in all cases)

MM, Hy NH4-ZSM-5 and In(OH} ground together in a mortar and pelletized

MMy o H-ZSM-5 and InO3 ground together in a mortar and pelletized

MMn,Hy (A)  NH4-ZSM-5 and In(OH} pressed intaeparate pellets, mixing of the pellets

MMn,Hy (B)  Performing the standard activation treatment (He, 873 K) Wit \ 1y (A), then grinding the pellets
together in a mortar and repelletizing the mixture

MMn,Hy (C)  NHy-ZSM-5 and In(OH} ground together in a mortar and pelletized K&l N Hy, but different batch)

@ For details see text.
b After thermal activation in He additional intrazeolite indium, possibly isolated and oligomeric clusters [28].

in the ampoule by thermoevacuation. Subsequently,3InCl a standard mixture (i.e., mixing and pelletizing In(Qtnd
was filled in under a controlled atmosphere (glove box) sep- NH4-ZSM-5, state C). The mixtures will be labelé&dM,
arated from the support by glass wool. The ampoules werewith indices indicating the form of the ZSM-5 used (H for
then evacuated, melted off, and held at 673 K in a muffle H form and N for NH, form) and the indium source (O—
furnace for 3 days. ZSM-5 and silicalite-1 were employed as oxide, Hy—hydroxide); see Table 1.

porous matrices, and the corresponding In-modified samples

will be denoted a3-Z andT-Sil. 2.2. Methods
Mechanical mixtures were usually prepared by grinding
the zeolite (H or NH form) together with the indium source XP spectra were measured with a Leybold LH 10 spec-

(In203 or In(OH)z). Catalysts obtained from this mixture trometer equipped with an EA 1000 multichannel detec-
by standard pelletizing (compacting, crushing, and sieving) tor (Specs) using Mg-K excitation (1253.6 eV, 10 k\k
were used in the catalytic runs, which commenced with 20 mA). The samples were studied after contact with the at-
thermal activation in flowing He (vide infra). The indium mosphere. The binding-energy (BE) scale was referenced to
content was 7 wt% in all cases. A different procedure was the Si2p) line as an internal standard (8p) = 1030 V).
chosen to investigate the influence of the proximity between Elemental ratios in the XPS sampling region were evaluated
the indium an the zeolite component: In this case, In(®H) from line intensity ratios using sensitivity factors given in
and NH-ZSM-5 were pelletized separately and mixed in Ref. [29].

pelletized form. This state of a “segregated mixture” will X-ray absorption spectra (K edge at 27.94 keV) in
be referred to as state A (cf. Table 1). After the standard transmission mode were collected at the Hasylab X1 station
thermal activation in He (vide infra), a part of this mixture (Hamburg) using a Si(311) double crystal monochromator
was ground and repelletized, which resulted in a state where(exclusion of higher harmonics by detuning to 70% maxi-
the already activated components were remixed (B). The mum intensity). Samples were measured at liquid nitrogen
results from these catalysts will be compared with those of temperature (77 K); the spectrum of an In metal foil was
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recorded at the same time (between the second and a third. Resultsand discussion

ionization chamber) for energy calibration. The catalysts

were diluted with polyethylene, pressed into discs of suitable 3.1. Structure of indium speciesin and on

thickness, and stored in the ambient atmosphere. Hygro-ZSM-5—summary of previous information

scopic reference materials (anhydrous WQh,03) were

handled in a glove box and filled into sealable sample com-  The available information about the In-ZSM-5 catalysts

partments between kapton windows. employed in this study may be summarized as follows ([28];
Data reduction of experimental XAFS was performed cf. Table 1):

with standard procedures described, e.g., in [30,31], which

are implemented in the software package WinXAS2.0 [32]. 3.1.1. Preparation by ion exchange

They include pre-edge background subtraction and XANES ~ Materials prepared by aqueous ion exchange at the

normalization (linear polynomial for the pre-edge region, natural pH of the In(N@)3 solution (E (pH nat), but also

3rd order polynomial for post-edge region, smooth atomic |E (pH 6)) contain both extrazeolite and intrazeolite indium

background fo(k)) via cubic splines). The radial distrib- ~Species. The extrazeolite species have a short-range order

ution function FTk3x (k)] was evaluated by Fourier trans-  0f In(OH)s. The intrazeolite species are coordinated to six

formation into ther space of thé3-weighted experimental ~ 0xygen atoms at 2.12 A, three more at 3.55 A, and two

function x (k) = (u(k) — po(k))/no(k) multiplied by a Si atoms at 4.02 A. This coordination was not changed after

Bessel window. For the determination of structural parame- the thermal treatments mentioned above, most likely due to

ters the FEFF7 analysis package [33] was used. To minimizerapid readsorption of moisture prior to the measurements.

the number of free parameters, equal backscatters were fittedNO attempt was made to discriminate a short In-O distance

with the sameE o-shift wherever possible and with a similar  that may be expected for the IfQons discussed in the

Debye-Waller factor by varying only the Debye tempera- literature [10]. The intrazeolite indium is enriched near the

ture. external surface of the zeolite. Precipitation of additional
Temperature-programmed reduction was carried out with indium changes the relation between extra- and intrazeolite
a mixture containing 5.2 vol% in Ar (50 ml/min), with species. While it is obvious that the quantity of extrazeolite

a 10 K/min temperature ramp between room temperature SPecies will increase, it is also possible that some additional
and 1073 K. The samples, which were studied after catalysis,intrazeolite entities are formed during thermal activation in
were previously calcined in air at 873 K (1 h, heating He by reductive solid-state ion exchange, which may be

ramp 10 K/min). The hydrogen content of the effluent was induced by ammonia adsorbed during precipitation. During
measured by a catharometer. the thermal treatments, the extrazeolite indium species form

defective InO3 aggregates.

lon exchange at acidic pH produces exclusively intrazeo-
lite indium species, the structure of which apparently differs
from that of intrazeolite species formed at near-neutral pH.

The SCR of NO with methane was carried out in a This is obvious for the catalyst prepared at pH 2.5, where the
catalytic microflow reactor at temperatures between 873 jndjum was coordinated by three oxygen atoms at 2.07 A and
and 523 K. The catalyst (ca. 300 mg, depending on the three at 2.19 A, while more signals of oxygen were detected
catalyst density, 250-350 pm) was initially heated in flowing ¢ higher distances (2.49 and 3.13 A, with coordination num-
He to 873 K at 5 Kmin and kept at this temperature pers around 1). The EXAFS spectrumI& (pH 1.5) was
for 1 h. A feed mixture of 1000 ppm NO, 1000 ppm too noisy for reliable analysis. There was, however, XPS
methane, and 2% £Oin He was then charged to the evidence for proceeding dealumination (cf. the XP%ASi
catalyst at a flow rate of 220 phin, which resulted  ratios in Table 3), which suggests that the structure of the in-
in a GHSV of 30,000 h'. In some experiments, the dium phase may be even different from thatE(pH 2.5).
feed was moistened by 2 vol%,B. The products were
analyzed by a combination of gas chromatography, (O 3.1.2. Direct precipitation
N2, CHa), calibrated mass spectrometry (NO, £KNOy)), The direct precipitation route (exampR(H)), which
and calibrated nondispersive IR photometry (CO,2CO suffers from poor reproducibility, was found to result in
N20). In this analysis scheme, NGs detected with low  coexisting intra- and extrazeolite indium species. The latter
sensitivity due to its unfavorable fragmentation behavior in have the short-range order of In(QHind form defective
the mass spectrometer. However, test experiments with aln,O3 aggregates after thermal treatment; the structure of the
different analysis scheme including UV analysis for NO former was not well reproducible. The intrazeolite indium
and nondispersive IR-photometric analysis for NO indicated species are enriched in the near-surface region; they may
that NG was not formed in significant amounts under the be formed already in the wet step, but additionally during
reaction conditions employed. This is confirmed by the fact thermal treatment (in particular in inert gas). There are
that in our catalytic runs C and N balances of #®% were indications that oligomeric intrazeolite In@lusters, which
routinely obtained in the product analyses. were detected by EXAFS in materials prepared by reductive

2.3. Catalysis
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solid-state ion exchange of excess;M3 in Hy (with scribed and structural investigations of samples obtained by
subsequent calcination in air), are also present in the nearthe transport reaction will be reported.

surface regions of samples obtained by direct precipitation

with subsequent activation in inert gas [28]. 3.2. Characterization studies

3.1.3. Dryrouteswith InCl3 Figure 1a reports the Fourier-transformed EXAFS spec-
Interaction of InC§ with H-ZSM-5 by solid-state ion  tra (absolute part) of samples obtained by solid-state ion
exchange or by sublimation led to samples containing exchange $SIE(4)) and by sublimation §) after differ-
exclusively intrazeolite indium. Despite considerable risks ent treatments and compares them with those of reference
in the analysis of the first coordination sphere, made up compounds—anhydrous In€And the same Inghfter con-
of oxygen and chlorine ([28,34]); see also below) it could tact with the ambient atmosphere. It can be seen that there
be demonstrated that indium was found to be coordinatedis no order beyond the first shell in tH#SIE(4) sample
by ~3.5 O atoms at 2.16 Ax~ 2.5 Cl atoms at 2.36 A, irrespective of the treatment (the spectrum obtained af-
and an additional light scatterer (O or Si) at ca. 2.85 A ter washing, i.e., $SIE(4)/W), was similar and has been
in all cases. Washing did not leach indium from these omitted). Analogously, the material obtained by sublimation
samples, but the stability of the In—Cl bonds depended on theexhibits only two hardly significant scattering contributions
indium content: In a sample with moderate indium content beyond the first shell, which are enhanced neither by cal-
(SSIE(4)) chlorine was removed to a significant extent, cination nor by washing (the latter not shown in Fig. 1a).
but not completely, while in the fully loade® sample the Calcination after washing, however, resulted in scattering
coordination sphere remained unchanged after washing.  contributions between 3 and 4 A (uncorrected), at distances
Published information about samples prepared fromgnClI typical of In,O3 (see inset in Fig. 2). Pronounced long-range
is limited to the as-prepared and washed states, although fur-order was found in anhydrous InLCIContact with the ambi-
ther loss of chlorine may be anticipated under conditions ent atmosphere destroys this order and shifts the first shell
typical for catalysis. In the following, the behavior of the to lower distances, which indicates the introduction of some
intrazeolite INQCl, entities under thermal stress will be de- oxygen into the coordination sphere.
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Fig. 1. EXAFS study of the stability of In-Cl bonds in In-ZSM-5 catalysts prepared from the indium sourge (@C3pectra (module of Fourier-transform of
k3-weighted spectra) of reference compoundsSSifE(4) after preparation and after calcination (without and with previous washing in water), Sraftef
preparation and after calcination (without and with previous washing in water). (b and c) Influence of a thermal treatment in flowing humid ireek gas: bl
traces SSI E(3) after preparation; gray tracesS| E(3) after 1 h in flowing helium (2 vol% bO) at 623 K. (b)k-space spectra. (c) Module of Fourier-transform

of k3-weighted spectra. (d and e) Identification of scatterers by comparison b?-tiamdkl-weighted Fourier-transformed EXAFS spectra (exampeis
prepared). (d}3-weighted. (e)k!-weighted.
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Fig. 2. EXAFS spectra of In-MFI samples prepared by transport reaction betweenan€H-ZSM-5 T-Z) or silicalite (T-Sil). (a) Spectra (module of
Fourier-transform ofc3-weighted spectra) in the as-prepared state and after thermal stress by use in the SCR reaction. (b and c) Examples of the spectral
analysis (for parameters see Table 2):TH] in the as-prepared state, (E)Sil in the as-prepared state.

In the absolute part of the Fourier transformation (FT) the spectra reported in Fig. 1 (for more details about the
shown in Fig. 1a, differences between the spectra are oftenfitting procedure cf. [28,34]). The data given in Table 2 were
hardly visible, and they are, indeed, absent in some cases (cfextracted from fits ofc3-weighted spectra, but confirmed
Table 2). Where the numerical analysis proves differences in after k*-weighting. Nevertheless, due to the complications
the composition of the first coordination sphere, these areindicated, the coordination numbers obtained are subject to
clearly discernible in thé-space spectra as demonstrated in considerable uncertainty and represent only general trends.
Figs. 1b and 1c with the example 88l E(3) [as prepared Table 2 compares the indium coordination spheres as de-
and after a 1-h treatment in flowing humid He (2 vol% rived from the EXAFS spectra of the catalysts with those of
H»,0) at 623 K]. Even if a difference in the absolute part reference compounds (cf. Figs. 1 and 2). Remarkably, in the
of the FT is absent, the imaginary part (not displayed in InClz-derived In-ZSM-5 catalysts, the coordination sphere
Figs. 1a and 1c) will reflect the differences that are seen in around indium is very similar to that found in InChfter
thek-space. contact with the ambient atmosphere, but significantly sup-

The analysis of the first coordination sphere with O and pressed. There are 2—3 Cl atoms and 3—-4 O atoms around
Cl neighbors turned out to be challenging because thereindium; in addition, there is a light scatterer (probably O) at
were numerous fictitious solutions without physical sense. a higher distance. As mentioned in [28], In—CI coordination
The presence of chlorine is best demonstrated by comparingnumbers> 2 are not necessarily erroneous, though it should
the spectra with differenk-weightings &2 and k!; see be expected that Ingt species are deposited by interaction
Figs. 1d and 1e): With chlorine present, the different ratios of InClz with Brgnsted sites. However, at the high temper-
of Cl and O contributions with changing-weight result atures employed in the preparation the interaction may also
in significant modifications of the signal shape. At the occurwith Lewis sites, which might coordinate InClmoi-
same time, an additional contribution of a light scatterer eties.

(O or Si) is clearly discerned (only) in the'-weighted Thermal stress and moisture have a different influence on
spectrum (see arrow). It was identified with O in our fits the indium coordination sphere in the catalysts studied. At
since it occurred also in Inghfter contact with the ambient  moderate and high indium conter83 E(4) andS, with 4
atmosphere, but it cannot be excluded that it originated and 11.8 wt% In, respectively), calcination in air at 823 K
from a Si neighbor in the zeolite samples. Only when this leaves the materials unchanged (Fig. 1a, Table 2). The results
contribution was included were stable solutions obtained for of the attempt to hydrolyze the In—Cl bond by washing in
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Table 2

Influence of treatments on the In coordination in In-ZSM-5 prepared fromgIr&lalysis of In-K EXAFS spectra (cf. Figs. 1 and 2)

Sample, treatment In-O In—Cl In€0 In—X In—X
R[A]/CN R [A]/CN R[A]/CN R[A]/CN R [A]/CN

SSIE(4), initial 2.163.4 2.362.6 2.860.9 - -

SSIE(4), calcined 2.14/2.8 2.373.2 2.860.% - -

SSIE(4), washed 2.14/5.1 2.390.9 2.860.7 - -

SSIE(4), Washegzlcalcine&’ 2.16/4.2 2.3%/1.8 2.860.7 - -

SSIE(3), initial 2.16/3.8 2.372.2 2.86/0.8 - -

SSIE(3), 2% H,O/He, 623 K 2.145.2 2.350.8 2.860.7

S, initial 2.16/3.3 2.372.7 2.821.1 £ -

S, calcine® 2.15/3.6 2.382.4 2.821.2 e -

S, washed 2.18.7 2.372.4 2.821.0 £ -

S, washedcalcined 2.15/3.6 2.372.4 2.821.2 In: 3.34/0.7 In: 3.84/0.5

T-Z, initial 2.19/2.7 2.433.3 - - -

T-Z, after catalysis 2.1(8.9 - 2.532.1 - -

T-Sil, initial 2.19/1.2 2.4%/1.2 - - -
2.22/2.8

T-Sil, after catalysi% 2.13/5.7 - - In: 3.36/2.2 In: 3.83/1.4

InCl3, anhydrous 2.52.4 Cl: 2.71/1.6 In: 3.69/1.5

InCl3, ambient atmosphere 27283 2.442.7 2.970.6 - -

In,03® 2.17/6 - - In: 3.36/6 In: 3.84/6

8 Si neighbors gave fits of comparable quality.

b 823 K, 2 h, synthetic air.

¢ Weak features at 3.2—-3.7 A caused by light scatterers (O or Si).
d Additional shell: In-O at 4.0 A, CN 2.8.

€ Additional shell: In-O at4.1 A, CN 2.5.

water strongly depended on the indium content: While no the In—Cl bonds: The In—Cl coordination number decreased

influence of the water treatment could be detectef, ithe

Cl coordination number decreased significant\s8i E(4),
indicating partial hydrolysis of the InQD, structures. This

is also confirmed by the XPS results shown in Table 3,
where the Clin ratio of SSIE(4) decreased significantly
upon washing without any change of the lilsg binding
energy of >446 eV, which is indicative of intrazeolite
location of indium [11,28]; i.e., it was not possible to extract
all chlorine from the In coordination sphere. Likewise,
a treatment in humid inert gas at 623 K (here wa®i E(3):
Figs. 1b, 1c, Table 2) resulted in only partial hydrolysis of

Table 3

XPS binding energies and elemental ratios of In-MFI materials

Sample BE (In 3s,7), eV In/Si Cl/in  Si/AI2

XPS Bulk

IE (pH 6) 445.0 85% m74 Q0057 - 16.9
446.2 15%

IE (pH 2.5) 446.% 0.0048 00013 - 154

IE (pH 1.5) 446.9 0.0015 Q0009 - 225

SSIE(4) 446.2 0014 0024 1.8 124

SSIE(4)/W 446.4 0014 0024 0.7 164

S 444.8 15% w27 Q070 1.8 119
446.0 85%

T-Z 445.7 0006 Q0002 4.2 65

T-Sil 445.9 0033 Q008 2.0 -

In,03 444.G;

InClgP 446.3 25

@ parent zeolite: initial Nij form, (Si/Al) xps = 10; after treatment in
0.025 m HNGQ for transfer into H form, (SiAl) xps = 17.
b After contact with the ambient atmosphere.

significantly, but not to zero. Again, there were no further
changes upon subsequent calcination [34].

Surprisingly, in the highly loade& sample, calcination
after washing led to a different result than calcination
without washing: In the first case, there was clear evidence
for an (extrazeolite) In phase, probably with the short-range
order of InO3 (Fig. la, Table 2). This result should be
related to the observation of a minor Ip@@hase on the
surface ofS by XPS right after the preparation (Table 3,
In signal at 444.8 eV). This phase is not detected by EXAFS,
due either to its low amount or to its high defectiveness.
The fact that mere calcination is not sufficient to make
this phase visible in EXAFS supports the assumption that
the oxide phase is a minor constituent, since calcination
usually produces In oxide phases from ill-defined oxide or
hydroxide precursors (see Ref. [28]). It appears therefore
that in the highly loadeds sample, washing hydrolyzed
InCl,. O, species loosely held on sites of the near-surface
region of the zeolite crystal, where they could aggregate
upon subsequent calcination. The amount of the IpBase
with In203 short-range order is too low to cause a significant
change in the composition of the first indium coordination
shell averaged over the whole sample. At lower indium
content, all indium is coordinated to sites that provide more
stability to the InClO, structures; hence, no detachment
and aggregation is noted.

Figure 2 and Tables 2 and 3 summarize characteriza-
tion results obtained with the samples prepared by transport
reaction between H-ZSM-5 or silicalite-1 and IaCIThe
In 3ds,2 XPS binding energies measured with these ma-
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terials (Table 3) are near 446 eV and therefore indicative during catalysis when the indium content is intermediate or
of intrazeolite indium. InT-Z, this binding energy is, ac- large ESIE(4), S), but should lose chlorine at low indium
tually, rather low (445.7 eV), but this can be ascribed to content (e.g.SSIE(1)). Partial loss of chlorine was also ef-
the presence of In(l) in significant amounts as disclosed fected by washing a sample of intermediate indium content
by the localization of the InK-edge in XAFS [34]. The (SSIE(4)) in water.

chlorine content of the near-surface regionTeZ was ex-

traordinarily large (cf. Glin ratio from XPS in Table 3); at  3.3. In-ZSM-5 of different preparation: catalytic behavior

the same time a considerable surface enrichment of Al wasin the SCR with methane

noted ((SYAl)xps = 6.5). Probably, the prolonged contact

with HCl at 673 K has led to partial dealumination of the H- Figure 3 reports typical features of the catalytic behavior
ZSM-5, with chlorided extralattice Al species deposited in of In-ZSM-5 catalysts in the SCR of NO with methane, as
the external surface region. found in our investigations. NO and methane conversion data

The EXAFS spectra shown in Fig. 2 confirm that indium from different preparations are summarized in panels a and
is exclusively intrazeolite after the preparation via transport b and compared with that of H-ZSM-5. The NO conversions
reaction. There is no order at higher distances, and theare not very attractive, but it should be kept in mind that the
first coordination sphere consists of Cl and O (Table 2). merit of the In-ZSM-5 system is rather its susceptibility to
Remarkably, this is also the caseTifGil, and the rather high  promotion than its intrinsic activity. With the ion-exchanged
oxygen content of the indium coordination sphere indicates In-ZSM-5 (IE (pH nat)), the NO conversion peaked at 673 K
an interaction of the InGlwith the silicalite matrix, probably (X (NO)max = 39%), but a considerable improvement was
via the silanol groups. After thermal stress (here by use achieved by precipitating additional indium onto the external
in the SCR reaction) the first shell becomes very narrow surface (E-P, X (NO)max= 51%). A catalyst made by mere
in T-Z (Fig. 2). There are no significant scattering events precipitation P(H)) showed less favorable behavior, with a
around 3 A (uncorrected) that could be ascribed to indium peak conversion of only 31% at 723 K. On the other hand, it
neighbors, while the maxima at higher distances are due tois possible to induce significant SCR activity even by mere
an experimental problem. The analysis (Table 2) shows thatmechanical mixing of the zeolite with an indium compound:
there is no more Cl in the indium coordination sphere. The With MMy H,, NO conversions higher than those obtained
structure of this coordination sphere differs significantly, with H-ZSM-5 were measured in a wide temperature range,
however, from that found in samples prepared in aqueouswith a peak conversion of 35% at 773 K. However, with a
media (E (pH 2.5), with 3 O at 2.09 Aand 3 0 at 2.19 A, mixture, in which care was taken to avoid the presence of
internal phase of E (pH 6) with 6 O at 2.12 A, vide reducing agents as NHons MMy o), there was hardly
supra). A scatterer at 2.51 A is assigned to O although anany excess activity beyond that of H-ZSM-5 (not shown in
alternative assignment to Si cannot be completely ruled out Fig. 3).
on the basis of the experimental spectrunil48il, however, The methane conversions found confirm that In-ZSM-5 is
the signature of IgO3 is clearly seen after catalysis. The a system that utilizes the reductant well: Wita (pH nat),
enhanced intensity of the first coordination sphere (reflectedthe peak NO conversion of almost 40% was obtained with
in low CN of the In—In spheres at 3.36 and 3.83 A) shows, a methane conversion of only 23%. After additional pre-
however, that the InOclusters coexist with a highly disperse cipitation of indium (E-P), the methane activation activity
In phase. increased significantly, in particular &t> 700 K.

In summary, the preparations used in this study provide Figure 3 also summarizes the poisoning influence of
three kinds of indium sites: isolated intrazeolite oxo species, water and Na ions on the SCR activity, which was studied
isolated intrazeolite InGIO, species, and extrazeolite ag- with the samplesE (pH nat) andP(H). The presence
gregates, which have the short-range order gD after of 2 vol% of water in the feed strongly suppressed the
calcination. Exclusively intrazeolite In oxo species were ob- SCR activity of these In-ZSM-5 catalysts, in particular at
tained by ion exchange at low pH and by transport reaction low temperatures. The influence is stronger via{il) than
with subsequent thermal strest-Z4 after catalysis). Co-  with IE (pH nat). When the non-calcined precursor was
existing intra- and extrazeolite species were obtained by back-exchanged with Na ions by stirring in a 1 ol
ion exchange with accidental or intentional precipitation NaNO; solution, the NO conversions in dry feed were
(IE (pH 6), IE (pH nat),|E-P). The coordination geome- also strongly attenuated, far below those obtained with
try of the intrazeolite In species formed under the various H-ZSM-5. Remarkably, the methane activation activity also
conditions (pH 6, 2.5, transport reactianthermal stress)  strongly suffered from Na poisoning.
are all different. This should extrapolate also to the sample  While these data illustrate the diversity of phenomena
IE (pH 1.5), where reliable EXAFS analysis was not pos- to be observed with In-ZSM-5 catalysts, it is obvious that
sible. Intrazeolite InCIO, species result from sublimation they result from materials that contain intra- and extrazeolite
and solid-state ion exchange with the indium source4nCl indium species in unknown proportions. A& (pH nat),
Because of the observed stability trends of the In-Cl bond, 1E-P, andP(H), this is clear from [28] (cf. Table 1a) and the
the indium coordination sphere will remain highly chlorided coexistence between extra- and intrazeolite indiurR(id)
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Fig. 3. Catalytic behavior of In-ZSM-5 catalysts of different preparations in the SCR of NO by methane (1000 ppm NO, 1000 ppm metharia,t28) O
30,000 T1); (@) NO conversion. (b) Methane conversion: preparations compared are ion exchange without pHIé(pidir(at) @); in the presence of
2 vol% HyO (®); after back-exchange with Na(®); the same with subsequent precipitation of indium from supernatant soluior ) (O); precipitation
of indium onto H-ZSM-5 by ammoniaP(H) (¥%); in the presence of 2 vol% 4D (¥); and mechanical mixture NJHZSM-5/In(OH)3 (H).

is also illustrated by a TPR profile obtained with a parallel trazeolite indium species on the basis of a zeolite(pH 6))

preparation, which is given in Fig. 6b. In thdMy n, and of silicalite-1 T-Sil). As expected, intrazeolite In oxo
mixture, it may be assumed that reductive solid-state ion species are active sites for the SCR reaction, but Fig. 4 re-
exchange induced by N which is evolved from Niz- veals some more relevant trends. Thus, there is no clear

ZSM-5 during thermal activation, had occurred to some correlation between the NO conversions and the indium con-
extent, similarly to the processes observed with precipitate tent of the samples. A linear decrease at all temperatures
catalysts. I'M My o, the probability of indium introduction ~ would be expected betweehE( (pH 2.5) andlE (pH 1.5)

into the zeolite would be considered to be lowest althoughiit if their indium sites were identical, just of different abun-
has been reported that solid-state ion exchange can proceedance. Instead, there is a shift of the NO conversion curve
under the activation conditions [11], most likely following to higher temperatures so theE (pH 1.5) even exceeds
an autoreduction of the In(lll) oxide [35]. |E (pH 2.5) at 773 K. Analogously-Z, which contains the

To identify the structural catalyst features that cause the most indium, has the lowest activity, with a NO conversion
various effects to be observed in Fig. 3, it would be desirable curve strongly shifted to higher temperatures. These shifts
either to have samples that contain exclusively extra- or in- can be, certainly, ascribed to the effects of the acidic con-
trazeolite indium species or to be able to control the amountsditions encountered by the zeolites during the preparation.
of these species. From the characterization results reportedt is, however, less straightforward to identify the operat-
above it is obvious that the intentional preparation of In- ing mechanism in more detail. The acidic conditions lead to
ZSM-5 with particular properties is difficult. Thus, we have changes of the indium coordination sphere (vide supra) and
not yet succeeded in making a series of In-ZSM-5 containing to dealumination tendencies (cf. Table 3). We believe that
a particular indium species (i.e., with identical coordination the shift of the NO conversion curve is primarily caused by
sphere) in varying amounts, from which a clearcut assign- the modification of the indium site: Since acid treatment at
ment of catalytic properties and a quantitative assessment ofpH 1-2 is a standard procedure for transferring Na-ZSM-5
intrinsic activities could be made. Nevertheless, it will be into H-ZSM-5 it is not likely that such treatment could in-
seen that the materials prepared in the present study form aduce a shortage of Brgnsted sites that would limit the SCR
basis that already makes it possible to derive some relevantrate. Such limitation could, however, be an additional reason
conclusions about the sites involved in the SCR reaction.  for the poor performance Gi-Z.

NO and methane conversions of In-ZSM-5 catalysts with ~ Those catalysts that contain both extra- and intrazeolite
exclusively intrazeolite In oxo speciesE (pH 2.5), IE indium species exhibit remarkable differences and similari-
(pH 1.5), T-Z) are given in Fig. 4 and compared with ties: WhilelE (pH 6) provides the highest NO conversion,
conversion data from catalysts with coexisting extra- and in- there is no SCR activity at all witA-Sil (Fig. 4). On the
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Fig. 4. Catalytic behavior of In-ZSM-5 with exclusively intrazeolite In oxo spediE{fH 2.5),IE (pH 1.5),T-Z) and with coexisting intra- and extrazeolite
In oxo species|E (pH 6), T-Sil) in the SCR of NO by methane. Comparison with a catalyst containing intrazeolitg dyGites §): (a) NO conversion,
(b) methane conversion.

other hand, both catalysts have almost the same methane adhe NO conversion still exceeds that of H-ZSM-5, with a
tivation activity. This suggests that the failure™fil in the peak NO conversion of 25% at 673 K. With increasing
SCR reaction is due to its lack of Brgnsted sites. indium content, the NO conversions become lower than
When the samplEE (pH 6) is compared with the remain-  those measured with the parent zeolite. The NO conversion
ing In-ZSM-5 materials represented in Fig. 4, it is obvious curve of catalystS is almost identical to that oESIE(4)
that no particular contribution of the extrazeolite indium (Figs. 4 and 5). At the same time, these samples are quite
phase can be derived from the NO conversion curve. The active for methane activation. It may be observed, however,
trend to higher peak conversions at lower temperatures ex-that the methane conversion increases significantly between
trapolates just the tendencies identified before for materials SSIE(1) andSSI E(2), but only marginally at further increase
with exclusively intrazeolite indium. However, as mentioned of the indium content. Again, the methane activation activity
above, the extrazeolite indium can be traced in the methaneof materialS is close to that ofSSIE(4). Figure 5 shows
conversion curves. While that oE (pH 6) rises steeply  also the effect of the washing procedure on the catalytic
over the whole temperature range, thosel Bf (pH 2.5), properties ofSSIE(4): There is a significant enhancement
IE (pH 1.5), andT-Z all level off around 700 K before  in both the NO and the methane conversions.
setting out for a new steep increase at higher tempera- The activity data of these catalysts can be discussed by
tures. From this, the particular methane activation activity reference to the chlorine content of the indium coordination
of IE (pH 6) can be assigned to the extrazeolite indium sphere as revealed by the characterization studies. It appears
phase, which includes possible bonds between the extrazethat highly chlorided indium species are not active for
olite species and the zeolite surface at the borderline of thethe SCR reaction but capable of activating methane. This
aggregates (covalent In—O-Si and In-O—Al bonds). By anal- (unselective) methane activation does not require Brgnsted
ogy, the intrazeolite indium iff-Sil, which is most likely sites because it occurs on catalysts with strongly varying
also bonded via In—O-Si bonds, cannot be excluded as po-concentrations of the latterS( SSIE(4); see IR data in
tential methane activation site. [28,34]). It will be shown in part Il of this paper [27] that
Figure 4 contains also data from a catalyst prepared it forms the basis of appreciable SCR activity observed upon
by sublimation of InG4 into H-ZSM-5 (§). Data from addition of a promoter that provides a sufficient N€ipply.
catalysts prepared by solid-state ion exchange of3dm@o Upon increasing oxygen content in the indium coordination
H-ZSM-5 are summarized in Fig. 5. The NO conversions of sphere, both the SCR and the methane activation activity
these catalysts, in which indium is coordinated both to O of the (unpromoted) InGIO, species increase (compare
and to Cl according to our characterization studies, are SSIE(4) andSSIE(4)/W activities in Fig. 5, coordination
disappointing. At low indium contentSSIE(1), SSIE(2)), spheres in Table 2). The same trends may explain the
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Fig. 5. Catalytic behavior of In-ZSM-5 with intrazeolite In@, species. Influence of indium content and of a washing step during the preparation. For
conditions see legend to Fig. 3. (a) NO conversion, (b) methane conversion.

increase of the SCR activity at smaller indium contents. the preparation and during catalysis because the zeolite and
Although the In coordination spheres did not differ in the the indium component (kO3 after activation) were segre-
freshly prepared catalys&SIE(1) throughSSI E(4), that of gated into separate pellets at any time. In mixture C, the
SSIE(1) should contain less chlorine after catalysis than that components were always near to each other because the
of SSIE(4) because of the higher stability of the In—Cl bonds starting materials NitZSM-5 and In(OH} were pelletized
at higher indium content. together. In mixture B, these components were separated
In summary, it was found that intrazeolite In oxo species during the evolution of N from NH4-ZSM-5, i.e., the re-
are active sites for the SCR of NO by methane while the ductantthat mightinduce reductive solid-state ion exchange,
presence of chlorine has an adverse effect on the SCRbut close to each other in the remaining steps including ther-
activity. InCl,O, sites are, however, capable of methane mal activation in helium. Hence, in mixture B the tendency
activation, in particular at7” > 700 K. High methane to formation of intrazeolite indium species was expected to
activation activity is also observed in the presence of be intermediate between mixtures A and C. Temperature-

extrazeolite indium phases. programmed reduction was employed to verify these expec-
tations.
3.4. Sudieswith mechanical mixtures Figure 6a shows the catalytic results obtained with these

mixtures. As expected, mixture A is inferior to mixtures B

The observation of SCR activity with the mechanical and C which, on the other hand, exhibit identical catalytic
mixture MMy 1y (Fig. 3) may suggest that there are also behavior, with a higher peak NO conversion achieved at a
extrazeolite indium sites that support the SCR reaction at anlower temperature than with mixture A. The performance of
attractive rate. However, because of the significant tendencymixtures B and C is comparable with those of the best In-
of indium to undergo reductive and autoreductive solid-state ZSM-5 catalysts reported in this paper with the exception
ion exchange [11,35]), the formation of intrazeolite indium of IE-P. Remarkably, the conversion-temperature curves
species as observed with catalysts made by precipitation ofshown forMMp 1, in Fig. 3 were not reproduced by any
In(OH)3 on the zeolite cannot be ruled out. Because prox- of the mixturesM M wy (A), (B), or (C) made of the same
imity between the zeolite and the indium source should constituents.
be crucial for (auto)reductive solid-state ion exchange to  The TPR profiles of these mixtures after catalysis (and re-
proceed to an appreciable extent, this proximity was var- oxidation in air), which are shown in Fig. 6b, reveal that the
ied deliberately to prepare a set of mechanical mixtures expectations concerning the numbers of intrazeolite indium
with varying content of intrazeolite indium species (mixtures sites have been fulfilled only to a very limited extent. Unlike
MMn.Hy (A), (B), and (C); cf. “Experimental,” Table 1).  the reference TPR profile taken from a parallel preparation
In mixture A, there was no close proximity at any stage of of P(H), the profiles of the mechanical mixtures exhibit
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Fig. 6. SCR with mechanical mixtures of an indium compound with H-ZSM-5. (a) NO and methane conversions, (b) TPR traces (A, B, and C based on
identical indium content in the sample). (A) NFZSM-5 and In(OH} pressed and activated in separate pellets (“segregated mixture”); (B) as mixture A, but
then crushed and repelletized in pellets containing both indium and zeolite, (¢¥SM-5 and In(OH} pressed together in pellets before activation and

used in this form.

only one peak, however, with asymmetries and shoulders.the conditions set to encourage reductive (C) or merely au-
Mixture A has no intensity at all in the temperature region toreductive (B) solid-state ion exchange.

typical of intrazeolite indium sites [25,36] and the profile From these observations, it appears that intrazeolite
peaks at a temperature significantly higher than for the sig- indium formed by solid-state ion exchange phenomena
nal of extrazeolite indium sites. This may be explained by (reductive via NH or autoreductive) may be responsible for
a weak interaction betweenJ@s; and the H-ZSM-5: Ithas  the extra activity exhibited by the nonsegregated mixtures
been shown in [14,36] that the peak reduction temperatureMMy H, (B) and (C). This assignment is, however, not
of Ino03, which was~ 870 K under similar conditions, de-  without doubt because the increased amount of intrazeolite
creases significantly when the oxide is mixed with an acidic indium in mixture (C) is not at all reflected in the NO
zeolite as H-ZSM-5. A similar effect has been reported for conversions. Particular interactions between the zeolite and
the FeO3z/H-ZSM-5 system [8]. In Fig. 6b, it can be seen the extrazeolite indium aggregates could also contribute
that mixture B produced a very small low-temperature sig- to the increased activity of these mixtures because the
nal, actually a shoulder, which contributes not more than 5% close proximity was a critical condition for the higher
to the total signal area. From this, the/8i ratio for the NO conversions. Such sites, which should include covalent
intrazeolite species is on the order of 0.002, i.e., well com- In-O-Si or In—-O—Al bonds, cannot be discriminated from
parable withlE (pH 2.5) andlE (pH 1.5). The center of the TPR profiles so far. At the present stage, it cannot be
the high-temperature peak is in the region where the sig- excluded that there is also a significant contribution to the
nal of extrazeolite In oxide species is expected, but there effect of proximity between indium and zeolite components
are excursions at higher and at lower temperatures. The for-from a minimization of diffusion paths in a bifunctional
mer, which should representJ@s in bad contact with the  mechanism, in which a volatile intermediate released by
zeolite, is not surprising for a mechanical mixture even if extrazeolite indium sites has to find zeolite Brgnsted sites
prepared by grinding together the constituents. The shoulderto be converted to nitrogen, carbon oxides, and water. Such
at 680 K is not easy to assign. Extending the trend betweena mechanism has recently been demonstrated for the SCR
intensity of In—zeolite interaction and peak reduction tem- of NO by methane over CepH-ZSM-5 catalysts [26] and
perature, it could be ascribed to an extrazeolite site with a the bifunctional nature of the SCR reaction over In-ZSM-5
particular bond to the surface. In the trace of mixture C, the is suggested by several observations in the present study
center of the main peak is still more shifted to lower temper- (e.g., Na poisoning, failure of-Sil). Further studies with
atures, and the amount of intrazeolite indium species seemsCeQ-promoted In-ZSM-5, which will be reported in part Il

to be further increased. The difference to mixture B is, how- of this series [27], suggest that the extra activity of the
ever, not as pronounced as would have been expected froomonsegregated mixtures (B) and (C) largely originates from
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new sites in the interface between Ip@ggregates and the
zeolite surface.

The unexpected differences between the (early) sample

MM Hy (Fig. 3) and the (later) mixtuf@ My 1, (C),which
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an example for open questions remaining with the rather
complex In—zeolite catalyst system. While the peak con-
versions of both mixtures are similar, the earlier sam-
ple achieved them at a higher temperature, but exhib-
ited a broader useful temperature region than the later
MM Hy (C). The reason for this is not known. In this study,
a segregation between extrazeolite }rgltes and the zeolite
(mixtureMMnp 1y (A); cf. Fig. 6a) and framework damage
by acidic attack IE (pH 1.5), T-Z, in Fig. 4) have been
identified as possible reasons for an upward shift of the tem-
perature of peak NO conversion. It is not clear whether one
of these influences was operativeNtM y 1, or if there are
other, unidentified reasons for the behavior observed.

4. Conclusions

The catalytic behavior of In-ZSM-5 catalysts in the se-
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