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Abstract

A series of In-loaded ZSM5 catalysts with Si/Al ratios of 17, 27 and 50 was studied. The catalytic activity for the NO reduc-
tion followed the 27 > 17 =50 order. The acid properties were investigated by FTIR of pyridine as probe molecule desorbed
in vacuum at different temperatures and by Temperature-Programmed Ammonium Desorption (TPAR}-0i-MSM5.

The nature of the In-species was determined by the Perturbed Angular Correlation (PAC) techniqdé&'irsama probe.

The contribution of indium to the acidity nature of the samples seems to be important taking into account that the number
of Bronsted acid sites was reduced after the In exchange. In the same way new and strong electron-donor acceptor sites
were generated. The PAC results indicate that there exists an important fraction of the indium present in the active sample
coordinated as in the 303 case, while another one corresponding to a non-well defined near-In-neighborhood, is present too

in a small fraction. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction cluded that the added effectiveness of Co-ferrierite
over Co-ZSM5 should be associated with the availabil-
The use of CH as a substitute for Nglin the re- ity of more sites for the NQreduction which must be

moval of nitrogen oxides from oxygen rich streams has related to the difference in topology between these two
become of particular interest. Since Li and Armor [1] classes of zeolites [4]. Ga-H-ZSM5 and In-H-ZSM5
reported that Co-ZSM5 is an effective catalyst for this [5] have also been reported as effective catalysts, be-
reaction, a great variety of materials have been studied ing more reactive and selective than Co-ZSM5 under
[2] with the same purpose. The results obtained so far a dry atmosphere over 500. Loughram and Resasco
suggest that the most effective catalyst is Co-ferrierite, [6], concluded that both metallic and acid sites are
among other Co-zeolites [2,3]. The same authors con- hecessary to achieve high catalytic activity through a
two-step bifunctional mechanism. Kintaichi et al. [7],
Hamada et al. [8] and Satsuma et al. [9], using dif-
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The present work has been aimed at better defining technique. Pyridine adsorption experiments with
the role of the Indium structure and the acid properties In-H-ZSM5 samples were carried out using a ther-
of In-H-ZSM5 in the reaction under study. To attain mostaticized cell with CafFwindows connected to a
this goal, we performed TPAD, FTIR and PAC stud- vacuum line, with a self-supported wafer.
ies on a series of In-H-ZSM5 with different Si/Al ra-
tios. With the same purpose, we correlated the kinetic
behavior of these samples with the surface character-
ization results.

2.4. Catalytic experiments

Steady-state kinetic experiments were performed
using a single-pass flow reactor made of fused silica
with an inside diameter of 5mm and 300 mm long op-
erating at atmospheric pressure, loaded with 0.5g of
) catalyst. The reacting mixture was obtained by mix-
2.1. Sample preparation ing four gas lines independently controlled with mass

flow controllers, in order to obtain 1000 ppm of NO,

Three ZSM5 zeolites with Si/Al= 17, 27 and 1000 ppm of CH and 10% of oxygen, balance in he-

50 were obtained by hydrothermal synthesis using |jum. Temperature ranged between 300 and°650
tetrapropil ammonium hydroxide (TPA) as template

[10]. The ammonium form of the catalyst was pre- . .
pared by ion exchange with ammonium chloride 1M 2.5. Perturbed angular correlation (PAC) technique
at 80°C for 40 h. In-H-ZSM5 samples were prepared
using NH;-ZSM5 zeolites by ion exchange with InClI . :
followed by calcination in air at 50€ during 10 h. angular correlation of gamma-rays emitted from ra-
In all samples the quantity of In introduced (in dioactive*in allows us to characterize different In
atoms) was two times the number of Al atoms in species by means Qf hyperfine interactions. The prin-
the zeolite. The remaining In in the zeolite after the CiPI€ of the application of PAC to In compounds con-
ion-exchange was estimated from the intensity on SIStSin determining the hyperfine interaction between
111n.radioactive probes in the samples. We found the the nuclear quadrupole moment and the electric field
following values: 2.5(3), 1.5(2) and 1.6(2)% wiw for gradient (EFG) produced by all extranuclear charges.
Si/Al=17, 27 and 50, respectively. However, the rel- The method relies on the fact that, due to the conser-

evant values of In-concentration should be considered vation of angular momentum, the direction of emission
from In-species different from KOs determined in of a particle (photon) in a nuclear decay is strictly cor-

the present work (see Section 3.2 and Table 2). related With the orientation of the nuclegr spin. $ince
nuclear spins are normally randomly oriented, ‘inter-

action’ on the spatial correlation is lost. However, if
an angular correlation with the direction of first emis-
sion of the cascade is performed, an anisotropy pattern
is obtained. This angular correlation can be perturbed
via the interaction of nuclear moments with extranu-
clear fields, provided the nucleus remains in the inter-
mediate excited state for a sufficient long time.

A perturbation of the angular correlation can be
reach with electric fields gradients. The EFG is a
second range tensor and hence it also contains in-
2.3. FTIR studies formation about the symmetry of the environment of

the 1ln-probe atoms. These results from the charge

Infrared analysis of H-Zeolites and In-H-Zeolites density distribution reflect the nature of the chemi-
were performed on a JASCO 5300 spectrometer in cal bonds. Inequivalent probe sites in the unit cell or
the lattice vibration region using KBr 0.05% wafer inequivalent sites due to the coexistence of several

2. Experimental

The time differential observation of the perturbed

2.2. TPAD studies

Temperature Programmed Desorption data of am-
monium for NH;-Zeolites were collected with an IN-
STRELEC programmer, which admits to change the
heat slope during the run. The slope was 10-€2fin
and a nitrogen flow of 20 ml/min was used. The des-
orbed products were analyzed using an FID detector.
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phases in the sample lead to a superimposing of ‘per-
turbation functions’ (A2Gz2(t) in Fig. 4), which are
fitted in order to obtain characteristic parameters for
each probe site.

When a set of probes have very similar near-
neighborhoods, a finite frequency distribution around
a mean ‘precession frequency’ due to inhomogeneities
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NO Conversion (%)
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can be obtained. If the EFG tensor deviates from axial 20 1
symmetry, then the intensities and precession frequen-
cies q) are also function of the asymmetry parame- ole = . .
ter (). These ‘inhomogeneities’ can be produced by 300 400 500 600
114n-probes located in very small crystallites. Temperature [C]
100
3. Results and discussion b
g 80
3.1. Reaction experiments §
7 60-
9]
Reaction results are depicted in Fig. 1a (NOnver- % 40.
sion to \b) and Fig. 1b (CH conversion). Among the ©, ®
samples studied, it can be seen that In exchanged on 5 20-
NH4-ZSM5 with Si/Al =27 is the most active catalyst
in both cases. This fact is related to the special features 0

300 400 500 600

of this sample compared with the other In-exchanged Temperature [°C]

ZSM5 zeolites with different Si/Al ratios (17 and 50).
With respect to the decrease of NO conversion rig. 1. NO (a) and Chi (b) conversion on In-H-ZSM5 (0.25g)

above 550C, it is generally accepted that N@on- with Si/Al ratio 17 @), 27 (@) and 50 @). CH,: 1000 ppm, NO:

version has a maximum with temperature due to two 1000ppm, @: 10%. Total flow rate: 100 cfmin™*.

factors: the CH consumption due to deep oxidation N )

with oxygen and/or the shift to the left of NO +1/2 the hydrothermal stability. Previous resul_ts, however,

0, =NO;, equilibrium at high temperatures. show tha_t is no_t the case for H-mordenite .catalygts,
An important issue to be addressed is the water tol- since sphds havmg 5.9;7.3; 11.0 and 16.9 Si/Al ratios

erance of In-H-ZSM5 catalysts. It is known [11,12] show similar activity decay after 2 h of hydrothermal

that water has two negative effects on the activity reatments at 65C [12]. _

of zeolitic catalysts during the NOSCR reaction: The following TPAD, FTIR and PAC characteri-

a reversible poisoning effect, which takes place un- Zations are helpful to study the different In species

der reaction conditions at relatively low temperatures Presentin these catalysts, the interactions with the ze-

(300-450C); and an irreversible effect, due to hy- olitic structure, and their role in the reaction under

drothermal dealumination at higher temperatures. For SUdY-

In-H-ZSM5 catalysts, the first effect is mainly due to

the coordination of water molecules to zeolite Lewis 3.2. TPAD and FTIR studies

acid sites, which strongly inhibit the NCformation

step [11]. Temperature-Programmed Ammonium Desorption
On the other hand, as far as we know there are (TPAD) experiments, and FTIR of pyridine desorbed

no literature data on hydrothermal dealumination on under vacuum at different temperatures were per-

In-H-ZSM5 catalysts. It would be expected that the formed in order to study the acidic properties of the

higher the Si/Al ratio of the catalyst, the stronger parent samples and the effect of In exchange on the
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Fig. 2. Temperature programmed ammonia desorption from
NH4-ZSM5 (solid lines) and In-NgZSM5 zeolites (dotted lines),
with Si/Al ratio (a) 17, (b) 27 and (c) 50.

nature and strength of the acid sites. Fig. 2 shows
TPAD spectra of the three parent samples (NESM5
with Si/Al=17, 27 and 50) as compared with the same
materials after In exchange. The parent sample with
Si/Al=17 shows two stages of ammonia desorption
(Fig. 2a), the first at ca. 20C (I-peak) and the second
at c.a. 500C (h-peak). It is known from the litera-
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Table 1

Ratio of Bronsted to Lewis sites (B/L), calculated from the FTIR
spectra after Pyridine desorption at 260 350C and 400C of
the H- zeolites and InH-zeolites.

Py mmolg? ratio  H-ZSM5 In-H-ZSM5

B/L B/L
Temp. Desorp?C 250 350 400 250 350 400
Ratio Si/Al
17 50.4 166 86 4.7 514 3.14
27 319 250 222 12 144 101
50 328 55 43 54 38 252

shifted to lower temperatures. The spectra shapes are
similar to those of the parent samples. The observed
temperature shift indicates that In ions were incor-
porated as counter ion blocking preferentially the
stronger Bronsted acid sites, the remaining protons
having weak or medium acidic strength. The ex-
changed In species generate new and strong acceptor
electron sites, as indicated by the FTIR results shown
below.

According the IR studies, an absorption band for
OH-groups (Si-OH) with maximum at 3740 cthwas
observed for H- and In-H- containing zeolites, whereas
the band at 3610 (bridging OH- groups) is present
in H-Z. The introduction of In species decreases the
intensity of the band at 3610 cth. The number of
Lewis sites increases as Bronsted sites decrease upon
the introduction of In as we report in Table 1.

Taking into account our TPAD experiments, per-
haps the IR data of pyridine desorbed at different tem-
peratures, was comparable with RHIPD obtained
by Choi et al [13]. In this way, In-containing zeolite
showed more pyridine retained at high temperature (by
interaction with Lewis sites) than H-zeolites, in corre-
spondence with the increasing Cu content and increas-
ing h-peak for ammonia desorption in TPD analysis
reported by Choi [13].

Fig. 3 shows FTIR spectra of Pyridine adsorbed
at room temperature and 3 Torr and desorbed at
400°C and 10“Torr for H-Zeolites [10] (Fig. 3a)
and In-H-Zeolites (Fig. 3b), respectively. In all of the

ture that the h-peak corresponds to the interaction of In-exchanged samples it can be observed the presence

ammonia with strong Broénsted acidic sites. The other
parent samples show mainly the h-peak (Fig. 2b,c).

of both Bronsted and Lewis sites. In Table 1 the ra-

tio of Bronsted to Lewis sites (B/L), calculated from

TDPAD of In-exchanged samples indicates that the the FTIR spectra after Pyridine desorption at Z50

ionic exchange is incomplete, since the h-peak is still

350°C and 400C, are summarized. It can be seen

present in these samples, being however smaller andthat this ratio is smaller for the In-exchanged samples
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a It must be pointed out here that the FTIR of
R 5<W/\M In-H-ZSM5 zeolites in the finger-print zone of the
% \ MFI material (400-1200cmt) does not show evi-
£ \ \ dence of InO3 species. However, the results obtained
jt":"‘ g IN svai=27 by PAC characterization (see below) clearly indicate
—n ~ \\ e the presence of small crystals of the oxide, neither
VAN A detected by FTIR nor by XRD.
4.6
1500 1200
1.8 -
b 3.3. Perturbed angular correlation experiments
8
Sw,'/ \J\ SU/Al=17 The PAC experiments were performed in order to
2 N determine the number and concentration of inequiva-
< AN Mj’/ lent In-sites at the same temperature in which the cat-
16— / “\\ - \ Si/AL = 50 alysts exhibit the maximum activity. All spectra indi-
~— ~— N cate, at least, the presence of three different hyperfine

interaction associates with two different In sites. Two
of them (HI1 and HI2 in Table 2) have the same param-
eters of'1In in In,O3 oxide [14] and constitute the
Zingd g-TE)ar)r EILRdiﬂifEfdoitw;Z i‘(’;f;gfrdf g‘rt Locz’gl\;esmvs’iﬁ:at“re 72, 58 and 49 % of all the In-sites in the zeolites with
Si/Al ratio 17, 27 and 50. (b) FTIR spectra of Pyridine adsorbed at Si/Al ra“? of 17, 27 and 50 respectively. Slight d',ﬁer_
room temperature and 3 Torr and desorbed af@Qand 16 Torr ences with the pure HO3 case should be associated
for In-H-ZSM5 with Si/Al ratio 17, 27 and 50. with the small dimensions of the crystallites present
in the catalysts. A third minority interaction has a dis-
compared with the parent zeolites. On the other hand, tributed EFG. Since the electric field gradient depends
In-H-ZSM5 with Si/Al=27 shows the formation of a  mainly on the local environment of the probe, this mi-
new, strong Electron-Donor-Acceptor Adduct (EDA) nority interaction can be attributed to In-species with a
of Pyridine-Lewis sites at 1452 cm, probably due short-range order. The In-species different forzOg
to an In unoccupied molecular orbital interaction with  present in samples with Si/Al=17 and 50 are similar
the probe molecule. This Adduct is also observed and both different from that with Si/Al=27 (see Table
in the other samples but to a much lower extent. 2). Taking into account the catalytic performance of
This result strongly suggests that these EDA sites the catalysts (Fig. 1a), this last In-specie, only present
play a fundamental role in the selective reduction of in the sample with Si/Al=27, should be associated
NO. with the catalytic active specie for the SCR of NO

1500 1 ) T .-1‘0 (6]
Wavenumber [cm™]

Table 2
Hyperfine fitted parameters of PAC spectra of In-H-ZSM5 samples

Ratio Si/Al In-site Populatiorf (%) Frequencywg (MradsT) Assimetrym Distribution (%)
HI1-In203 30 (12) 27.5 (3) 0 7(2)
17 HI2-I,O3 42 (9) 19.5(3) 1 13(3)
28 (12) 41 (1) 0.3 (1) 10 (5)
HI1-In203 17 (3) 24.5 (2) 0.13 (4) 1.5 (1)
27 HI2-IpO3 41 (8) 19.0 (1) 0.69 (1) 26 (1)
42 (4) 28.4 (4) 0.27 (3) 8 (1)
HI1-In,03 18 (2) 24.7 (1) 0.22 (2) 2 (1)
50 HI2-I,O3 31 (4) 19.3 (3) 0.77 (2) 8 (2)
51 (3) 44 (1) 0.56 (2) 12 (2)
Pure InO3 [14] HI1-In203 20 (3) 24.0 (5) 0.22 (2) 1(1)
HI2-1n,03 74 (3) 17.9 (5) 0.74 (1) 4 (1)
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Exp. with Si/Al ratio of 17, 27 and 50, respectively

HI 1 e Fit Fig. 4.
%ﬂ The remaining fraction of In-species (other than

In,O3) may be associated with very highly dispersed
phases. The indium local environment inhomo-
geneities is the lowest for Si/Al=27 (the sample with
the higher catalytic activity).

Finally, it is concluded that In-active species for
the SCR of NO with CH are present in the form
of very highly dispersed phases containing strong
Lewis sites formed during the ionic exchange process.

0,10

-0,05

0,00

Fourier Intensity [A. U.]

sol ‘ o 0 20 o : s To Also, the ability of the PAC technique in characteriz-
Time [ns] Freq. [Grad/s] ing and quantifying very highly dispersed phases is
demonstrated.

Fig. 4. PAC (left) and Fourier (right) spectra of In-H-ZSM5 samples
measured at 50C: (a) Si/Al=17; (b) Si/Al=27; (c) Si/Al=50.
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