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a b s t r a c t

The incorporation of lanthanum by ion exchange into InHMordenite was studied in order to investigate
the modification of the physicochemical properties of the InHM catalysts. The prepared solids, LaInHM
and InHM, were treated under rigorous reaction conditions, i.e. 25 h of TOS with addition of 10% of water
and 500 �C. The structural changes of the catalysts were followed by spectroscopic, volumetric and
microscopic studies. The presence of lanthanum in the InHM acts like a protection for the zeolite
structure avoiding the formation of EFAl species, but the alteration of the indium environment into the
matrix leads to a reduction of the catalytic yield of the InHM catalyst. In fact the XPS results revealed that
the concentration of the indium active sites (InO)þ in LaInHM is lower than in the InHM catalyst, while
the remaining indium species interact strongly with Lanthanum. After the reaction, a decrease of In
active site in the LaInHM catalyst was observed, suggesting a closer interaction IneLa which was later
corroborated by TEM microscopy. On the other hand, a steric factor between the side channels of the
mordenite and the hydrated cation of La during the exchange process locates lanthanum in outer po-
sition, with the consequent loss of pore volume and area specific. The lanthanum exchanged ions protect
the deactivation process by structure collapse, but negatively affect the activity of the InHM catalyst.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

It is well-known that zeolites as catalysts are complex materials
formed by different components which give its characteristic
properties to the zeolite. The different types of zeolitic structures
together with the vast number of combinations of elements that
can be associated to these matrices result in a vast array of catalysts
that may be actives for many industrial reactions. The role of such
components can be purely catalytic; they can act as stabilizing
agents or just provide particular physical properties to the zeolitic
support. For the catalytic goals the incorporation of activemetals by
different methods conduces to complex interactions between the
guest components and the zeolitic matrix with the consequent
improvement in the global catalytic performance of the modified
zeolite. Nevertheless, in all cases the zeolitic catalysts undergo
.
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changes during its use under reaction conditions. The inside zeolite
transformations can range from the loss of crystallinity, the
migration of the metals from their original positions, the agglom-
eration of active particles sites, the changes on the strength and
distribution of acid sites to pore blockage. By now, it is known that
zeolites are not stable under rigorous conditions such as high
temperature gas streams containing water, and it is for this reason
that the use of zeolite-based catalysts is limited.

Many efforts have been made in order to explain the deactiva-
tion mechanisms of the technical relevant zeolites (MFI, MOR, FER,
BEA, Y) [1,2], and to improve the durability of these materials. But
drawing general conclusions is difficult, due to the extensive pos-
sibilities of combinations between structures, zeolite guest com-
ponents (with different natures and contents), preparation
methods, and conditions of the pretreatments and the reactions.
These different combinations as regards materials and procedures
conduce to different authors reaching to highly controversial
findings when studying similar materials.
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Table 1
Compositions of the synthesized catalysts.

Catalyst In (wt%)a La (wt%)a %IEb La/Inc

LaHM e 1.85 14.6 e

InHM 0.5 e 2.3 e

LaInHM 0.5 0.96 9.8 0.63

a Analyzed using inductively coupled plasma technique (ICP).
b Ion exchange rate (%IE) assuming that a stoichiometric exchange process take

place with 3 monovalent ammonium ions being replaced by one La(OH)2þ ion and
one monovalent (InO)þ ion.

c Atomic ratio.
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They all agree that exposure of zeolitic catalysts to water vapor
at high temperatures irreversibly depresses the activity because
some structural changes occur in the solids. Among them: (i)
Dealumination, i.e., tetrahedral Al3þ ion removal from the zeolite
lattice, (ii) Formation of metal oxides, loss of the dispersion and
migration or sinterization of exchanged cations to highly coordi-
nated non-accessible locations.

Several authors have studied zeolite deactivation in which the
active site is the exchanged cobalt, but none of these studies eval-
uate the catalysts for more than 50 h on stream [3e8]. Towards
further improvements, bimetallic catalysts were also proposed
[9e15]. However, the durability of zeolite-based catalysts is not
long enough yet to make its use economically feasible for industrial
process.

Y zeolites are extensively used in the fluid catalytic cracking
(FCC) of petroleum distillates so they have been exhaustively
studied. It has been found that Rare Earth (RE) ions exchanged into
the Y zeolite play an important role in the stabilization of such
structure. These cations improve the acidity, the cracking activity,
and the thermal stability [16,17]. A probable mechanismwhichmay
conduce to enhance the durability of these catalysts is the forma-
tion of lanthanum-hydroxyl species in zeolite channels, following
thermally induced hydrolysis of the [RE(H2O)n]3þ cations upon
calcination [18] and their migration to smaller cages [19e23]. The
thermal stability of HY zeolite is also improved by lanthanum ex-
change and to a lesser extent by cerium exchange. The reason is
probably related to the increase in the ionic field within the crystal,
but it cannot be solely explained by this effect. Thermal stability of
LaHY catalyst is higher than cerium zeolites, fact that can be related
to the particular properties of the rare earth cations, but it is
difficult to establish what the relevant properties of the involved
rare earth are [23].

On the other hand, the zeolites modified by the addition of La
were studied by theoretical methods in order to corroborate the
hydrothermal stability. In fact, Bao and co-workers [24,25] re-
ported a density functional calculation (DFT) to the improvement
in hydrothermal stability of La-modified ZSM-5. They investigate
the location and binding of lanthanum cations, i.e., La(OH)2þ on H-
ZSM-5 and they found that the charges on both Al and O atoms in
La-ZSM-5 show an increase compared to H-form zeolite, which
would undoubtedly lead to a stronger mutual interaction and,
hence, enhance the stability of the aluminum tetrahedron anion
[AlO4]�. Moreover, La(OH)2þ seems to have thickened the zeolite
framework, which can effectively retard the process of
dealumination. Yang et al. also studied by DFT the hydrothermal
stabilities of different Metal/ZSM-5 zeolites and they concluded
that the binding energies of the metal cations, which decreased
as La/ZSM-5 > Ca/ZSM-5 > Mg/ZSM-5 > K/ZSM-5 > Rb/ZSM-
5 > Na/ZSM-5 > Zn/ZSM-5 > H/ZSM-5, determined the relative
hydrothermal stabilities of different metal exchanged ZSM-5
zeolites [26].

Additionally the high catalytic activity of zeolites modified
with indium for the selective catalytic reduction (SCR) of NOx with
methane have been well-documented by several authors [27e33].
Different preparation methods of In-Zeolites (MOR, FER, ZSM-5)
catalysts together with the addition of different co-cations were
reported. Some of the bimetallic formulations yielded better re-
sults than monometallic catalysts but the reaction mechanism and
the nature of the active sites becamemore complex. Therefore, the
interaction between the species present in the zeolitic matrix
became the focus of many research studies and significant prog-
ress has been achieved in this field [34e40]. However, the com-
mon point among all these authors' conclusions resulted that the
ion (InO)þ exchanged into the zeolitic matrix is the active site,
while the co-cation may improve the catalytic performance.
However the hydrothermal stability of In-zeolites has been hardly
studied.

In this vein, the main aim of this work is to perform a detailed
characterization study of La and In co-exchanged mordenite, in
order to investigate both the La species generated into the zeolite
matrix and their influence on the exchanged Indium. To achieve
this aim XRD, pyridine desorption, XPS, FTIR and TEM techniques
were applied in order to understand better both surface and bulk
properties of the La,In mordenite samples. In addition, taking into
account that In-zeolites are active and selective catalysts for the
SCR of NOx with CH4, and that lanthanum could improve the sta-
bility of the mordenite structure [8], this reactionwas performed to
evaluate probably stabilizing properties as well as possible synergic
effects between La and In in a similar waywith the La,Co-Mordenite
catalytic system [8]. Nevertheless, this study could be of interest to
be applied in other catalytic reactions.

2. Experimental

2.1. Catalyst synthesis

The catalysts were prepared by ion exchange starting from Na-
mordenite (NaM) (Zeolyst CBV 10A, Si/Al ¼ 6.5). The ion
exchanged form H-mordenite (HM) was prepared following the
procedure reported by Gutierrez et al. [41]. The InHM catalyst
containing 0.5 wt% of indium was prepared by wet impregnation
conventional methodwith In(NO3)3 on HM support. Then the InHM
solid was pretreated by the following steps: (i) heating in air flow at
500 �C for 10 h, (ii) reduction at 500 �C for 2 h with pure hydrogen
and (iii) calcination with pure O2 at 500 �C for 2 h. After each step
the solid was flushed with pure He for 30 min.

Aliquots of HM and InHM were contacted with a La(NO3)3
aqueous solution during 36 h at RT for ion exchange of La and
finally LaHM and LaInHM solids were obtained. All La-containing
catalysts were treated in flowing oxygen for 10 h at 500 �C.
Table 1 shows the composition of the prepared catalyst.

2.2. Catalyst characterization

2.2.1. Elements quantification
Atomic concentrations in the solid materials were determined

by inductively coupled plasma atomic emission spectroscopy (ICP-
OES). The measurements were performed in a Perkin Elmer Optima
2100 DV. Samples were dissolved using a mixture of perchloric and
nitric acids.

2.2.2. X-ray photoelectron spectroscopy (XPS)
The X-ray Photoelectron analysis (XPS) was performed with an

Axis Ultra DLD (Kratos Tech.). The spectra were excited by the
monochromatized AlKa source (1486.6 eV) run at 15 kV and
10 mA. For the individual peak regions, pass energy of 20 eV was
used. Survey spectrum was measured at 160 eV pass energy.
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Analyses of the peaks were performed with the CasaXPS software,
using a weighted sum of Lorentzian and Gaussian components
curves after Shirley background subtraction. The binding energies
were referenced to the internal C 1s (284.9 eV) standard. The
relative atomic concentration between elements was calculated
from their respective main core-level components with spec-
trometer atomic sensitive factors and after background
subtraction.

2.2.3. X-ray diffraction (XRD)
The XRD patterns of the fresh and used solids were obtained

with an XD-D1 Shimadzu instrument with a monochromator, CuKa

radiation and operated at 35 kV and 40 mA. The scan rate was
1�.min�1 for the 2q range of 5� to 50�.

2.2.4. BET area and pore volume
Nitrogen adsorption isotherms were measured at liquid-

nitrogen temperature (77 K) and at a relative pressure (P/P0) in-
terval between 6 � 10�7 and 0.998 in an automated Quantachrome
sorptometer. The catalyst samples were outgassed prior to mea-
surements at 300 �C overnight under a pressure of 10�5 Pa. The BET
model was used in the relative pressure range 0.01e0.10 to estimate
the total surface area, while the pore volume was calculated from
the saturation N2 adsorption capacity of the zeolite micropores.

2.2.5. Temperature programmed desorption of pyridine (Py-TPD)
Pyridine TPD experiments were carried out to evaluate the acid

site types of the samples. The catalysts were pre-treated in situ in
N2 flow at 300 �C during 1 h. After cooling down to room tem-
perature, three consecutive saturation steps with pure pyridine
were performed. Then, pure nitrogen was flowed and the temper-
ature was increased up to 150 �C, until no physisorbed pyridinewas
detected. The TPD experiments were carried out by heating at
12 �C min�1 in the temperature range 150e750 �C. The gases
coming out of the analysis cell passed through a methanation
reactor loaded with a Ni-based catalyst. The desorbed pyridine was
converted into methane with a H2 stream which was continuously
measured using a FID detector. Finally the methane productionwas
directly related with the desorbed pyridine.

2.2.6. FTIR and CO adsorption
The samples were prepared by compressing the solids at 4.10 Pa

in order to obtain self-supporting pellets. They were mounted on a
transportable infrared cell with CaF2 windows and with an external
oven. The pretreatment was performed in a high vacuum system.
The samples were first outgassed at 400 �C for 12 h in a dynamic
vacuum of 1.3 � 10�4 Pa. Then, they were cooled to room tem-
perature and CO was introduced into the cell controlling the CO
pressure at ca. 5, 50 and 100 Torr.

2.2.7. TEM specifications
Prepared catalysts were analyzed by Transmission Electron

Microscopy (TEM). The samples for TEM analysis were prepared by
re-suspending the corresponding sample in ethanol, dropping the
suspension onto a 200 mesh carbon-coated copper grid (Electron
Microscopy Sciences) and letting it dry under ambient air with the
aid of anti-capillary tweezers. TEM and EDX measures were per-
formed in a HR Tecnai F30, FEI.

2.3. Catalytic tests

The catalyst powders were tested in a flow-through reactor with
controlled gas flow and heating. The reactant stream composition
was: 1000 ppm CH4, 1000 ppm NO and 2% O2 in He (GHSV:
7500 h�1). The reactor effluents were monitored for CH4, CO, NO,
N2O and NO2 quantification using an FTIR spectrometer (Thermo
Mattson Genesis II) equipped with a gas cell with CaF2 windows.
One hundred and fifty scans were collected with a nominal reso-
lution of 1 cm�1 and averaged to get a spectrum. The CH4 to CO2 and
the NOx to N2 conversions were defined as CNOx (%) ¼ (1 � [NOx]/
[NOx]0) * 100, and CCH4 (%)¼ (1� [CH4]/[CH4]0) * 100, where [NOx]0

and [CH4]0 stand for the NO and CH4 concentration in the feed,
respectively. The concentration of N2 was determined from the
nitrogen balance.

For the stability studies, 10% of water was added by flowing the
reactant stream through a saturator after the initial dry test. All
catalysts were kept on stream for 25 h at 500 �C under these con-
ditions; the conversion was measured periodically.

3. Results and discussion

3.1. Catalytic activity

The maximum conversion reached with the InHM catalyst un-
der dry conditions resulted 75% at 400 �C, while with LaInHM 48%
at 450 �C. This means that the incorporation of lanthanum do not
improve the catalytic activity of the InHM solids.

As the main goal of this work is to evaluate the probably sta-
bilizing properties of exchanged lanthanum into InHM, the com-
parison of the hydrothermal stability between InHM and LaInHM
was performed by measuring the catalytic activity under rigorous
conditions: addition of 10% H2O at 500 �C and TOS 25 h. After 25 h
under reaction, the loss of activity of the InHM catalyst was 16%
while in the LaInHM resulted 76%.

The catalytic activity results at 500 �C are reported in Table 2.
That table shows that the initial NO to N2 conversion (0% H2O) with
the LaInHM was higher than the conversion obtained with InHM,
and the selectivity followed the inverse trend. When 10% of water
was added to the reaction stream the LaInHM catalyst showed a
significant sensibility to the presence of water. In fact as soon as
water was added the conversion on this catalyst decreased 73% in
contrast to the InHM solid in which the NO to N2 conversion
dropped down only 16%. After 25 h time onwet stream (500 �C) the
final conversion with InHM was 13% lower than the initial con-
version, while the LaInHM solid endedwith a conversion 67% lower
than the initial value (0% H2O). The evaluation of the NO and CH4
conversions along the TOS is shown in the attached Supplementary
data. The negligible activity of LaHM solid for this reaction was
previously reported by Gutierrez and Lombardo [8].

The catalytic response of catalyst with La as co-cation into the
InH-mordenite resulted differently from the observed by Gutierrez
and Lombardo for CoH-MOR [8]. From the basis that indium and
cobalt behave differently into the same matrix it would not be
wrong to assume that the presence of La can conduce to different
specific changes in the InHM catalyst compare to the CoLaHM solid.
In fact it can be noted that La does not improve greatly the hy-
drothermal stability of the InHM catalyst. The (InO)þ species into
the zeolites have been found to be the active sites for the NO-SCR
with methane, but their catalytic properties highly depend on the
coordination environment into the zeolitic matrix. On the other
hand, the commonly present InOx species enhance the methane
oxidation, resulting in the increase of methane total oxidation and
consequently the loss of selectivity [30,34e36]. However, there are
not reports which study the hydrothermal stability of In-zeolite
catalysts for long TOS.

Therefore, with these reported pieces of evidence and the re-
sults obtained in this work, it has resulted of interest to make a
characterization of the IneLaeMordenite catalysts in order to
explain the effects of LaeIn interaction into the mordenite and the
impact of the reaction on the structure of the catalysts.



Table 2
Stability study of the prepared catalysts for the SCR of NO with CH4 at 500 �C and
TOS 0 h and 25 h.a

Catalyst Selectivity, SN2
(%)

NOx conversion, XNO (%)

0% H2O, 0 h 10% H2O 0 h 0% H2O, 25 h 10% H2O 25 h

SN2
(%)b XNO(%) SN2

(%)b XNO(%) SN2
(%)b XNO(%) SN2

(%)b XNO(%)

InHM 45 31 18 26 19 34 20 27 (16%)
LaInHM 32 45 23 12 12 35 24 15 (76%)

a Reaction conditions: GHSV ¼ 7500 h�1, [NO] ¼ [CH4] ¼ 1000 ppm, [O2] ¼ 2%,
[H2O] ¼ 10%, T ¼ 500 �C.

b SN2
(%): Selectivity to N2, SN2

(%) ¼ XNO/XCH4
*50, in brackets the total lose of

conversion from the initial value.
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3.2. XPS results

In Table 3 the binding energies (BE) for La 3d5/2 and In 3d5/2
together with atomic ratios of themain elements of the synthesized
catalysts are presented. The In spectrum for fresh InHM solid pre-
sents just one peak at 446.4 eV that can be associated with species
that interact strongly with the zeolite (exchanged (InO)þ and/or
InxOy) [42]. On the one hand, for the used solid the fitting of the In
3d5/2 peak could be done only by considering two signals. The first
one at low BE (444.2 eV) could be associated to bulk In2O3 [43] and
the second signal at 445.9 eV could be also associated with
exchanged (InO)þ and/or InxOy species or to isolated oxyindium
species [43]. In solids containing lanthanum (fresh and used) the
component at higher BE (446.2e446.3 eV) as for the InHM solid can
also be related also to the presence of (InO)þ and/or InxOy species
[43]. In 3d signals at low BE (445.0 eV) were previously ascribed to
In(I) cations in solids prepared by a dry technique based on the use
of InCl3 sublimation [30]. More recently in In/zeolites prepared by
reductive solid-state ion exchange the peak at 445.4 eV was
assigned to the presence of isolated Inþ cations bounded to zeolite-
bridged framework [43]. On the other hand, for solids prepared by
aqueous ion exchange only, intrazeolite In oxo species were pre-
viously observed [30]. Schmidt et al. [34] suggest that intra-zeolite
In can be obtained by ion exchange, but only to a low extent and
with enrichment of the indium in the external zeolite layers. Be-
sides, it is known that Inþ cations are not stable in air [44]. In view
of the literature the presence of In(I) should be ruled out in the
prepared LaInHM solids. The peak at 454.2e454.3 eV could be
related to indium oxidized species ((InO)þ and/or InxOy) interacting
with the higher charge density of La3þ [45] as was found in La
doped indium oxide.

The La 3d5/2 BE in the fresh catalyst was 836.8 eV, higher than
the values reported for La2O2CO3 (835.0 eV) [8] and for La2O3
Table 3
XPS data.a

Sample Binding energy (eV)
Atomic (%)

Si/Ald In/Sid La/Sid La/Ind In/Ald

In 3d 5/2
b In 3d 5/2

c La 3d5/2

InHM-f e 446.4
100%

e 10.5 0.0019 e e 0.020

InHM-u 444.2
4%

445.9
96%

e 6.7 0.0041 0.027

LaInHM-f 445.3
23%

446.2
77%

836.8
0.38%

9.7 0.0035 0.019 5.43 0.034

LaInHM-u 445.2
65%

446.3
35%

837.2
0.20%

10.5 0.0023 0.008 3.48 0.024

a For all samples, the binding energies of Al, Si, O and C were the following:
C 1s ¼ 284.8 eV, Al 2p ¼ 74.1 ± eV, Si 2p ¼ 102.6 ± 0.1 eV, O 1s ¼ 531.9 ± 0.1 eV.

b Low binding energy (In2O3 or Inþ species).
c High binding energy ((InO)þ or InxOy species).
d XPS surface atomic ratio.
(834.9 eV) [46]. The BE shift between La 3d peaks in the bulk oxide
and the zeolite framework was assigned to La ions highly dispersed
in the zeolite lattice that would be coordinated by H2O molecules
and by oxygen engaged in the partially covalent bonding of the
zeolite framework. The La 3d5/2 BE would indicate that lanthanum
is at exchange position into the mordenite in the fresh solid. The
increase of the BE after reaction indicates a different chemical
environment that could be the result of some interaction with in-
dium species. This fact together with the concentration increase of
(InO)þ species with low BE would confirm the electronic interac-
tion of both elements.

After reaction, the Si/Al ratio of the InHM catalyst decreased,
suggesting that the surface aluminum probably increased due to a
dealumination process. Consequently, in the InHM-u solid some Al
species deposition on the external surface could occur. The deal-
umination of the support was found to be one of the key processes
occurring during deactivation of Cu-zeolite catalysts used for SCR
[47]. The partial dealumination could cause the migration of in-
dium ions into a more associate state under SCR conditions [48].
After the reaction 4% of exchanged (InO)þ appear as In2O3 and the
In/Si ratio increases. These two results, decrease of surface Si/Al and
increase of In/Si ratio, could support the dealumination process and
the migration of indium from the exchanged position as will be
later confirmed by some extent agglomeration observed by TEM.
With the incorporation of lanthanum by ionic exchange on the
InHM catalyst the Si/Al ratio did not change significantly after re-
action ruling out dealumination processes.

3.3. BET area and pore volume

No significant difference on the BET areawas found between the
fresh and used InHM catalysts prepared by ionic exchange, neither
on the pore volume values (Table 4). The dealumination processes
that suffer this catalyst during reaction sustained by XPS and FTIR
(shown later) would not destroy the matrix structure and would
produce small Al extra-framework particles that do not occlude the
pores. But in the used LaInHM, the BET area and the pore volume
decreased (20% and 18% respectively). The loss of the BET area and
the pore volume of the zeolitic catalysts, generally are the result of
the presence of strong dealumination process. So it could be sus-
pect that this process slightly occurred in the LaInHM catalyst.
During the La exchange different hydrated lanthanum species are
present into the synthesis suspension of the catalysts. The smallest
hydrated specie is the hexaquo ion, La(H2O)63þ, with dz 6.6 Å and it
is probably the main ion exchanged species that is able to get into
the main channel of the zeolite (6.7 � 7.0 Å). There is less proba-
bility that La occupies smaller cavities (5.7 � 2.6 Å and 3.7 � 4.8 Å)
[49]. The decrease of the BET area and pore volume can be also
related to the formation of particles with higher sizes in the main
channels under reaction stream than the ones present in the fresh
catalysts.

3.4. XRD results

The XRD patterns were recorded over a range of 2q angles from
5� to 40� and crystalline phases were identified using the JCPDS file
43-0171 corresponding to mordenite. In addition, the cell param-
eters were calculated from (200), (020) and (202) peaks using the
software provide by Shimatzu XRD spectrometer. The crystallinity
of the modified mordenite was calculated by comparing the sum of
the peak areas of (150), (202), (350) and (402) (22e32� 2q) with
respect to calcined H-Mordenite.

Fig. 1 enables to follow the ex-situ structural changes of HM
induced by In and/or La and by the rigorous reaction conditions. X-
ray diffraction patterns of LaIn-containing samples (Fig. 1) showed



Table 4
Volumetric results and data obtained from XRD patterns.

Catalysts N2 adsorption XRD

Area BET (m2/g) Pore volume (cc/g) Crystallinity (%) FWHM [202] -[111] line Unit cell volume (Å3)

HM 521 0.247 100 0.262e0.379 3126
LaHM-f n.a n.a 93 0.231e0.305 3089
InHM-f 525 0.244 97 0.215e0.303 3082
InHM-u 499 (Y5%) 0.244 86 0.227e0.343 3099
LaInHM-f 506 0.262 93 0.184e0.257 3091
LaInHM-u 404 (Y20%) 0.215 (Y18%) 86 0.244e0.299 3098
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in all cases only peaks corresponding to the zeolite matrix. Peaks
ascribed to lanthanum and indium oxide or other La or In-based
phases were not observed in the XRD patterns of fresh and used
catalysts. Nevertheless, the presence of La or In phases of low
crystallinity or crystalline phases with small crystallite size could
not be excluded.

The XRD pattern of HM was included for comparison purposes.
It is clearly seen that the exchange of indium and lanthanum con-
duces to the decrease of the intensities of characteristic zeolite
peaks. The loss of intensity is higher after the successive exchanges
and also after reaction. This fact might be also due to the cation
exchange or some dealumination process [50,51].

The baseline of the XRD patterns of the used catalyst showed a
low increment. There are two causes that may conduce to this
feature: (i) some breakdown after the different treatments (ex-
change, calcination, reaction) and (ii) the dealumination of the
mordenite framework.

In order to evaluate the crystallinity of the used and fresh
samples, the cell parameters and the cell volume were calculated
from the XRD data (Table 4). The catalytic cell volumes slightly
increased after reaction, but this result does not conduce to
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Fig. 1. XRD patterns of the fresh and used prepared solids.
speculate with the presence of a drastic dealumination process
since the crystallinity did not decrease significantly after reaction.

Therefore, according with these results it can be concluded that
the applied wet reaction condition drives a mild structure change
on the zeolitic matrix (Fig. 1, Table 4).
3.5. Pyridine desorption. Py-TPD

The adsorption energies of pyridine on Br€onsted (Br) and Lewis
(Lw) acid sites are very similar and high temperatures
(750e820 �C) are needed to desorb all the adsorbed pyridine [52].
So each TPD peak resulting from the deconvolution does not
correspond to a single type of site, but is rather the result of the
distribution of sites that have comparable adsorption energies
(Fig. 2).

Pyridine desorption results are reported in Table 5. After the In
exchange into the mordenite matrix, the total amount of acid sites
increased respect to the starting support (mmol Py/g cat). But the
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Fig. 2. Pyridine desorption profiles of the support and the fresh and used catalysts.



Table 5
Relative quantity of acid sites present in the studied catalysts.

Catalyst mmol Py/mmol total Py (%)a mmol Py/g
cat

S1 100-400 �C S2 400e600 �C S3 600e750 �C

HM 1.94 (230 �C) 19.2 (445 �C sh) 79 (610 �C) 0.75
InHM-f 18.6 (230 �C) 13.5 (460 �C) 68 (600 �C) 0.98
InHM-u 40.6 (276 �C) 59.3 (550 �C) e 0.55
LaInHM-f 7.28 (276 �C) 63.6 (460 �C) 29 (645 �C) 0.84
LaInHM-u 15.6 (290 �C) 84.4 (585 �C) e 0.26

a In brackets the maximum temperature in each Si range.
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presence of La after In exchange led to a total acidity decrease,
compared with the InHM. After reaction, the acidity in the LaInHM
catalyst drastically decreased (70%) while in the used InHM solid
this value dropped to almost 44%. In order to further investigate the
acidity modifications of the catalysts after reaction, the Py-TPD
profiles were divided in three zones taking into account the
desorption temperature ranges: S1 sites, with 100e400 �C Py
desorption, which could be considered weak acid sites; S2 sites,
with 400e600 �C Py-TPD, which could be considered moderate
acid sites and S3 sites, with 600e750 �C Py desorption, which could
be associated to strong acid sites [52]. No evidence of the pyridine
decomposition at high temperature was observed.

After the cation incorporations into the mordenite and after
reaction, not only did the Py consumption modify but also the
distribution of the different kind of acid sites. In fact, after indium
and lanthanum exchange the strong acid sites dropped 14% after
indium incorporation and 63% after the exchange of La into InHM.
After reaction the strongest acid sites disappear in both catalysts
(InHM-u and LaInHM-u), this effect may be due the result of the
dropping of the specific surface area (because of dealumination
observed in InHM-u) or due to the agglomeration of particles on the
mordenite surface which make the Py adsorption (TEM results)
difficult. It could be suggested that the partial blockage due to
dealumination process conduces to a decrease of the surface area
and to a loss of pyridine adsorption capacity. On the other hand,
with the dealumination, weaker acid sites are developed (EFAl),
and, as a consequence of both processes, a decrease in the total
amount of acid sites is observed. Moreover, the environmental
changes into the matrix (observed by XPS) also take part in the acid
sites distribution.

Hartford et al. [53] studied the La incorporation into ZSM-5 and
deduced that the lanthanum exchange reduces the number of both
Lewis and Br€onsted acid sites on the catalyst, suggesting that the La
ions function as weak acid sites.

The assignment of the distribution of Sn (S1, S2 and S3) of acidic
sites to specific type of centre (i.e. Br or Lw) is hardly attainable on
the basis of TPD results only. Observations by FTIR are needed for a
good discrimination between sites of different natures. However
the results obtained with TPD of pyridine can provide some evi-
dence of quantitative acid cites present in each catalyst (fresh and
used).

4. FTIR results

4.1. Unperturbed samples (before CO adsorption)

The spectra in the 3000e3600 cm�1 interval of the starting
mordenite (HM) is attributed to either SiOH groups in the frame-
work defect sites (nests) interacting through hydrogen bonds or to
distorted bridged hydroxyl acid groups interacting with oxygen
atoms of the framework. Particularly the wide band at 3300 cm�1

may be associated with Br€onsted acid groups in defective sites
(nests included). The frequency of these groups shifted downwards
with respect to “normal” species because of weak hydrogen bond
interaction with other groups.

The very strong band at 3605e3610 cm�1, is due to the bridging
SieOHeAl groups that are exclusively on the inner surface and
possess a strong Br acidity. Such band is characterized by a tail
towards lower frequencies due to the bridging OHs
(3530e3570 cm�1) located in the so-called side pockets [53].

The OH vibration of free silanols SiOH (silanols not interacting
through hydrogen bonds, because they are isolates or in terminal
positions) appears as a wide band at 3720e3740 cm�1 interval [54].

The water adsorption conduces to some typical bands at 3710,
2700 and 1600e1800 cm�1 range. The bands at 2700 and
1600e1800 cm�1 (not shown) have not been observed in any of the
samples analyzed by FTIR, so it can be assured that the vacuum
wafer pre-treatment at 400 �C lead to the total elimination of the
adsorbed water.

After the thermal pre-treatment of wafers in high vacuum, an
adsorption band at 3660e3680 cm�1 due to the presence of hy-
droxyl groups in extra lattice aluminum (EFAl) was observed. This
band also occurs when zeolites are treated under rigorous reaction
conditions (high temperature and high water concentration in the
reaction stream), typical of dealumination process. Hence, on the
HM sample the presence of a small contribution of the band located
at 3660e3680 cm�1 may be due to the treatment followed before
the FTIR observations.

Particularly in the OH stretching region of our evacuated HM
wafer at 400 �C (Fig. 3A) the FTIR spectra consisted of bands at 3740,
3660 and 3610 cm�1. The band at 3740 cm�1, asymmetric in the
low-frequency side, corresponds to the OeH stretching modes of
terminal OH groups (silanols) located on the external surface of the
matrix; while the band at 3610 cm�1 is assigned to OeH stretching
of bridged hydroxyls Si(OH)Al, characteristic of Br acid sites located
in the main channels. This band presents a tail to lower frequencies
(~3580 cm�1) corresponding to Br sites at smaller channels (side
pockets) [55]. It was also reported for other zeolites that the broad
band in the 3000e3500 cm�1 interval corresponds to either SiOH
groups in framework defect sites (nests) interacting through
hydrogen bonds [56] or to distorted bridged hydroxyl acid groups
interacting with oxygen atoms of the framework [57]. The broad
adsorption peak at 3660 cm�1 would indicate the presence of
extra-framework Al3þ [58,8]. Some authors named the 3578 and
3610 cm�1 bands as low (LF) and high (HF) frequency bands, where
LF(OH) has lower acidity than HF(OH) [59,60].

The contribution of the 3610 cm�1 band decreased after the
exchange of indium into HM (40%e30%) because of the indium
exchange process (Table 6 and Fig. 3A and B). Although by Py-TPD, a
total increase in the acid concentration due to the incorporation of
indium was observed. These results are not contradictory because
the acid sites evaluated by FTIR at 3610 cm�1 correspond only to Br
sites, while the Py-TPD gives the total amount of acid sites (Br and
Lw).

The InHM-u catalyst showed an increment of the 3660 cm�1

band in the OH species adsorption range (Fig. 3B). The total area of
the OH range decreased three times and the ratio between the
3610 cm�1 contribution and the 3660 cm�1 decreased from 5.3 to
2.4 in comparison with the fresh solid in which there was no evi-
dence of EFAl (extra-framework Al) entities. On the other hand, the
LF acid sites (c.a. 3550 cm�1) also dropped after reaction. As a result,
it could be concluded that after reaction in the InHM catalyst not
only did the acidity decrease in agreement with the Py desorption
results but also a dealumination process could have occurred.

The LaInHM used and fresh catalysts showed a very broad area
in the FTIR region of OH species. In both solids a band at
3520e3550 cm�1 is observed which correspond to lanthanum at
exchange positions (Fig. 3C). In fact, Moreira et al. [41] related this
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band to La species, and they speculated on the presence of oligo-
merized La species on large Y-zeolites cages.

It has been reported that the lanthanum ion exchange increases
the number of weak acid sites and decreases the number of strong
acid sites. Due to the large size of aqueous lanthanum species,
La(H2O)63þ (d ¼ 6.6 Å) the La ion-exchange is supposed to occur on
the outer surface of the zeolite [61]. This result is in agreement with
the Py-TPD results, in which the S2 sites increase after the
lanthanum ion-exchange.

In order to confirm this speculation, the LaHM sample was also
analyzed by FTIR spectroscopy (Fig. 3A). In the calcined LaHM solid
similar broad band at LF was also observed. The area of the peak
corresponding to the maxima at c.a. 3520 cm�1 in all La containing
samples was higher than the corresponding to strong Br acid sites
(3610 cm�1). This confirms the lower acidity of the LaInHM samples
calculated by Py-TPD. It is important to take into account that the
inhomogeneity of OH species distribution into the mordenite ma-
trix difficults the identification of the acidity strength [54].

The ion exchange on the mordenite and the reaction under
rigorous conditions, conduce to a new distribution between the LF
and HF acid sites. On the other hand, the dealumination process
resulted higher in the InHM than in the LaInHM catalyst. In fact the
proportion of EFAl species increased from 5.5 to 13.9% in the InHM
catalyst after reaction (Table 6). These results are in agreement with
XPS observations.
Table 6
Related areas of the OH range spectra (3000e4000 cm�1).

Catalyst A3540/AT (%) A3610/AT (%) A3660/AT (%)

HM-f 0 39.7 8.1
LaHM-f 49 35.5 n.d
InHM-f 27.7 29.3 5.5
InHM-u 20.2 33 13.9
LaInHM-f 31.9 13.2 8.6
LaInHM-u 34.1 12.4 9.1
In order to gain further insight on the effect of lanthanum on the
modifications of the InHM structure, CO adsorption monitored by
FTIR experiments were performed. CO is a very good probe mole-
cule for the elucidation of the type of acid sites present into the
matrix (Lw or Br).

5. CO-FTIR adsorption

CO adsorption results in the formation of COeOH complex
which lead to two regions in the COeOH spectrum: (i) CO pertur-
bation of eOH groups with typical bands at 3660 to 3300 cm�1

range which position depends on the acidity strength and (ii) the
characteristic of the stretching of CO bands located between 2100
and 2240 cm�1. The position of the latter bands depends not only
on the strength of the acid sites but also on the nature of the
exchanged species into the matrix. The broadness of the OeH
stretching band at 3610e3616 cm�1 and its asymmetry on the low
frequency side conduce to a band at ca. 3340 cm�1 resulting from
the COeOH interaction. Both the broadness and asymmetry of the
IR absorption band corresponding to bridged hydroxyl groups
provide clear evidence for the heterogeneity of the Br sites [62,63].

The CO adsorption bands (2240-2100 cm�1) of the fresh and
used catalysts are shown in Figs. 4e6, while the spectra of the OH
sites altered by the CO adsorption are shown in Fig. 7.

In order to have a reference, the CO adsorption on calcined HM
and LaHM solids were carried out.

HM. Figs. 4A and 7.
The presence of CO yielded several bands (Fig. 4A), whose in-

tensities increased when the CO pressure increased. The bands at
2222 and 2195 cm�1 appeared when 5 Torr of CO was added, while
the signals at 2168 and 2139 cm�1 emerged after higher CO pres-
sure. The formermight result from two components, where the low
frequency band at 2168 cm�1 is assigned to CO adsorbed on Br acid
sites located into the side pockets, and the band at high frequency
(2170 cm�1) was the adsorption signal of COeOH on the main
channel. Then the signal at 2139 cm�1 is attributed to CO as a
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pseudo-liquid state. The bands at 2222 and 2195 cm�1 were asso-
ciated to CO on Lewis acid sites and their intensities almost did not
change when the CO pressure increased.

The nCO at 2168 and 2158 cm�1 were relatedwith the sites at nOH
at 3610 and 3578 cm�1 respectively. Bordiga et al. [64] also
observed on NaMordenite two bands at 2178 and 2163 cm�1

assigned to the CO adsorption on Naþ in themain channels and into
the side pockets respectively. In the HM sample of this work, these
bands were not observed, suggesting that the NH4

þ exchange in the
parent NaMor resulted effective.

The OH groups vibrating in small pores (and cages) underwent
a red shift compared to the frequency at which their vibration
would occur in larger cavities. In fact the 3610 cm�1 band (Fig. 3A)
was asymmetric on the low-frequency side and can be resolved
into two components centered at 3610 and 3578 cm�1, respectively
(not shown). The observed broadness of these bands suggests a
small heterogeneity of both sets of OH groups. The addition of CO
(Fig. 7) conduces to a decrease of the 3610 and 3578 cm�1 bands,
and to the formation of a broad band growing at c.a. 3350 cm�1

which is the sum of the contribution of two bands (c.a. 3437 and
3317 cm�1, not indicated). This suggests the formation of new
hydrogen-bonded COeOH species. The large width of this new
band evidences the inhomogeneity of OH type groups. The sub-
traction of unperturbed wafer to the CO adsorbed spectra also
showed that CO interacts with silanol species defined by the band
at 3660 cm�1.

LaHM. Fig. 4B.
The adsorption of CO at RT on fresh LaHM (Fig. 4B) shows a

strong band at 2189 cm�1 associated with La at exchange. At higher
CO pressure a shoulder appears at 2166 cm�1, suggesting that there
is a less accessible La adsorption site in the matrix. A weak CO-EFAl
signal also appears at 2220 cm�1. The frequency of this band does
not changewith the CO pressure (from 5 to 100 Tor), indicating that
CO adsorbed on isolated La sites.

InHM-f. Figs. 5A, 7A and 7C.
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The analysis of the nCO region (Fig. 5A) on this sample conduces
to spectra similar to the calcined support (HM) but the signal of CO
adsorbed on the OH in the small channels appears as an evident
shoulder at 2156 cm�1.

The CO adsorption bands at 3740 and 3608 cm�1 in the InHM-f
were negative after the subtraction of the unperturbed spectrum;
this is due to the CO adsorbed on the sites corresponding to 3720
and 3610 cm�1 of the unperturbed wafer. However, the CO
adsorption led to positive band at 3494 and 3365 cm�1 which
correspond to the CO stretching interacting with OH species located
at the side pockets and into the main channels respectively. It can
be observed that the peaks are broad, meaning a high heteroge-
neity of the distribution of the species (Fig. 7A and C).

InHM-u. Figs. 5B, 7A and 7C.
After reaction the characteristic band of CO adsorption on Br

acid sites centered in 2168 cm�1, split into two well defined bands
at 2176 an 2159 cm�1 (Fig. 5B). This suggests that there were some
changes in the surroundings of the OH located into the main
channels and into the side pockets. It could be suspected that after
reaction the indium species migrate to outer positions and conduce
to CO molecules polarized by (InO)þ cations located in the main
channel and therefore (InO)þ behave as Lewis acid sites [65].
Although it should be noted that the signal at 2173 cm�1 did not
appear in the fresh sample, this might be from the formation of In
species with a structure similar to the In bulk oxide, as it was
observed by XPS. This evidence may be supported by the results
reported by Are�an et al. who observed similar behavior on Ga/
HZSM catalysts [63].

The adsorption of CO on the OH(3730), OH(3666) and OH(3636)
sites observed on the unperturbed solid spectrum (Fig. 3),
conduced to three well defined negative bands for all CO pressure.
From 3578 cm�1 frequency the adsorption bands became positive,
and also the COeOH interaction peaks at 3440 cm�1 and 3282 cm�1

which correspond to OH(3553) and OH(3636) sites respectively. It
should be noted that the Br€onsted site frequency shifted to a higher
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value: from 3608 to 3636 cm�1. This could suggest that after re-
action there was some modification around the environment of
such acid sites (Fig. 7A and C).

The adsorption intensity is lower than the fresh InHM, which is
in agreement with the BETand XPS results; inwhich the decrease of
surface area and the oxide type indium species were observed on
the solid surface.
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LaInHM-f. Figs. 6A, 7B and 7D.
The spectra taken in the nCO adsorption range (Fig. 6A) were also

notably different from those obtained on the HM and the InHM
fresh and used catalysts. In fact there is a main adsorption band
centered at ca. 2186 cm�1. This band was broadened towards lower
frequencies while the CO pressure increased. The contribution of
the tail of such band could be fitted into two bands after the
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addition of 50 Torr of CO: 2185 and 2165 cm�1. The former attrib-
uted to lanthanum at exchange position with Lewis acid site
conduct [64] and the latter to CO interacting with bridging OH
groups coming from NH4

þ cations not exchanged with lanthanum
and indium located into the main channels. CO adsorption band for
the COeOH into the side pockets was not detected, probably
because the lanthanum or oxide type indium (see XPS results)
species blocked these small channels.

The ratio between the main band and the located at 2220 cm�1

resulted notably higher than the observed in the HM and InHM
solids.

The presence of 5 Torr of CO affected the OH(3735), OH(3670),
OH(3610) and OH(3545) sites, as evidenced by the negative area
after subtraction of the spectrum of the clean wafer at the full
range. The positive broad peak may be fitted into two peaks at 3419
and 3232 cm�1 which suggests the modification of the OeH bond
from the OH sites with different acid strength interaction with the
presence of the CO (Fig. 7B and D).

The spectra resulted from the subtraction are different from the
obtained with the LaHM-f. Therefore, it could be suspected that
there is some interaction between In and La into the mordenite
channels.

Some effect of La on the InHMwas evident when comparing the
intensity of the spectra of LaHM with that of LaInHM. In fact the
adsorption intensity in the latter spectra is higher than in the
former. On the other hand, in the nCO-OH range the adsorption



Table 7
Acidic strength of the Br sites into the mordenite main channels and side pockets.

Catalyst DnCO-OH

Main channel Side pockets

HM 304 (302) 144 (92)
LaHM-f 350
InHM-f 264 (251) 107 (102)
InHM-u 301 (290) 88 (73)
LaInHM-f 280 (235) 44
LaInHM-u 288 57
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intensity on LaHM-f was very low and the CO interaction with OH
hardly was evidenced after exposure to 100 Torr of CO (not shown).

LaInHM-u. Figs. 6B, 7B and 7D.
The CO adsorption frequencies resulted similarly although with

lower intensity than in the fresh LaInHM. The CO adsorption at the
OH region presented notable differences between the mono and
bimetallic samples. At low CO coverages, the interaction of CO with
Lw sites dominates over the Br sites [66] (Fig. 6B).

The bands at 3730, 3664 and 3610 cm�1 resulted negative for all
CO pressures, while only at 100 Torr positive bands arise at 3479 and
3339 cm�1 due to the CO contribution on 3534 and 3618 cm�1 OH-
sites. This effect of the negative areas could be due to the decrease of
the catalyst specific area and/or pore volume after reaction. High
pressure is needed to distinguish CO interactionwith OH because of
the low CO accessibility to the acid sites (Fig. 7B and D).

5.1. Comparison of acid site strength

The preceding results suggest that the presence of lanthanum
and/or indium into the fresh and used catalysts conduce to signif-
icant modifications on acid sites into the mordenite. These changes
may be the result of the presence of indium and/or lanthanum at
exchange sites interacting with nearby OH acid sites or to structural
modifications leading to changes of the acidic strength. Neverthe-
less, it should be taken into account the structural modifications
from the process of dealumination or cations mobility produced by
the hydrothermal treatment during the reaction.

The types of hydroxyl groups occurring into the mordenite are
(i) SiOH from defect, outer surface or silica impurities, (ii) AlOH
from no-skeletal alumina and silica alumina impurities (extra-
framework Al, EFAl) and (iii) SiOHAl from the mordenite skeleton.
As well, it is widely known that the acid strength is in the order:
SiOHAl > AlOH > SiOH [67,68].

On the other hand, the gOH shift due to the perturbationwith CO
reflects the acid strength of the hydroxyl groups. It is established
that the lower the red shift (DgCO-OH), the lower the site acidity. The
frequency assignments to each OH species gOH are shown in Table 7,
Fig. 8. Transmission Electron Microscopy (TEM) images. The bar in t
together with nCO-OH bands driven from the formation of COeH-
bonded complex. The gCO originated by the CO adsorption is also
reported.

In this vein, we could speculate with the characteristic of the
acid sites present in each studied sample in this work. From the
fitting of the 4000e3000 cm�1 interval of the spectra obtained
after the subtraction of unperturbed samples to the spectra after
the CO adsorption, we can report two main broad peaks that are
present at all CO pressure: (i) 3365e3225 cm�1 and (ii)
3420e3494 cm�1, both ranges were assigned to OH into the main
channels and into the side pockets respectively. Then, in the
2050e2100 cm�1 range the CO vibrationwere: 2170 and 2158 cm�1,
whereas for catalysts containing lanthanum the main band is at
2184 cm�1.

The band at ca. 2156 was related to the 3660 cm�1 assigned to
EFAl sites. In all samples the bands at 2180e2150 cm�1 range were
broad, which could indicate that there was a contribution of EFAl
entities together with other acid sites. However, the spectra ob-
tained with the CO adsorption on InHM-u revealed a clear presence
of EFAl groups as it was also observed in Fig. 3B (InHM-u spectra)
and in agreement with XPS results.

Table 7 shows the DgCO-OH and the following experimental ev-
idence can be distinguished: (i) I all samples the OH bands corre-
sponding to OH at both positions, in the side pockets and in the
main channels presented the OeH bond alteration because of the
CO presence, and (ii) In all samples, the strength acidity calculated
by fitting the resulted spectra of the adsorption of 100 Torr followed
the same trend of the integration results obtained from the spectra
with 50 Torr of CO (number in brackets).

It should be noted that for all samples the acidity from the hy-
droxyl species placed in the small cavities is lower than the
observed in the big channels. The highest strength was observed in
the calcined unmodified support (HM). The incorporation of in-
dium conduced to a decrease of the acidity (InHM-f), but after the
lanthanum exchange the strength of Br€onsted acid sites was
partially recovered (Table 7). After reaction the InHM-u and
LaInHM-u samples increased the acidity into the main channels. It
should be also remarked that the OH species into side the pockets
lose their acidic capacity compared to the starting mordenite, being
more drastic in the lanthanum-containing catalysts.

The presence of lanthanum on the InHM catalyst not only
reduced the number of strong acid sites (Br€onsted) but also the total
acidity (Table 6). On the contrary, the exchange of La alone into the
HM increases notably the acidic strength. The lanthanum exchanged
process might be produced on the surface of the mordenite because
of the size of the ionic species of the exchange solution.

The acid strength associatedwith the OH into themain channels
can be ranked as follows:
he left picture correspond to 50 nm and in the right to 20 nm.



Fig. 9. Transmission Electron Microscopy (HRTEM) images and EDX spectra of LaInHM-f and LaInHM-u catalysts.
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LaHM-f>HM> InHM-u>LaInH-u>LaInH-f> InH-f.Asaresult, the
LaeIn interaction affects the acidity as also thewet reaction condition.

Consequently, the interaction of protons from mordenite (HM)
and La ions from LaHM-f together with the In ions from InHM-f
conduced to a catalyst (LaInHM-f) with an acid strength interme-
diate between the starting monometallic solids.

All of these considerations do not exclude the broadness of the
OH vibration bands which is due to interaction of these sites with
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the complex neighborhoods into the zeolite framework, but we
believe the foregoing arguments are worth considering and are full
supported by well-known references.

5.2. Transmission Electron Microscopy (TEM) images

In order to support the foregoing hypothesis the transmission
Electronic Microscopy technic was also applied.

The InHM-f microscopy shows scarce number of particles
distributed on the catalysts with sizes from 4 to 7.5 nm (Fig. 8). In
the used catalyst the concentration of bigger particles is higher
(7e18 nm) than before used under reaction (Fig. 8). This would
assert that some sinterization process hardly occurs.

The inter-planar distance of the support was also measured
resulting 1.2 nm in the fresh catalyst and 1.4 nm in the used. There
is no evidence of structure damage after reaction.

EDX analysis on the LaInHM-f and LaInHM-u solids were per-
formed (Fig. 9). The main observed difference is that after reaction
the In and La particles are closer than in the fresh catalysts. In fact
on the fresh catalyst several zones were scanned in order to
determine the presence of both elements in the same area, but it
was not feasible. However, in the used catalyst it was possible to
find both types of particles together in several scanned areas
(Fig. 9).

6. Main experimental evidence and conclusions

The maximum conversion of InHM and LaInHM in dry reaction
conditions resulted 75% at 400 �C for InHM and 48% at 450 �C for
the LaInHM sample.

From the catalytic activity results it could be concluded that the
hydrothermal stability of the InHM catalysts is higher than in
LaInHM solids. This conclusion does not agree with the results
reported by Gutierrez and Lombardo [8]. They observed that the
presence of lanthanum in the CoHM solid improves the hydro-
thermal stability of CoMordenite catalysts. This difference between
LaInHM and CoLaHM may be due to the exchange process. In fact
divalent cobalt ions are smaller than the trivalent indium, so the
incorporation of lanthanum after the indium exchange should be
more difficult than the addition of lanthanum into the CoHM. This
factor conduces to lanthanum and indium species located in more
external positions than the cobalt and lanthanum in the CoLaHM.

These authors concluded that lanthanum avoid the formation of
EFAls species into the matrix of the CoLaHM catalyst. This effect
seems to be the same in the LaInHM. In fact the EFALs sites do not
increase after reaction on the LaInHM,while in the InHM-u the band
at 3660 cm�1 in the FTIR spectra increases significantly. On the
contrary, in the LaInHM catalysts the pore volume and the specific
area decreased after reaction. This result support the hypothesis that
lanthanum ions are not placed into internal positions, where the
structure protection of lanthanum is only on the zeolite surface.

The hydrothermal treatment of InHM catalysts conduce to:

� Dealumination process (XPS, FTIR, XRD, N2 adsorption)
� Decrease of total acidity (Py-TPD)
� Increment of the acidic strength (CO-TPD)
� Some slight sintering process (TEM)

The hydrothermal treatment of LaInHM catalysts conduce to:

� Slight dealumination process (XPS, FTIR)
� Decrease of total acidity (Py-TPD)
� Increment of the acidic strength (CO-TPD)
� Loss of specific area and pore volume (N2 adsorption)
� Minor distance between the La and In particles, i.e. mobilization

of particles during the reaction.
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Finally, we could reach the following conclusions:
The comparison between InHM and LaInHM after reaction

conduces to speculate that the exchanged lanthanum into the InHM
catalyst protects the structure from the dealumination process. But
the presence of this rare earth leads to a particular interaction with
the indium active sites that would not improve the activity. This
hypothesis is clearly evidenced by the XPS results where the con-
centration of (InO)þ in LaInHM is lower than in the InHM catalyst.
The last fact that cooperates with the LaInHM lower activity is the
obstruction of mordenite channels due to the complex ion ex-
change process.
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