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Indium species dispersed on zeolites by high temperature treatment in air of indium-impregnated NH4-
zeolites were characterized and related to the catalytic behavior of the solids in the selective catalytic
reduction of NO,. NO-TPD, H,-TPR and CO-TPR experimental results show that higher temperatures
increase the fraction of dispersed InO" and In,O, phases. These species can oxidize nitric oxide to NO,
and are in greater amounts on the mordenite framework. X-ray indium mapping and TEM observations
show a heterogeneous distribution of In,05 particles in solids with higher indium content. These oxides

ls(?lgvgr;\ils(; have smaller crystal size and a larger interaction in the framework of ZSM5. TGA-SDTA results point out
lndium—ze)(()lites that the thermal treatment simultaneously produces a solid-state indium exchange and a zeolite dehy-
Dispersion droxylation, the exchange level being higher at larger indium contents. The catalytic behavior of the
Impregnation In-zeolites studied can be explained in terms of the type and proportion of indium species present
Exchange according to the indium loading, thermal treatment and type of zeolite framework. For both zeolites, a

higher temperature treatment extends the NO, conversion windows because there are larger amounts
of active InO*. But the maximum deNO, activity is lower for In-mordenite due to the larger amounts
of InyO, in this zeolite. This non-selective phase increases the methane conversion level. When the
indium content is higher, the deNO, activity further increases, in line with a larger fraction of active
InO" species. Besides, the catalytic activity of the solids does not decrease despite the excess of indium

in these samples under the form of In,05 crystals.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

One of the alternatives to control NO, emissions is through their
selective catalytic reduction with hydrocarbons in excess of oxy-
gen using metal-zeolites [1,2]. The study of this type of catalysts
developed along the last two decades since Armor et al. in a pio-
neering work, discovered that Co-ZSM5 can effectively reduce
NO, with methane in the presence of excess oxygen [3]. The same
authors discovered later that other combinations such as Mn?* and
Ni?* with certain types of zeolites, e.g., ZSM-5 and mordenite are
active catalysts for this reaction [4]. However, among the many
metal-zeolite combinations that have been explored since, those
based on indium appear as one of the most promising because of
their high catalytic activities for NO reduction when CH,4 is used
as a reductant, mainly In-ZSM5, In-mordenite [5-12] and also
In-Ferrierite [1,13]. Different methods have been developed to
add indium to zeolites, which determine the type of dispersed
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indium phases [14]. Among the well-known methods for indium
incorporation, we could mention the following techniques: reduc-
tive solid-state ion exchange (RSSIE) [15,8,12], ionic exchange from
an indium salt solution [9,11,13], indium precipitation [8], subli-
mation and treatments of physical mixtures of zeolite and indium
oxide [2,7,16], some of which are well described in the literature
[8,14]. The method that has been most extensively studied is the
RSSIE in which reductant and oxidative atmospheres with heating
are alternated at high temperature to generate the exchanged ac-
tive indium species. It has recently been shown that this process
can also be carried out alternating atmospheres of argon and oxy-
gen [17]. Indium-exchanged mordenites from In°/H-mordenite
mixtures have also been prepared through oxidative exchange pro-
cedures [18]. It should also be mentioned that several other studies
have been published in which a second metal is added to In-zeo-
lites in order to improve their catalytic performance [16,11,19].
Aless commonly used variant of the indium SSIE is to perform the
exchange by direct heating of indium-impregnated zeolites in an
oxidant atmosphere. In this way, very active In-zeolite catalysts
for the SCR of NO, have been obtained [6,10,20]. This method is also
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suitable to prepare active In-zeolite structured catalysts for the
same reaction [21,22]. The preparation is simple, involves only one
thermal treatment and does not require changes of atmospheres,
in contrast to RSSIE. Moreover, direct heating of metal-impregnated
zeolites could be more reproducible compared with methods based
on treatments of physical mixtures of zeolite and indium oxide. The
latter depends on the grinding process and particle characteristics. It
has been shown that a high temperature treatment of indium
impregnated H-forms of zeolites provokes that indium sesquioxide
reacts in a solid state reaction with the zeolite protons [7,10,23]. In
this exchange the oxidation state of In is cationic (+3); then the ex-
change between indium and zeolite protons occurs via an acid-base
reaction [7]: In,03 + 2H'Z™ — 2(In0)*Z~ + H,0 (Z~ denotes zeolitic
exchange positions).

We have recently reported the surface and structural character-
ization of indium impregnated zeolites treated at high temperature
in air [24]. The main conclusions were:

- Thermal treatment causes a partial dealumination of mordenite
whereas ZSM5 is a more stable framework as shown by 2°Si and
27A1 NMR results.

- It was observed by FTIR that In-zeolites treated with nitric
oxide formed NO, on the surface of the solids.

- XRD showed that in solids containing above 4 wt.% of indium,
crystalline In,03 is formed.

- XPS indicated the presence of two surface species with different
interaction with the zeolite framework.

The aim of the present work is to study in greater depth the dis-
persion characteristics of indium species formed during high tem-
perature treatments in air of indium-impregnated NHy-zeolites, as
well as their impact on the SCR of NO,. We report on the effect of
temperature treatment, indium loading and zeolite framework.

2. Experimental
2.1. In-zeolite preparation procedure

NH4-mordenite Zeolyst (Si/Al = 10) and NH4-ZSM5 Zeolyst (Si/
Al =15) were impregnated while stirring in an excess of indium
solution (0.5g1' of In(NO3); Aldrich P.A.). The resulting slurry
was evaporated to dryness and maintained at 120 °C overnight.
In this way, all indium incorporated to zeolites by the impregna-
tion method (with an indium solution of known concentration)
was exactly the same as the one that finally remained in the solids.
Afterwards, a calcination step was carried out heating in synthetic
air at 10 °C min~! up to 500 °C and maintaining at this temperature
for 12 h. Some aliquots of the indium-zeolite samples calcined at
500 °C were subject to a further calcination step at 700 °C by 2 h.
In this way, different solids treated at 500 °C and 700 °C in air
atmosphere were obtained with indium contents of 4 and 8 wt.%
for both zeolites. For the samples with 8 wt.% of indium, the theo-
retical maximum degrees of exchange (as InO*) were 47% and 68%
for In(8)-mordenite and In(8)-ZSM5, respectively. By means of N,
adsorption measurements, the obtained BET surface areas of the
supports were 477 m?/g for NHs-mordenite and 380 m?/g for
NH4-ZSM5 whereas for the samples containing 8 wt.% of indium,
the BET surface areas were 351 m?/g for In(8)-mordenite and
326 m?/g for In(8)-ZSM5.

2.2. Characterization techniques

2.2.1. Temperature-programmed desorption of NO (NO-TPD)
The sample (50 mg) was heated in a He flow at 400 °C for 2 h in
order to clean the surface. It was then cooled to r.t. in a flow of dry

He and immediately afterwards put in contact with dry NO diluted
in He (5000 ppm) for 20 min. Then, NO was purged from the gas
phase and the programmed desorption was started at a heating
rate of 10 °C min~!, measuring the gas concentration (NO,) at the
outlet of the reactor with an FTIR instrument (Mattson Genesis
1) equipped with an on-line cell with CaF, windows for gas phase
analysis. The measurements were carried out taking successive
spectra every two minutes during the temperature ramp.

2.2.2. Thermogravimetric analysis (TGA) and single differential
thermal analysis (SDTA)

A Mettler Toledo STAR® with a TGA/SDTA851¢ module was em-
ployed. For the SDTA® analysis, the temperature difference was re-
ferred to an electronically generated signal that reproduced the
thermal response of an inert sample. For pre-drying, a temperature
ramp from 30 °C to 150 °C in N, flow (50 mL min~!) was applied
with a heating rate of 15°C min~'. After that, the experiment
was run from 150 °C to 1000 °C at a heating rate of 10 °C min!
in a flow of air (industrial grade; 30 mL min~') employing 15-
20 mg of solid placed inside a 70 pL alumina crucible. After the
experiment, the derivate of TGA (DTGA) was also obtained for
the exact determination of the transition temperatures.

2.2.3. Temperature-programmed reduction with H, (H>-TPR)

The H,-TPR was performed in an Okhura TP-2002S instrument
equipped with a TCD detector with tungsten filaments and a
molecular sieve 5 A trap. The sample (50 mg) was first pretreated
in situ with N, for 30 min at 300 °C before the TPR experiments.
After that, the sample was cooled at r.t. in N, flow and the TPR
was run immediately in a 5% H,-Ar stream (15 mL min '), heating
at 10 °C min~! up to the maximum treatment temperature.

2.2.4. Temperature-programmed reduction with CO (CO-TPR)

The experiments with CO were performed using a gas mixture
consisting of 5% of CO in He balance. Thirty milligrams of sample
were placed in a quartz reactor, whereas 15 mLmin~' flowed
through the reactor during the entire test. The temperature was
raised from r.t. up to 800 °C with a heating rate of 10 °C min~'.
The evolved CO, from the reduction of samples was captured with
a trap made of NaOH/SiO, located at the reactor outlet.

2.2.5. Transmission electron microscopy (TEM)

Specimen preparation was done by making a suspension of the
powder sample in acetone that was ultrasonically dispersed. Some
drops of this suspension were placed in a carbon-coated copper
grid. TEM images were obtained with a JEOL-2000 FXII instrument
with 0.28 nm point to point spatial resolution, operated at 200 keV.

2.2.6. X-ray microanalysis and elemental mapping

An X-ray microanalyzer Energy 300 coupled to a scanning elec-
tron microscopy JEOL JSM 6400 was employed. The analyses were
performed on broad areas to get the elemental composition of the
samples and in smaller selected areas on particles to perform ele-
mental mapping. Samples were first dispersed in acetone and then
put into a holder and covered with a thin film of graphite.

2.3. Catalytic evaluations

Catalysts were evaluated in a continuous flow system equipped
with mass flow control-meters in the selective catalytic reduction
(SCR) of NO, with methane. The composition of the reacting stream
was 1000 ppm NO, 1000 ppm CH,4, 10% O, in He balance. The reac-
tion was performed at atmospheric pressure in a quartz reactor
heated in a furnace with temperature controller. The temperatures
ranged between 300 °C and 600 °C with a flow/catalyst weight ratio
(F/W)of 500 mL min~! g of zeolite ' (100 mg catalyst with a flow of
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50 mL min~! was employed) that means a space velocity (GHSV) of
15,000 h~'. The sample was first heated in He up to 300 °C and then
maintained 2 h to clean the catalyst and then, the reactant stream
was fed and catalytic experiments in SCR of NO, were performed.

NO, and CH, conversions were calculated as: Xyo, = [i[g‘z]]g x 100

and Xcy, = % x 100, respectively, where X is conversion,
4

[NO,]° and [CH,4]° are inlet gas concentrations and [N,] and [CH4]
are outlet gas concentrations in ppm. The analyses of gas composi-
tion in catalytic experiments were performed with a Shimadzu GC-
2014 gas chromatograph equipped with a thermal conductivity
detector (TCD) and a zeolite 5 A column. Helium was used as carrier
gas.

3. Results and discussion
3.1. Temperature-programmed desorption of NO (NO-TPD)

It has been recognized that on In-zeolites prepared by several
different methods three main species could be present, namely, ex-
changed InO", In,03 oxides and dispersed non-stoichiometric oxi-
des like In,O,, the first one being the active site [7,10,12,13]. In
all analyzed In-zeolite samples three NO-TPD signals were ob-
served. Interestingly, NO, is the main gas evolved with a desorp-
tion taking place in two temperature zones. A signal of NO is also
present at low temperature. The NO, species observed in the NO-
TPD runs were only NO and NO,. The NO-TPD experimental results
obtained for In(4)-mordenite and In(4)-ZSM5 are shown in Fig. 1.
In view of the fact that the adsorbed gas was NO, it is likely that the
NO, desorption originated from the NO oxidation caused by
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indium species. Moreover, the formation of NO, occurred at the
surface of the solids and not in the gas phase, as confirmed by FTIR
measurements of these same solids in which a NO, absorption
band was identified [24]. The redox behavior of InO* species was
observed in recent studies of Mihalyi and Beyer [25] who found
an interconversion between In* and (InO)* through FTIR measure-
ments of adsorbed pyridine on In-zeolites. The oxidation of NO to
NO, was also observed on other indium-exchanged zeolites, form-
ing adsorbed (ONO)-InO* or NO,-InO" species [26]. Then, the ob-
served NO, desorption in our samples should be from NO
oxidized on dispersed indium species, such as exchanged (InO)*
and also probably on other highly dispersed oxides as In,0,.
Table 1 summarizes the NO-TPD results for the In-zeolites stud-
ied, showing the ratios between integrated areas under the peaks. It
can be observed that there are changes in the relative amount of the
total NO, evolved as a function of the different indium loadings
(NO,T99/N0O,™%). Moreover, for In-mordenite the ratio between
the low and high temperature NO, peaks (NO5/NOY) changes
(low temperature peaks are those in which the maximum lies be-
tween 70-110 °C, whereas high temperature peaks are those in
which the maximum lies between 350-400 °C). The NO5 peak in-
creases with respect to NOY as a result of the higher temperature
treatment while for higher loaded sample this ratio is smaller (Ta-
ble 1). An increase in NO desorption is also observed with higher
temperature treatments and indium loadings (NO7°°/N0>°), Table
1 also shows that on the ZSM5 framework, the amount of desorbed
NO, is lower than for the mordenite samples and that the higher
temperature treatments do not substantially change the NO;/NOY
ratio for this zeolite. All these observations demonstrate that NO-
TPD is a sensitive technique to get information about the dispersion
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Fig. 1. NO-TPD profiles of In-zeolite solids: (a) In(4)-mordenite; (b) In(8)-mordenite; (c) In(4)-ZSM5; and (d) In(8)-ZSM5. Catalyst treated at 500 °C in dashed lines: NO,
(dashed black); NO (dashed dark yellow). Catalyst treated at 700 °C in solid lines: NO; (solid black); NO (solid dark yellow). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Table 1
Relationships between NO-TPD signals of In-zeolites.
In-mordenite In-ZSM5
NOx ratios (ppm/ppm) 4wt% In 8wt% In 4wt% In 8wt% In
500 °C 700 °C 500 °C 700 °C 500 °C 700 °C 500 °C 700 °C
INO,4/NO,M 1.35 2.53 0.88 1.29 0.72 0.81 0.91 0.88
PNO,T 7°/NO, " 500 3.21 1.55 1.92 1.25
°NO700/NO°® 1.32 2.40 2.05 9.75

2 Ratio between the area of NO, peak desorbed at low temperature (NO,") and the area of NO, peak desorbed at high temperature (NO,"). The low temperature peaks are
those in which the maximum of the signals lies between 70-110 °C, whereas high temperature peaks are those in which the maximum of the signals lies between 350-400 °C.
b Ratio between the total amount of NO, desorbed from the sample treated at 700 °C (NO,'7°°) and total amount of NO, desorbed from the sample treated at 500 °C

(NOZTSOO).

¢ Ratio between the NO desorbed from the sample treated at 700 °C (NO”%°) and the NO desorbed from sample treated at 500 °C (NO>%).

of indium species present in the zeolites and that the NO, signals
are related to the more dispersed species while the NO signals are
related to the less dispersed ones. NO, formation matches the total
amount of dispersed phases while the NO,/NOY matches the pro-
portion of the possible species involved; exchanged InO* and dis-
persed In,O,. The desorption of NO is linked to the larger In,05
particles that cannot oxidize adsorbed NO. The observations indi-
cate that higher temperature treatment and indium content in
the zeolites increase the amount of both the highly dispersed
InO* and In,O, but also the low dispersed In,03 phases. These vari-
ations in the proportion of indium species formed will be further
corroborated in the next discussion of TPR characterization.

3.2. Temperature-programmed reduction with H, (H>-TPR)

TPR profiles of In-mordenite show two main peaks in the 200-
400 °C range as observed in Fig. 2a. For all mordenite samples, the
peak at low temperature increases after treatment at 700 °C. For
the sample with higher indium content and treated at 500 °C, the
intensity of the 350 °C reduction peak increases compared with
the low loading sample, and the profile shows a tail towards higher
temperatures. When this sample is further treated at 700 °C, a new

peak at 750 °C appears and there is also an increase of the low tem-
perature peaks as shown in Fig. 2a. To assign these signals, we rely
on previous H,-TPR studies. For In-mordenite obtained trough the
RSSIE method [18,27], it has been proposed that the 350 °C H,-TPR
signal is caused by the reductive exchange of In,03 with the zeolite
as: In,03 + 2H, + 2H'Z™ - 2In*Z~ + H,0. If this sample is later oxi-
dized, (InO)"Z" is produced and a subsequent TPR shows a signal
shifted to lower temperature (250°C) according to: (In-
0)Z™ +H; - In"Z™ + H,0. By comparing these assignments with
the reduction profiles of our samples, the low temperature peaks
can be attributed to easily reducible dispersed indium phases such
as (InO)" and In,O, whereas. The higher temperature peak is as-
cribed to the reduction of bulk In,03 phases to form In*Z as already
observed in other indium-loaded zeolites [23]. The H,-TPR profiles
of In-mordenite follow the tendency observed in NO-TPD experi-
ments for samples with different indium content and thermal
treatment; the highly dispersed species increases with high tem-
perature treatment while the less dispersed one increases with
the indium content.

The H,-TPR curves of In-ZSM5 samples (Fig. 2b) also show
peaks in the 200-450 °C range. The In(4)-ZSM5-500 sample has
a small proportion of low dispersed phases (shoulder near

750
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TCD signal (a.u.)

In(8)-mor-500

In(4)-mor-700

In(4)-mor-500

(b) 36‘30

In(8)-ZSM5-700

In(8)-ZSM5-500

In(4)-ZSM5-700

In(4)-ZSM5-500

200 400 600 800
Temperature (°C)

200 400 600 800
Temperature (°C)

Fig. 2. Temperature-programmed reduction with hydrogen (H,-TPR): (a) In-mordenite samples; (b) In-ZSM5 samples.
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450 °C) but increases after the 700 °C treatment, as evidenced by
the disappearance of the shoulder and the increment of the low
temperature peaks. For the large loaded sample, the TPR peaks
are more intense but broader indicating a higher amount of dis-
persed phases and with a wider degree of interaction, respectively.
The higher temperature reduction peak ascribed to bulk In,03 was
not observed. However, the presence of crystalline In,05 in this
sample has been probed by XRD analysis [24]. Therefore, these in-
dium crystals should be in higher interaction with this zeolite and
correspond to the tail of TPR profile signal above 400 °C (see TPR of
In(8)-ZSM5-700 in Fig. 2b).

Unlike H,-TPR, the reduction with carbon monoxide could dif-
ferentiate between reducible oxygenated species that reinforce
the above discussed results. Next we present the CO-TPR charac-
terizations of In-zeolites.

3.3. Temperature-programmed reduction with CO (CO-TPR)

The reduction of indium oxides by CO could only be caused by
abstraction of oxygen atoms available in these species, thus form-
ing CO,. The capacity of indium oxides to lose oxygen atoms has
been shown in the previously discussed NO-TPD experiments. In
Fig. 3, the CO-TPR of In-ZSM5 and In-mordenite are presented.
As expected all curves are shifted to higher reduction temperatures
(above 400 °C), compared to the respective H,-TPR, because CO is a
weaker reducing agent than H,. For In-mordenite (Fig. 3a), the
700 °C treatment produces an increment of the signals with a dis-
placement towards higher temperatures. In one of the few CO-TPR
studies of In-mordenite, Schiitze et al. [27] found a broad signal
between 250-600 °C that they assigned to oxo-cations species,
such as (InO)". In view of our previously discussed NO-TPD and
H,-TPR results, these shifts should be associated with the develop-
ment of indium oxygenated dispersed phases while the changes in
the low temperature range should be caused by indium oxides
with low dispersion, i.e. In,O3 crystals.

493
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In(8)-mor-700

In(8)-mor-500
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In(4)-mor-700
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In(4)-mor-500

200 400 600 800
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On the other hand, for In-ZSM5 samples we observed trends of
CO-TPR similar to those of In-mordenite (Fig. 3b). The dispersed
phases increased with higher temperature treatments and also fur-
ther increased with higher indium loadings. However, on higher
loaded samples negative peaks appeared due to a CO adsorption
that was released during the TPR experiment (Fig. 3b). As CO
adsorption was not observed for In(8)-mordenite, it can then be
inferred that the low dispersed In,03; particles formed on In(8)-
ZSMS5 are responsible for the observed CO adsorption in that case.
It is known that In,03 nanoparticles are sensitive to adsorb CO [28]
but to a different degree depending on particle size and shape,
compared with In,O3 particles that do not interact with CO. As
shown in previous H,-TPR experiments, there are differences be-
tween the In,03 crystals present in mordenite and ZSM5, most
likely due to the fact that crystal size produced different interac-
tions with the zeolite matrix. To further confirm this assumption,
TEM observations were performed.

3.4. Transmission electron microscopy

Fig. 4 shows TEM images of In-mordenite and In-ZSM5 sam-
ples. In the In(8)-mordenite sample (Fig. 4a and b) there appear
a large number of islands as dark spots spread on the surface of
zeolite crystals. These particles are ascribed to indium oxide and
have a size in the 4 nm to 10 nm range. In the In(8)-ZSM5 sample
(Fig. 4c and d), segregated particles are also observed. However,
their size is much smaller compared to that in mordenite. The de-
tected particles are smaller than 3 nm and are aligned along the
edges of the zeolite crystals, probably due to the accumulation of
precursors in the intercrystalline voids. The presence of larger
In,05 particles on In(8)-mordenite agrees with the H,-TPR of this
sample, which showed a reduction peak of oxide species with a
bulk behavior. The smaller particle size of In,03 on In(8)-ZSMS5 is
consistent with the higher interaction of the oxide in this zeolite,
which was also observed in H,-TPR experiments (tail above

533
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(b) 483 |
In(8)-ZSM5-700
In(8)-ZSM5-500

=

In(4)-ZSM5-700
In(4)-ZSM5-500
) v ) v ) v )

200 400 600 800

Temperature (°C)

Fig. 3. Temperature-programmed reduction with carbon monoxide (CO-TPR): (a) In(4)-mordenite and In(8)-mordenite; (b) In(4)-ZSM5 and In(8)-ZSM5. Figure shows

curves for samples treated at 500 °C and samples treated at 700 °C.
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Fig. 4. Transmission electron microscopy (TEM) images: (a) and (b) In(8)-ZSM5 sample treated at 700 °C; (c and d) In(8)-mordenite sample treated at 700 °C.

450 °C). No dispersed oxides were detected by TEM in the samples
containing 4 wt.% indium. The different particle size of In,0O5 in the
catalysts with high indium loading could lead to a different inter-
action with the zeolite, deriving in a different CO adsorption
behavior such as the one observed in CO-TPR for both zeolite
samples.

3.5. X-ray microanalysis and indium elemental mapping

The observation of the higher indium loaded zeolites by SEM in
backscattering electron mode shows some bright areas in zeolite
particles as shown in Fig. 5a and b. The increased density of elec-
trons in these sectors is due to the higher backscattered electrons
because of the heavier indium atoms. Actually, local X-ray analysis
of indium in those areas showed a higher concentration of indium
atoms as the one indicated in the legend of Fig. 5. The circles drawn
indicate the approximate area of interaction during the analysis.
Fig. 5c shows the X-ray indium mapping of In(8)-ZSM5 in which
it is clearly seen that higher indium concentration matches with
the zones of higher backscattered electrons in the image of
Fig. 5b. The indium oxide particles segregated on zeolite crystals,
as observed by TEM, originate a non-uniform distribution of

indium in the catalyst. It should be mentioned that X-ray indium
mapping on 4 wt.% In loaded samples did not show inhomogenei-
ties in indium distribution.

3.6. Thermogravimetric analysis (TGA) and single differential thermal
analysis (SDTA)

The indium impregnated zeolites, should exhibit changes in
mass and thermal response during the thermal treatment of
impregnated solids. We performed TGA-SDTA experiments trying
to follow these changes. TGA of NHs;—mordenite (Fig. 6a) shows a
weight loss at low temperature due to water release followed by
another process that starts near 350 °C associated with NH3 evolu-
tion (total weight loss at low temperature of 10.5 wt.%), whereas
another one after 600 °C was caused by dehydroxylation. These
are the main processes that are likely to occur in the ammo-
nium-zeolite. The SDTA curve shows endothermal processes at
the same temperatures, in agreement with the said processes.
However, STDA shows two peaks in the high temperature zone
in agreement with a dehydroxylation of OH in two environments
for this zeolite. FTIR studies of this support showed two compo-
nents in the 3600 cm™! region due to the stretching vibration of
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Full image (general):
Inwt. % =6.7

Zone 1: Inwt.% =7.3
Zone 2: Inwt.% =12.9

Full image (general):
Inwt.% = 7.5.
Zone 1: Inwt.% =17.8

Fig. 5. Backscattering electron images and X-ray indium analysis: (a) Backscattering image of In(8)-mordenite-700; (b) backscattering image of In(8)-ZSM5-700. (c) X-ray
indium mapping on sector indicated in (b) (in circles, zones of punctual X-ray analyses are indicated).

different acidic OH [24,29]. For the NH4-ZSM5 zeolite there is also
a weight loss at low temperatures due to H,O and NH; (total
weight loss at low temperature of 6.4 wt.%) and another weight
loss starting near 600°C due to thermal dehydroxylation
(Fig. 6¢). However, the STDA profile in the high temperature zone
showed only one big endothermic peak that is centered at 850 °C.

For the analysis of the TGA-SDTA curves, only the changes that
appear after 600 °C will be of interest for the following discussion.
Table 2 summarizes the normalized mass loss and SDTA relation-
ships for both NH4-zeolites and In-zeolites above 600 °C. It can
be seen that the thermal treatment originates a smaller mass loss
at temperatures above 600 °C in NH4-ZSM5 than in NH4-morde-
nite (relationship of 0.46), which is indicative of a lower magnitude
of dehydroxylation in the former. However, as shown in Table 2 the
ratios between the integrated areas of normalized SDTA signals at
temperatures above 600 °C, have opposite trends (relationship of
1.55). In view of the fact that the SDTA signal is proportional to
mass and AH involved in the processes, the said ratio represents
differences in AH of the dehydroxylation between both zeolites.
The higher magnitude of dehydroxylation in NHs-mordenite, al-
beit with lower energies (AH) compared to NH4-ZSM5, is consis-
tent with the greater amount of OH groups present in that
zeolite and its lower thermal stability [24]. These variables are of
relevance on solid-state indium exchange processes.

In indium-impregnated samples, the TGA curves show a bigger
weight loss at low temperatures as shown in Fig. 6 for In(4)-mord-
enite and In(4)-ZSM5, due to a release of water, ammonium and
nitrate incorporated during the impregnation step (total weight
loss at low temperature of 13.2 wt.% and 9.5 wt.%, respectively).

For the 8 wt.% indium samples, the corresponding total weight loss
at low temperature was 154 wt% for In(8)-mordenite and
11.2wt% for In(8)-ZSM5. Differences in SDTA signals above
600 °C of In-zeolites are noticed. For In(4)-mordenite (Fig. 6b) a
single broad endothermic signal with higher intensity than NH4-
mordenite is observed and for In(8)-mordenite, this signal further
increases but this increment is not proportional to the indium con-
tent as shown in Table 2. This result suggests that two processes
with different energies could be taking place, as indium exchange
reactions occurring at the two OH sites present in this zeolite. The
bridging OH groups in mordenite have been assigned to OH located
in the side pockets and that located in the main channels, the for-
mer having a higher acidity [29]. The different reactivity of bridg-
ing OH groups (exchange sites) in this zeolite was also reported for
cobalt-exchanged mordenite [30]. The increased SDTA signals with
indium loading correspond to a higher indium exchange level. The
exchange probably takes place first with more reactive (acid) sites
and then continue with the less acidic OH.

For In-ZSM5 solids (Fig. 6d), the SDTA analysis above 600 °C
shows a single and broad endothermic signal that increases pro-
portionally with the indium content (Table 2). This implies indis-
tinguishable reactive sites during the SSIE. The similarity of
acidic OH in H-ZSM5 (exchange sites) has been determined by
spectroscopic analysis because of the similar chemical environ-
ment of the bridging OH in this zeolite [31], supporting the SDTA
observations.

From the above results, it can be inferred that in both indium-
impregnated NH4-zeolites, thermal treatment in air causes indium
solid-state exchange simultaneously to thermal dehydroxylation of
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Fig. 6. Thermogravimetric (TGA) and single differential thermal analysis (SDTA): (a) NHs—mordenite; (b) In(4)-mordenite. (c) NH4-ZSM5; (d) In(4)-ZSM5.

Table 2

Relationships between SDTA and TGA signals above 600 °C for ammonium supports and In-zeolites.

Indium content (wt.%)  TGANH4-ZSM5/NH4-mordenite®

SDTANH4-ZSM5/NH4-mordenite®

SDTAIn-mordenite/NH4-mordenite®  SDTAIn-ZSM5/NH4-ZSM5¢

0 0.46 1.55
4 - -
8 - -

1 1
1.38 1.30
2.35 1.62

¢ Ratio between mass loss of the ammonium-supports from 600 °C to 1000 °C. The mass loss of each support was first normalized with respect to their mass at 600 °C.
b Ratio between the integrated areas of SDTA signals of the supports from 600 °C to 1000 °C. The SDTA signals for each support were first normalized with respect to their

mass at 600 °C.

¢ Ratio between the integrated areas of the SDTA signals of In-zeolite and support from 600 °C to 1000 °C. The SDTA signals for each sample were first normalized with

respect to their mass at 600 °C.

the zeolites, the former being more energetic and occurring prob-
ably in two events on In-mordenite, each event corresponding to
different acidic OH sites.

3.7. Catalytic evaluations

Fig. 7 shows the catalytic features of In-mordenite and In-ZSM5
solids in the SCR of NO,. For both types of zeolite supports, the cat-
alysts treated at 700 °C have higher NO, conversion than those
treated at 500 °C. Since it has been well established that exchanged
(In0O)" is the main active site for the said reaction [7,10,20], the ob-
served trend is in line with the increase in the amount of this spe-
cies with higher temperature treatments. As a matter of fact, the
NO-TPD and TPR experiments indicated an increase of the concen-
tration of highly-dispersed indium species in samples treated at
700 °C. The amounts of these species were higher for In-morde-
nite; however it can be seen that the maximum NO, conversion le-
vel for this In-zeolite is lower than that obtained with In-ZSM5
(Fig. 7). This fact indicates that other indium species must be influ-
encing the catalytic performance.

The SCR of NO, reaction is a sum of three main reactions: the
oxidation of NO to NO,; the reaction between NO, and the hydro-
carbon to give N, and CO, (selective reaction); and the reaction of
the hydrocarbon with oxygen (non-selective reaction). The more
active the catalyst for the non-selective reaction, the lower NOy
conversion is obtained due to a lower availability of hydrocarbon.
By comparing curves in Fig. 7 it can be clearly seen that In-mord-
enite is more active for methane combustion than In-ZSM5, thus
explaining the lower activity of the former for NO, reduction. Fur-
thermore, 100% of CH4 conversion is reached for In(4)-mordenite
samples at 500 °C (Fig. 7c), but only 57-67% of CH4 conversion is
reached at the same temperature in the case of In(4)-ZSM5
(Fig. 7a). The high activity for the non-selective reaction in In-
mordenite should be related to the formation of non-selective in-
dium species in this zeolite framework. As regards these species,
characterizations indicate that there are higher amounts of dis-
persed InO, in mordenite. These species should be responsible
for the lower selectivity and activity on the In-mordenite catalysts.

When indium content is higher in both zeolites, dispersed in-
dium species are still present and in higher proportions as
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Fig. 7. Catalytic features of thermally treated indium-impregnated NH,-zeolites in the SCR of NO, with methane in oxygen excess. NO, and CH,4 conversions curves for: (a)
In(4)-ZSM5; (b) In(8)-ZSM5; (c) In(4)-mordenite; (d) In(8)-mordenite. Figure shows curves for samples treated at 500 °C and samples treated at 700 °C (the conditions in

SCR of NO, were GHSV 15,000 h~'; 1000 ppm of CH, and NO, 2% O, in He balance).

observed by NO-TPD and TPR characterizations. In In(8)-ZSM5,
the activity is higher than in 4 wt.% In loaded samples (Fig. 7d)
in agreement with higher amounts of active InO" sites. The activ-
ity level also shows that the indium excess produced in this zeo-
lite as low dispersed oxides, as shown by TPR and TEM, is not
detrimental to the catalyst activity. Then, they should not signif-
icantly block the accessibility of reagents to active sites in con-
trast to other cases [6]. It can be seen that the 700 °C treatment
extends the windows of high NO, conversion for both zeolites.
In In-mordenite it does so towards higher temperatures whereas
in In-ZSM5, towards the lower temperature range. In the case of
high metal loaded samples, the activity increase with the higher
temperature treatment can be ascribed not only to higher
amounts of InO" but also to the decrease of non-selective In,O,
phases that can sinter forming In,03 as above discussed. This sit-
uation is clear for In(8)-mordenite (Fig. 7d) in which a decrease
of methane conversion together with the increase of deNO, activ-
ity level above 350 °C result in a significant increase of the selec-
tivity to the SRC reaction.

4. Conclusions

The dispersion of indium species on indium-impregnated NH,-
mordenite and NH4-ZSM5 caused by thermal treatments in air
atmosphere was characterized and related to their activities in
the SCR of NO,. A treatment at 500 °C produces the exchanged
InO* species in both zeolites and also other highly dispersed In,0,
phases. Both can oxidize NO to NO, at two different temperatures

as shown by NO-TPD experiments (Fig. 1). A further treatment at
700 °C increases the amount of dispersed and highly reducible
phases as shown by TPR (Figs. 1 and 2). In the case of samples with
higher indium loadings, the amount of both dispersed phases and
the less dispersed In,05 also increases (Figs. 1-3). As shown by
TEM, these oxide particles have a size of about 4-10 nm in mord-
enite and less than 3 nm in ZSM5, which has a higher interaction
with the latter (Fig. 4). This particle oxide segregation produces a
non-homogeneous distribution of indium on zeolite crystals as
shown by the backscattering electron images and X-ray indium
mapping analysis (Fig. 5). The thermal treatment of impregnated
solids involves endothermic reactions at temperatures above
600 °C as shown by SDTA, due to the simultaneous thermal dehy-
droxylation and solid-state indium exchange processes. SDTA also
shows that the indium exchange level increases with the indium
content (Fig. 6). The catalytic activity of the In-zeolites changes
depending on the proportion of indium species in the material, a
function of indium loading, thermal treatment and zeolite frame-
work (Fig. 7). Solids treated at 500 °C are active for the SCR of
NO, due to the partial exchange of InO*. Both In-zeolites treated
at higher temperature increase the solid-state reaction level, pro-
voking an enhancement in NO, conversion. However, the larger
amount of Iny0, on In-mordenite is responsible for the lower activ-
ity of this catalyst because these species are more active for meth-
ane combustion. Higher contents of indium further improve the
NO, conversion in both zeolites in line with the generation of
new InO" sites and due to the sintering of non-selective In,O,
phases forming In,0s. This segregated In,03 has no detrimental ef-
fect on the catalytic activity.
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