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Abstract—The effect of acid treatment on the physical and chemical characteristics of BEA zeolite, as well as the cata-
lytic activity of the Fe-BEA catalyst for N,O reduction under NH,-selective catalytic reduction (NH;-SCR) conditions,
was examined. The acid treatment caused dealumination of BEA and enrichment of the silanol groups on vacant T-
sites and the Bronsted acid sites. As the acid treatment time increased, the silanol groups and the weak acid sites in
BEA also increased. Because the weak acid sites behave as anchoring sites for Fe ions, the catalytic activity also
increased as the treatment time increased. However, extended exposure of BEA to acid decreased the catalytic activity
of the Fe-BEA catalyst somewhat, and decreased the silanol groups and weak acid sites. The catalytic activity and the
amount of weak acid sites were well correlated with the BEA acid treatment time.
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INTRODUCTION

Since the Kyoto protocol was announced, N,O, like CO,, has
been considered a major greenhouse gas. Even though emissions of
N,O are relatively small, N,O has a great impact on global warm-
ing because its global warming potential (GWP) is 310 times that
of CO, [1-3]. Catalytic thermal decomposition [4-10] and selec-
tive catalytic reduction (SCR) with reductants such as ammonia
[11,12] have been proposed and implemented as technologies to
reduce N,O emissions. Of these, SCR of N,O with ammonia has
recently gained more attention because its energy consumption re-
quirements are less intensive than those of catalytic thermal decom-
position [13-17].

Zeolites are widely used in various industrial catalytic applica-
tions for their stability, activity, and high selectivity [18-21]. Metal-
containing zeolites were found to be efficient catalysts for N,O
decomposition, as well as for the SCR of N,O with ammonia [22-
26]. Mauvezin et al. studied N,O reduction by ammonia with var-
ious types of zeolites, such as BEA, MFI, FAU, and FER, and
found that Fe jon-exchanged BEA and FER zeolites were the most
promising catalysts for N,O reduction [27]. Kamasamudram et al.
compared Fe- and Cu-containing zeolites, and found that Fe-con-
taining zeolites have higher activities as catalysts for N,O reduc-
tion [28]. @ygarden and Pérez-Ramirez compared various modified
zeolites containing Fe and reported that dealuminated BEA had
the highest catalytic activity for N,O reduction [29].
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Zeolite modification to tune catalytic properties is often performed
by dealumination. Steam and/or acid treatment usually lead to par-
tial dealumination of zeolites, resulting in particular acidic proper-
ties and catalytic activities of the zeolites [30-34]. Although it has
been proposed that an appropriate dealumination process would
improve the catalytic activities of metal-supported zeolite, however
the effect of dealumination by acid treatment on the catalytic activ-
ity of Fe-BEA has not been reported.

In this study, we investigated the physical and chemical proper-
ties, as well as the catalytic activities, of Fe-BEA catalysts that were
prepared by dealumination of BEA zeolites by nitric acid with var-
ious treatment times.

EXPERIMENTAL

1. Catalyst Preparation

BEA zeolite (Zeolyst, CP814E, SiO,/ALO;=25) was treated with
0.2 M HNO; solution for varying treatment times (10, 30, and 60
min). Then, the acid-treated BEA was washed with distilled water
and put in an aqueous solution containing 0.004 M of Fe(NO,),-
9H,0 (Sigma Aldrich, 98%). The resulting solution was stirred for
15 h before filtration. The filter cake was dried overnight in a con-
vection oven at 373 K. This procedure was repeated three times,
and then the ion-exchanged BEA was calcined in air at 773K for
6h. The prepared catalysts were designated according to the acid
treatment time as Fe-BEA(10), Fe-BEA(30), and Fe-BEA(60). For
instance, Fe-BEA(10) is the catalyst prepared via Fe ion-exchange
of BEA that was pretreated with acid for 10 min.
2. N,O Reduction by NH,-SCR

NH;-selective catalytic reduction (NH;-SCR) was carried out in
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a fixed bed reactor in the temperature range of 623-673 K. The
prepared catalyst was sieved to achieve a particle diameter range of
250-355 um. Approximately 400 mg of sieved catalyst was placed
in the reactor, and reactor temperature was increased from room
temperature to 623 K for 95 min for heat treatment. Then, the tem-
perature was decreased to 573 K before the reactant gas mixture
was injected. The reactant gas mixture consisted of 300 ppm NOy,
300 ppm N,O, 600 ppm NHs, 3 vol% O,, and balance N,. The flow
rate of the gas mixture was controlled by a mass flow controller
(MFC, Brooks), and the gas hourly space velocity (GHSV) was
45,000 h™". Then, the reactor was heated to 673K at intervals of
10K. The N,O concentration in the effluent gas was measured using
an on-line gas analyzer (Siemens Ultramat 6).

3. Catalyst Characterization

The compositions of all the samples were determined by an
inductively coupled plasma atomic emission spectrometer (ICP-
AES, OPTIMA 7300 DV, Perkin-Elmer).

The surface morphology of the catalyst was investigated by using
field emission-scanning electron microscopy (FE-SEM, S-4800,
Hitachi). The BET surface area was measured with N, at 77 K using
a Micromeritrics model ASAP 2010 instrument following pre-
treatment of the samples at 473 K for 4 h.

The acid site concentration was measured by Al and 'H magic-
angle-spinning (MAS) NMR (500 MHz, Varian Unity INOVA). All
solid-state MAS NMR measurements were on a Varian INOVA
spectrometer at a rotating frequency of 15kHz at 298 K. The Al
spectra were recorded at a resonance frequency of 130.3 MHz with
4000 scans. The excitation pulse length was 1.0 s, and the recycle

time was 1.0's. The chemical shifts were referenced to an external
standard (AI(NO);, 6=0.54 ppm). The spectra were normalized to
the sample mass for quantitative comparison. For "H MAS NMR,
the spectra were recorded at a resonance frequency of 499.9 MHz
with 800 scans. The pulse length and the recycle time were 4.0 pis and
5s, respectively. Tetramethysilane (TMS) was used as a reference.

NH,-TPD (temperature-programmed desorption, BELCAT-M,
Bel Japan) was used to measure the acid strength and relative
amount of acid. The sample cell was heated at a rate of 10 K/min
to 523 K under a flow of He (50 ml/min). When the thermal con-
ductivity detector (TCD) was stabilized at 523 K, the sample cell
was cooled to 373 K. Then, NH, gas was flowed through the sam-
ple cell for 30 min, and the cell was flushed with He until NH; was
not detected. Finally, the sample cell was heated at a rate of 5K/
min to 873 K, while desorbed NH; was measured with the TCD.
In situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS, Nicolet iS10, Thermo Scientific) was used to investigate
structural changes in the acid-treated catalysts as the reactant gas
was introduced. Spectra were recorded at 4 cm™ resolution with
64 scans in a cell equipped with ZnSe windows. All samples were
heat treated for 30 min at 773 K in a N, atmosphere before meas-
urement. The spectrum of KBr was used as a reference for all meas-
urements.

RESULTS AND DISCUSSION

1. Physicochemical Characterization of Fe-BEA
The prepared Fe-BEA catalysts and BEA zeolite were character-
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Fig. 1. SEM images of (a) BEA and Fe-BEA zeolite catalysts treated with acid for (b) 10, (c) 30, and (d) 60 min.
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Table 1. Composition of acid-treated zeolite catalysts. (analyzed by ICP-AES)

HNO; (0.2 M) . Bulk molar ratio
F 0, Al 0, 0,
Catalyst treatment time, min e [wi%] [wt%] i [wtfe] (Fe/Al)
BEA zeolite - - 1.75 29.0 -
Fe-BEA(10) 0.2 M/10 min 2.72 0.86 30.3 1.52
Fe-BEA(30) 0.2 M/30 min 2.33 0.25 279 4.50
Fe-BEA(60) 0.2 M/60 min 2.03 0.26 320 3.86

ized prior to the catalytic activity test. Fig. 1 shows SEM images of
the catalysts. All the samples appeared to consist of particles with
sizes in the range of 40-50 nm with similar particle shapes. Nei-
ther the acid treatment nor the Fe ion-exchange process affected
the apparent morphology of the catalyst surface. The concentra-
tions of Al and Fe in BEA and Fe-BEA catalysts were measured by
ICP-AES; their values are shown in Table 1. As expected, the con-
centration of Al decreased with the acid treatment. Al concentra-
tion in BEA was measured as 1.75wt% and decreased to 0.86,
0.25 and 0.26 wt% after 10, 30, and 60 min of acid treatment, re-
spectively. The Fe loadings in Fe-BEA appeared to decrease from
2.72 to 2.06 wt% as the acid treatment time increased. This indi-
cates that the not all Fe ions take positions on the vacant sites from
which Al atoms are removed. The surface areas, pore volumes,
and pore diameters determined by BET analysis were very similar
for all samples (Table 2). Although the acid treatment and Fe ion-
exchange process seemed to increase pore volume and pore diam-
eter slightly, the change was too small to be significant.

Table 2. BET analysis results for acid-treated zeolite catalysts

Seer Pore volume Pore diameter
Catalyst (2 %) (c? /o A)
BEA zeolite 633 0.75 48
Fe-BEA(10) 644 0.83 52
Fe-BEA(30) 679 0.84 50
Fe-zeolite(60) 625 0.84 54
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Fig. 2. 1D Al MAS NMR spectra of BEA and acid-treated Fe-BEA
catalysts.

2. Changes in Environment of Al Species During Acid Treatment

The local structural changes of Al T-atoms were characterized
by Al MAS NMR spectroscopy. In the NMR spectra shown in
Fig. 2, signals assigned to tetrahedral Al species were observed be-
tween 50 and 65 ppm in addition to resonances corresponding to
extra-framework octahedral Al species around 20 ppm. The strong
signal at 57 ppm in the BEA spectrum indicates the presence of tetra-
hedrally coordinated framework aluminum. The broad signal shape
indicates two types of sites (T1-T2 at 54 ppm and T3-T9 at 57 ppm)
[35]. The signal between 0 and 20 ppm represents extra-frame-
work octahedral Al species. The broad shape of this signal suggests
that the extra-framework octahedral species are in a rather dis-
torted form, not a well-ordered form. After the acid treatment and
Fe ion-exchange process, the tetrahedrally coordinated Al species
clearly disappeared, and the signals of the octahedrally coordinated
Al species sharpened. This change might indicate that the octahe-
drally coordinated Al species were transformed to a more ordered
from. The dealumination process has been reported to produce
vacant T-sites that can be used as anchoring points for metal ions
following an jon-exchange process [34]. Therefore, it was assumed
that the tetrahedrally coordinated Al species were removed during
the acid treatment to produce empty T3-T9 sites and Fe ions were
attracted to these empty sites during the subsequent ion-exchange
process.
3. Influence of Acid Treatment on Zeolite Acidity

Fig. 3 shows the 'H MAS NMR spectra of BEA and the acid-
treated Fe-BEA catalysts. 'H MAS NMR is useful for identifying
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Fig. 3. "H MAS NMR spectra of BEA and acid-treated Fe-BEA cat-
alysts.
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the hydroxyl groups in zeolites and measuring the Brensted acidity.
The signal assigned to the protons of a bridged Si-O(H)-Al Bren-
sted acid site was observed at 6.89 ppm for all samples. The signal
was very weak, but its intensity increased significantly after the acid
treatment and ion-exchange process. The intensities of the signal
are in the order: Fe-BEA(30)>Fe-BEA(10)>Fe-BEA(60)>>BEA. The
acid treatment is believed to remove alumina from the lattice and
add more hydroxyl groups at the resulting empty site, and there are
a few literature reports of similar phenomena [35,36]. The signal
at 6.89 ppm is associated with silanol groups at vacant T-sites that
are generated by acid treatment of zeolites [36]. Therefore, it is rea-
sonable to consider that the intensity of this signal is proportional
to the amount of hydrogen-bonded silanol groups at vacant T-sites
that were created by the acid treatment. If these hydrogen-bonded
silanol groups behave as anchoring sites for metal ions, the sam-
ples with higher intensities might have higher catalytic activities due
to a higher density of Fe ijons.

To investigate the effect of the acid treatment on the acidity of
the catalysts, TPD tests were carried out. In the NH,-TPD results
shown in Fig. 4, two major peaks are observed for all samples with
very similar shapes. The first and second peaks appeared in the
temperature ranges of 443-463 K and 643-653 K, respectively. The
first peak is attributed to desorption of NH, from weak Brensted
acid sites, whereas the second peak is attributed to desorption from
Lewis acid sites [37]. The acid treatment appears to produce more
weak acid sites. Although the maximum of the peaks varied some-
what with acid treatment time, the narrow temperature window
indicates that the acid treatment time does not affect the acid
strength. However, the number of acid sites was affected by the
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Fig. 4. NH,;-TPD patterns for acid-treated Fe-BEA catalysts.

Table 3. Concentration of acid sites (mmol/g) in Fe-BEA catalysts
with different acid treatment time

Catalyst Total acid sites Weak acid sites  Strong acid sites
BEA 0.613 0.336 0.277
Fe-BEA(10) 0.404 0.372 0.032
Fe-BEA(30) 0.490 0.454 0.036
Fe-BEA(60) 0.390 0.352 0.038
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treatment time. As shown in Table 3, the total number of sites are
in the order: Fe-BEA(30)>Fe-BEA (60)~Fe-BEA (10). The parent
BEA apparently contains much higher concentration of total acid
sites than Fe-BEA catalysts. The significant decrease of strong acid
site concentration after Fe loading indicates that the most of Fe
ions are bound to strong acid sites during the ion exchange step.
The same phenomenon was witnessed when the Fe ions were
loaded on BEA without the acid treatment in our previous experi-
ment. When only Fe-BEA catalysts were concerned, however, it
appears that moderate acid treatment resulted in increased the
number of acid sites in Fe-BEA catalyst, but excessive treatment
decreased the number of acid sites. Note that the change in total
acid sites was mostly attributed to changes in the number of weak
acid sites of Fe-BEA catalyst, as the number of strong acid sites
only increased slightly with the treatment time. Thus, the acid
treatment time only affected the weak acid sites. This result is con-
sistent with 'H MAS NMR analysis. It is assumed that the nitric
acid treatment removes Al from the lattice of the catalyst, result-
ing in production of vacant T-sites, in which silanol groups behave
as anchoring sites for Fe ions. However, excessive acid treatment is
believed to cause partial collapse of the zeolite structure through the
formation of an amorphous phase [37-39]. Such a structural change
could also cause some of the silanol groups and weak acid sites in
the catalyst to collapse, resulting in decreased catalytic activity.
4. Effect of Acid Treatment on Zeolite Functional Groups

Fig. 5 shows the IR spectra of the acid-treated Fe-BEA zeolites
at 623 K in a N, atmosphere. In the region above 3,000 cm ™, three
major bands are observed at 3,739, 3,674, and 3,596 cm™'. The band
at 3,739 cm™" is assigned to terminal Si-OH groups, whereas that
at 3,674 cm’ is associated with OH groups bonded to Fe" species.
The band at 3,596 cm™" s attributed to the isolated bridging pro-
ton between Si(OH)Al and AIOH. These three bands were well
observed in all Fe-BEA catalysts. However, the band at 3,674 cm™
was not observed in BEA. Furthermore, it is notable that the band
at 3,596 cm™' was diminished when Fe was loaded. This indicates
that all the three Fe-BEA catalysts were successfully loaded with
Fe. The broad massif is reported to be due to interactions between
SiOH and Si(OH)AI groups at defect sites [37]. As the intensities
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Fig. 5. FTIR spectra of acid-treated Fe-BEA catalysts at 623K in a
N, atmosphere.
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Fig. 6. FTIR spectra of acid-treated Fe-BEA catalysts at 623 K under
NH,-SCR conditions.

of the band at 3,674 cm ™ increased and the one at 3,596 cm ™ de-
creased relative to that at 3,739 cm™' upon Fe loading, it is reason-
able to consider that the isolated bridging protons in Si(OH)Al and
AIOH were exchanged with Fe species and Fe ions were bound
with OH groups on catalyst surface. On the other hand, the peaks
at 966 and 883 cm ™' were associated with the oxidation state of Fe
and its coordination with other atoms. The peak at 966 cm™" is a
T-O-T framework vibration perturbed by Fe species. Therefore,
the observation of this peak is evidence of successful Fe loading,
and the intensity is proportional to the amount of Fe loaded. As
seen in Fig, 5, the intensity of the peak at 966 cm™" is in the order:
Fe-BEA(30)>Fe-BEA(60)>Fe-BEA(10)>BEA, that is, the most
intense perturbation of T-O-T framework vibration by Fe species
was observed for Fe-BEA(30). The degree of T-O-T perturbation
is reported to be directly proportional to NO, desorption and con-
version [40]. The peak at 813 cm™" was associated with stretching
of Si-O-Si formed from Si-O-Al during acid treatment. This peak,
which is used as an indicator of the structural stability of zeolites,
was the highest in Fe-BEA(30).

Fig. 6 shows the IR spectra of the acid-treated Fe-BEA catalysts
under NH;-SCR conditions at a temperature of 623 K for compar-
ison with the spectra of the Fe-BEA catalysts in a N, atmosphere
(Fig. 5). Unlike the spectra in N,, peaks at 3,674 and 3,596 cm "
were not observed in the spectra under NH,-SCR conditions for
any of the three samples. This result indicates that the Fe' species
bonded to a hydroxyl group is catalytically active and is reduced to
Fe" following reaction with N,O. The peaks at 966 cm™" are sharper
than those in the spectra in Fig. 5. Reduction of the Fe" species
bonded to a hydroxyl group to Fe" would increase the degree of
freedom of the Fe species and produce a stronger perturbation of
the T-O-T framework vibration. Under NH,-SCR conditions, the
peak at 813 cm ' is also the most intense for Fe-BEA(30) among
the Fe-BEA catalysts.

5. Catalytic Activity Test

Catalytic activity tests were carried out with the Fe-BEA cata-
lysts under NH;-SCR conditions. As shown in Fig. 7, the N,O con-
version was found to be in the order: Fe-BEA(30)>Fe-BEA(60)>
Fe-BEA(10) for all temperature ranges. These results were consis-
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Fig. 7. Comparison of the N,O conversion performance of Fe-BEA
catalysts with different acid treatment times.

tent with the behavior expected based on the analysis of the char-
acteristics of the Fe-BEA catalysts. The increase in the number of
weak acid sites produced by the acid treatment corresponded to
the achievement of higher N,O conversion. This result is well
matched with our assumption that the acid treatment created vacant
T-sites by removing Al from the zeolite lattice and that the vacant
T-sites behaved as anchoring sites for Fe ions.

CONCLUSION

The effect of the acid treatment time on the catalytic activity of
Fe-BEA zeolites for N,O conversion under NH;-SCR conditions
was investigated. The acid treatment did not affect physical prop-
erties of the catalyst, such as shape, size, and BET surface area.
Instead, it was confirmed that tetrahedrally coordinated Al spe-
cies in BEA were removed by the acid treatment and vacant T-
sites were created. These vacant T-sites behaved as anchoring sites
for Fe ions. The acid treatment time clearly affected the amount of
weak acid sites in the Fe-BEA catalysts, as well as their catalytic
activities. As the treatment time increased, the number of weak
acid sites increased and the catalytic activity was enhanced. How-
ever, excessive acid treatment is believed to cause collapse of the
zeolite structure, resulting in decreased catalytic activity. There-
fore, with careful adjustment of the acid treatment conditions, the
population of silanol groups on catalyst surface could be controlled
to optimize the catalytic activity.
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