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Abstract

Post-synthesis treatment of Fe-BEA with hydrogen has previously been shown to improve the low-
temperature activity for NO reduction during standard NH;-SCR. Here, a 2 wt. % Fe-BEA sample was
prepared by incipient wetness impregnation and calcined in air at 450°C for 3 h. The fresh sample was
then treated with 5 % H, at 650°C for 5 h. The evolution of different iron species in Fe-BEA before
and after Hp-treatment was studied using in situ DRIFT spectroscopy with NO as probe molecue, and
by UV-Vis spectroscopy. The DRIFTS results show that the relative intensity of the absorption peak
representing isolated iron species increases significantly after H,-treatment of the fresh Fe-BEA
sample. Furthermore, the UV-Vis results show a significant decrease in the relative intensity in the UV
region representing larger iron particles wheareas the relative intensity representing smaller iron
species increases after treatment of Fe-BEA with hydrogen. The results show that the low-temperature
NO reduction during standard NH3;-SCR can be increased for Fe-BEA by redispersion of smaller iron

species into the zeolite structure by hydrogen-treatment.

Keywords: Selective catalytic reduction; NH;-SCR; Low-temperature activity; Zeolite beta; BEA;
Fe-BEA; Iron; Iron species; Post-synthesis treatment; Hydrogen-treatment; NO adsorption, in situ
DRIFT spectroscopy, UV-Vis Spectroscopy
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1. Introduction

Iron- [1-6] and copper- [3, 7-11] exchanged zeolites are presently the most common and
promising NOx reduction catalysts for mobile NH;-SCR applications. In general, copper-exchanged
zeolites have higher low-temperature activity whereas iron-exchanged zeolites have higher high-
temperature activity for SCR. According to several studies, monomeric Fe’* [12-23] and binuclear
[HO-Fe-O-Fe-OHJ*" [12-15, 21-27] iron species are suggested to be the active species for low- and
high-temperature SCR, respectively. Furthermore, larger iron oxides particles [14, 15, 28] are
suggested to be the governing iron species for NO oxidation.

To achieve an improved low-temperature SCR activity for iron-exchanged zeolites, different
methods may be applied [1]. Iwasaki et al. [29] showed that the SCR activity for Fe-ZSM-5 can be
improved by hydrogen-treatment of the sample. In a recent study by our group [30], the low-
temperature SCR activity for iron-exchanged zeolite BEA (Fe-BEA) was significantly improved by
post-synthesis treatment of the sample using hydrogen. The increased activity was suggested to be due
to breaking of iron oxide clusters into smaller iron species, which probably are stabilized by forming
stronger bonds to the zeolite matrix. However, the exact nature of the improved low-temperature
activity due to hydrogen-treatment of Fe-zeolites is still unclear and not determined. Furthermore, in
another recent study [21], the dynamics of the active iron species before and after thermal treatment
was studied using in situ FTIR spectroscopy with NO as probe molecule and correlated to a broad
range of activity measurements and characterization techniques. A variety of iron species, active for
NO adsorption, were identified and the evolution of these species was followed after thermal
treatment. The results showed that smaller iron species (monomeric and dimeric) form oligomeric iron
clusters after short time of ageing whereas longer time of thermal treatment results in formation of
larger iron oxide particles.

The aim of the present study is to give an increased understanding of the mechanism improving
the low-temperature activity after post-synthesis treatment with hydrogen. The evolution of the
different iron species of Fe-BEA are studied after hydrogen-treatment by hydrogen using in situ FTIR

spectroscopy with NO as probe molecule as well as X-ray diffraction and diffuse-reflectance UV-Vis
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spectroscopy. The results in the present study are correlated with activity data from our recent study of

hydrogen-treated Fe-BEA [30].

2. Experimental Methods

2.1. Material

A 2 wt. % Fe-BEA catalyst prepared by incipient wetness impregnation is used in the present
study. 9.8 g H-BEA (SAR=38, Zeolyst International) powder was dried at 120°C for 2 h and 1.44 g
Fe(NOs);-9H,0 (Fisher Scientific) was dissolved in 9.8 ml distilled water. The iron nitrate solution
was carefully mixed with the dried H-BEA powder and then dried again at 120°C for 24 h before

crushed into a fine powder and finally calcined in air at 450°C for 3 h.

2.2. Post-synthesis treatment with hydrogen

The 2 wt. % Fe-BEA powder catalyst was treated with hydrogen using a continuous gas flow
reactor system which is described in more detail in ref. [7]. A cordierite monolith substrate (Corning;
400 cpsi; 21 mm in diameter and 60 mm in length) was prepared where the inner parts were cut out in
an oval shape. The Fe-BEA powder was spread inside the monolith before placed inside the quartz
tube. The gas flow through the reactor during the hydrogen-treatment was 3500 ml/min and consisted
of 5 % H, and Ar as inert gas and the temperature was kept at 650°C for 5 h. Before the high-
temperature H,-treatment the sample was exposed to the same gas composition at 30°C in order to
eliminate any species which can act as oxidants at high temperatures and thereafter the temperature
was increased using the same gas mixture (5 % H, in Ar). Furthermore, after the hydrogen-exposure,
the sample was first flushed with Ar for 10 min at 650°C and then exposed to 8 % O, for another 5 h

before cooled to room temperature.

2.3. X-ray diffraction
X-ray diffraction (XRD) was used to identify any changes of crystalline phases of the sample due
to the hydrogen-treatment. The XRD instrument used was a Siemens D500 X-ray diffractometer with

Bragg-Brentano geometry and a Cu Ko source. The main BEA zeolite diffraction peaks at 20 = 7.74
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and 22.7° [31, 32] were studied before and after hydrogen-treatment. Furthermore, the region with

diffraction peaks characteristic for iron oxide, Fe,Os, at 20 = 33.2 and 35.5° [33] was also examined.

2.4. FTIR spectroscopy

In situ FTIR spectroscopy was used to follow the evolution of surface species on the samples.
Spectra were recorded with a BioRad FTS 6000 spectrometer in diffuse reflectance mode where the
sample (about 50 mg) was placed in an in situ flow reactor (Harrick Praying Mantis DRIFT cell). The
total gas flow was kept constant at 400 mL/min using argon as balance and separate mass flow
controllers (Bronkhorst Hi-Tech) for NO, O, and Ar were used to control the feed gas composition.
The IR spectra were recorded with a spectral resolution of 1 cm™ where background spectra were
taken in Ar with the same spectral resolution prior to each experiment at the same temperature as the
subsequent experiment. Before the experiments the samples were pretreated in a flow of Ar and 5 %
0, at 500°C for 1 hour. Adsorption experiments using NO as probe molecule were performed for both
fresh H-BEA and Fe-BEA samples, and for the H)-treated Fe-BEA sample by exposing the sample to
400 ppm NO for 30 min at 150°C, where DRIFT spectra continuously were recorded during the

adsorption process until saturation.

2.5. UV-Vis spectroscopy

The fresh H-BEA, Fe-BEA, and hydrogen-treated Fe-BEA samples were further characterized
using diffuse reflectance UV-Vis spectroscopy to detect any changes of the iron species. UV-Vis
Spectra were recorded in the 200-1500 nm wavelength range using a Cary 5000 UV-Vis-NIR
spectrophotometer equipped with an external DRA-2500 unit. The UV-Vis spectrum of H-BEA was
thereafter subtracted from the corresponding spectrum for Fe-BEA spectrum in order to achieve the
spectrum for iron before and after hydrogen-treatment. The UV-Vis spectra for iron were converted
using the Kubelka-Munk function and deconvoluted using a Gaussian function. The UV-Vis

equipment is described in more detail in ref. [22].
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3. Results and discussion

3.1. Characterization

Figure 1 shows the X-ray diffractograms for fresh and hydrogen-treated Fe-BEA, and the
corresponding diffractogram for the fresh H-BEA sample. For the Fe-BEA samples, there are no
significant diffraction peaks at 20 = 33.2 or 35.5" [33] representing Fe,Os. This indicates that Fe,O,
particles are either too small to be identified with XRD or that iron oxide is present as non-crystalline
phases in the Fe-BEA samples. Furthermore, the characteristic diffraction peaks for zeolite BEA at 20
= 7.74 and 22.7° [31, 32] can be observed for all samples. Our recent study of 2 wt. % Fe-BEA
showed a significant decrease in zeolite acidity after hydrogen-treatment [30] where the NH; storage
capacity decreased from 0.656 to 0.555 mmol/g. Furthermore, a clear correlation between zeolite
crystal size and NHj; storage capacity of the zeolite has previously been observed [14]. It was shown
that a decrease in NH; storage capacity due to hydrothermal treatment could be correlated with a
decrease in mean crystal size of the zeolite indicating dealumination. However, there are no clear
differences between the X-ray diffractograms in Figure 1 indicating that the structure of Fe-BEA 1is not
affected by the hydrogen-treatment. In another study we have shown that the ammonia storage
capacity decreases when introducing iron into the zeolite [23]. It was suggested that the iron species
exchanged into the zeolite decreases the number of Bronsted sites available for ammonia storage.
Hence the decreased acidity of the samples after hydrogen-treatment is most likely due to loss of
available acid sites due to re-dispersion of iron (cf. 3.2).

To study the changes in distribution of iron species after hydrogen-treatment of the Fe-BEA
sample, diffuse reflectance UV-Vis spectroscopy was used. Figure 2 shows the UV-Vis spectra for
iron for the fresh and H,-treated Fe-BEA samples. The deconvoluted spectra show two bands in the
lower wavelength region with maxima at 234 and 274 nm. These bands are related to isolated Fe’"
species [34, 35]. The bands with maxima at 328 and 389 nm are assigned to dimeric iron (Fe*") species
and smaller oligomeric Fe species as Fe,O, inside the zeolite pores [34, 35]. Finally, the band with
maximum at 466 nm is related to Fe,O; particles located outside the zeolite pores [34, 35]. The

relative intensities of the deconvoluted peaks are summarized in Table 2. After hydrogen-treatment,
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there is a clear decrease in peak intensity for the peaks III-V, representing larger iron species, while
the intensity of the peaks related to isolated iron species, peaks I-II, increases. This is in accordance
with the results from our previous activity study [30] for the same catalyst, where the NO conversion
during standard NH3;-SCR (400 ppm NO and NH3, 8% O, and 5% H,0) increases significantly after
hydrogen-treatment. Table 2 summarizes the NO conversion over fresh and H,-treated Fe-BEA during
standard NH;-SCR conditions between 150 and 500°C. In Table 2 it can be observed that the NO
reduction at low temperatures (<300°C) increases significantly after hydrogen-treatment of the sample.
Furthermore, Table 2 also shows that the NO conversion at high temperatures (>400°C) decreases after
hydrogen-treatment. This is also in line with our previous studies [14, 15, 21-23, 30, 36], where it is
suggested that dimeric iron species are active for high-temperature SCR. The results in Figure 2 and
Table 2 show that the assigned dimeric iron species represented by the third and fourth deconvoluted
peaks, slightly decrease, which can be correlated with the decreased high-temperature SCR activity

after hydrogen-treatment of the Fe-BEA sample.

3.2. NO adsorption

Figure 3 shows the results from the in situ DRIFT study for fresh H-BEA and Fe-BEA compared
to Hp-treated Fe-BEA. The spectra shown were recorded just after the samples were saturated with
nitric oxide during NO exposure at 150°C. Three distinct absorption peaks centered around 2134,
1880-1870 and 1635 cm™ can be seen in the spectra. The assignment of the peaks are summarized in
Table 1. The H-BEA sample shows an absorption peak at 2134 cm™ which is assigned to stretching
vibrations of ionic NO" species bound to Brensted acid sites in the zeolite [37-39]. Furthermore, this
peak is slightly more intense for the Fe-BEA samples compared to the H-BEA sample. We observed
similar results in our previous study of 1 wt. % Fe-BEA where the peak centered at 2134 cm™ was
slightly more intense for Fe-BEA than for the H-BEA sample [21]. Hence, the absorption peak at 2134
cm’ may also be assigned to NO" ions bound to Fe’* sites [40-43]. Furthermore, for the hydrogen-
treated sample, the absorption peak at 2134 cm’' remains relatively unchanged compared to the
corresponding peak for the fresh Fe-BEA sample, indicating that the H,-treatment does not affect the

adsorption of NO" at the corresponding wavenumber.
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Absorption bands in the range 1900-1850 cm™ represent NOy adsorbed on different iron species
[38, 44-46]. The spectra show two overlapping peaks at 1880 and 1870 cm™, representing NOx
adsorbed on isolated iron species (Fe'" or Fe’") [38, 44-46] and oligomeric iron clusters (Fe,O,)
located in the porous system of zeolite BEA, respectively [38, 44]. The hydrogen-treated Fe-BEA
sample shows a clear and strong relative increase in absorption of the band in the range 1900-1850 cm’
' compared to the fresh Fe-BEA sample. Furthermore, the relative increase in absorption peak for the
hydrogen-treated sample is most likely due to an increase of isolated rather than oligomeric iron
species. This is in accordance with the UV-Vis results which show a relative increase of isolated iron
species and decrease in oligomeric iron species, hence the increase in absorption in the range 1900-
1850 cm™ is most likely due to an increase of isolated iron species. It was suggested in our recent
study of hydrogen treated Fe-BEA [30], that H,-treatment likely results in the formation of new
isolated iron species increasing the low-temperature SCR activity which is in agreement with the
present results. Table 2 shows a significant increase in low-temperature SCR activity after hydrogen-
treatment of the Fe-BEA sample which is in line with our previous results [14, 15, 21-23, 30, 36]
where it is suggested that monomeric iron species are the governing active species for the low-
temperature (<300°C) SCR activity over this type of catalyst.

The absorption peaks around 1635 cm™ in Figure 3, represent NO, adsorbed on Fe-species [29, 46,
47]. The structure of the iron species giving rise to the NOy absorption at 1635 cm™ was discussed by
Mul et al. who concluded that these species are larger nano-particles, Fe,Os, located outside the zeolite
pores [38]. For the hydrogen-treated Fe-BEA sample in the present study the intensity of the
absorption peak at 1635 cm™ decrease slightly the UV-Vis results show a more substantial decrease of
the relative amount of iron particles compared to the fresh sample. When compared, these results seem
contradicting. However, the UV-Vis results do not show the number of iron sites available for NO
adsorption, but the total amount of iron, while the DRIFTS results are related to adsorption of NO,.
We have previously shown [14, 15, 21] that an increased number of iron particles may lead to a
decreased total surface area available for NOy adsorption due to particle growth. The results in the

present study indicate that the number of iron particle sites available for NO, adsorption may not be
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significantly affected by the hydrogen-treatment under the present conditions. However, the total

amount of iron in iron particles decreases when smaller iron species are formed.

4. Concluding remarks

The objective of the present study was to give a better understanding of the mechanism improving
the low-temperature SCR activity of Fe-BEA after post-synthesis H,-treatment. Using in situ DRIFT
spectroscopy with NO as probe molecule, X-ray diffraction and diffuse-reflectance UV-Vis
spectroscopy the dynamics of the different iron species of a 2 wt. % Fe-BEA sample are investigated.
The present results are correlated to previous studies of the same catalyst by our group.

In a recent work by our group, it was found that hydrogen-treatment of Fe-BEA results in
increased low-temperature (<300°C) activity for NH3-SCR, while the corresponding high-temperature
(>400°C) activity slightly decreased. It was suggested that the increase in activity after hydrogen-
treatment may be due to formation of smaller iron species bound to the zeolite structure. The results in
the present study show that the relative amount of monomeric- iron species increases after hydrogen-
treatment, which previously have been suggested to be the governing iron species for low-temperature
SCR. Furthermore, the hydrogen-treatment of Fe-BEA showed a decrease of the relative amount of
larger iron species (dimeric and oligomeric iron species, and iron particles). This agrees well with the
decreased high-temperature activity for NH;-SCR which is suggested to be governed by dimeric-iron
species.

The results in the present study are in agreement with the results from our previous studies of Fe-
BEA. The different iron species present in Fe-BEA have been identified and the dynamics of these
species are followed before and after post-synthesis treatment with hydrogen. We have been able to
follow and show the change of the nature of the iron species due to hydrogen-treatment of Fe-BEA

which results in a significant increase of low-temperature NH;-SCR activity.
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Table 1:

Peak assignment of DRIFT spectra during NO adsorption
on H-BEA and Fe-BEA and UV-Vis assignment of the iron species
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Peak position [cm']

Assignment

Reference

1635 NO; on FeXHOy [29, 38, 46, 47]

1870 NO, on oligomeric [38, 44]
Fe, Oy

1880 NO, on Fe** or [38, 44-46]
F ez+

2134 NO* on Fe** and [40-43]
Broensted sites

Peak position [nm] Assignment Reference

234 (I) and Monomeric iron [34, 35]

274 (1)

328 (I1II) and Dimeric iron and [34, 35]

389 (IV) Oligomeric,
F Cxoy

466 (V) Iron Particles, [34, 35]
Fe203

Table 2:

NO conversion during standard NH;-SCR between 150 and 500°C for 2 wt.% Fe-BEA from ref. [30].

Relative intensities of the deconvoluted UV-Vis spectra.

Temperature, °C

NO-conversion, %

Fresh sample

H,-treated sample

150
200
250
300
400
500

2
16.5
54.5
87
95
98

2.1
24.5
71.5
90
92
94

UV-Vis Absorption region

Fresh sample

Relative absorption, %
H,-treated sample

II
111
v

20.5
29.5
28.5
9

12.5

24.5
41
25
3.5
6
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|

Intensity (a.u.)

20, degree

Figure 1: X-ray diffraction spectra of fresh H-BEA and 2 wt. % Fe-BEA compared to Hy-treated 2 wt.
% Fe-BEA catalysts. The position of the characteristic diffraction peaks for zeolite BEA and (iron
oxide) Fe;O; are marked at 20 = 7.74 and 22.7°, and at 26 = 33.2° and 35.5°, respectively.
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Figure 2: UV-Vis spectra of iron from the fresh and Hy-treated 2 wt. % Fe-BEA powder sample after
subtraction of the corresponding spectrum for H-BEA. The deconvoluted peaks (I-Il) represent
monomeric iron species (220-290 nm), (IlI- IV) dimeric and oligomeric iron species (300-400 nm),
and (V) larger iron oxide particles (>400 nm).
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Figure 3: DRIFT spectra of fresh H-BEA and Fe-BEA, and Hy-treated Fe-BEA samples, during
exposure to 400 ppm NO and Ar (inert) at 150°C for 30 min.



