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Iron exchanged zeolite catalysts have been synthesized by an
aqueous ion-exchange using iron powder and acetic acid under a
protective atmosphere. This simplified strategy for producing Fe(i)
species in situ was found to lead to highly dispersed iron even
within the zeolite framework of small-pore zeolites, which is
attractive for various catalytic applications. The obtained samples
were used for the selective catalytic reduction of NO, with NHs.

Zeolite-based catalysts are widely applied for numerous pro-
cesses due to their high activity and selectivity combined with
good hydrothermal stability. ™ Especially catalysts with incor-
porated transition metals like iron show excellent catalytic
activity for oxidative cleavage,® N,O decomposition’™® and
selective catalytic reduction of NO,>'*™"* while being relatively
low-cost materials.

Preparation of Fe-zeolites is typically achieved by traditional
ion exchange and impregnation methods.'* While the latter
often results in high ratios of larger Fe oligomers and Fe,O;
particles with low crystallinity, the former has limited controll-
ability. Particularly, partial oxidation of Fe*" to Fe** species by
atmospheric oxygen occurs during both methods, which pro-
motes the formation of oligomeric species and clusters. Espe-
cially for small pore size zeolite frameworks like SSZ-13, such
Fe*"-clusters are typically larger than the available pores, result-
ing in poor ion exchange rates and a higher extent of Fe,O;
particle formation.®® Furthermore, sources of Fe** for tradi-
tional ion exchange are limited due to the air-sensitive nature
of Fe’* salts. Commonly used salts like FeSO, additionally
insert the SO,>~ ions, which cannot be completely removed
from the synthesized catalyst. Also, the addition of mild
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reductant to the reaction mixture to avoid Fe*" oxidation'® or
solid-state ion exchange were suggested.'” Since monomeric
[Fe-(OH),]" and dimeric [HO-Fe-O-Fe-OH]’" sites are assumed
to be the active species for selective catalytic reduction (SCR) of
NO, positioning of Fe at the ion exchange sites in the zeolite
framework is preferred.'®'® Therefore, tuning the preparation
of Fe-zeolites to obtain a high ratio of monomeric/dimeric sites
is crucial for achieving high catalytic activity. Recently, serval
hydrothermal methods have been proposed that involve the
introduction of the iron source together with the structure
directing agent during the zeolite synthesis itself.*°>* While
these methods deliver the desired ion exchanged zeolite with a
high degree of monomeric/dimeric Fe-sites, the inclusion of
iron into the zeolite framework occurs as well to a certain extent
during such synthetic approaches. Additionally, due to the
usage of Fe-based structure directing agents the preparation
method is limited to one specific zeolite morphology. As a
substitute solution, an improved ion exchange method has
been suggested by Long and Yang.>* This method involves
the generation of Fe** by dissolving Fe® in diluted HCIl. How-
ever, already for low Fe loadings of 1.2 wt%>° the formation of
Fe,O, clusters was noticed. Furthermore, the use of corrosive
HCI led to chlorine induced dealumination of the zeolite.*®
Hence, there is a need for a more facile method.

Herein, we describe an alternative method to synthesize
Fe-exchanged zeolites that involves an improved ion exchange
procedure. In this case, the in situ generation of Fe** ions is
achieved by dissolving the Fe® powder in a degassed aqueous
solution of acetic acid (CH;COOH) under a protective argon
atmosphere. The oxidation is initiated by heating the resulting
mixture to elevated temperatures. Simultaneously with the
formation of Fe®" species, the ion exchange process is initiated.
In this way, the further oxidation to Fe*" and the growth of
oligomers and clusters is circumvented. As a result of this
approach, a fine distribution of Fe within the zeolite framework
is achieved. To evaluate the outcome of the new preparation
procedure in comparison with more conventional synthesis
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Fig. 1 XRD patterns of Fe-SSZ-13 (a) and Fe-ZSM-5 (b) after synthesis.

approaches, additional catalyst samples were obtained using
the conventional ion exchange method with FeSO, as precur-
sor. The detailed synthesis procedures are summarized in the
ESL.f

Two different zeolite frameworks (SSZ-13 and ZSM-5) were
used to validate the transferability of this method. The XRD
patterns obtained after the ion exchange process and calcina-
tion (Fig. 1) indicate the absence of iron oxide particles and
confirm the intact structure of the zeolite frameworks.

The achieved iron loading as determined by inductively
coupled plasma - optical emission spectrometry (ICP-OES)
amounts to 1.4 wt% in the case of Fe-SSZ-13 and 2.6 wt% for
Fe-ZSM-5 (Table 1). For the catalysts synthesized via the tradi-
tional ion exchange procedure, iron loadings of 1.0 wt% for
Fe-SSZ-13 and 1.8 wt% for Fe-ZSM-5 were achieved (¢f. Table S1,
ESIT). As the concentration of Fe-ions in the solution and the
exchange time were equal for both synthesis approaches, this
result suggests a higher ion-exchange rate for the novel synth-
esis method. N,-physisorption isotherms revealed that no loss
occurred in the BET specific surface area’” during the ion
exchange with iron, which validates that the internal pores
are not obstructed.

To further clarify the location and nature of iron species
within the zeolite framework after the ion exchange procedure,
the as prepared and calcined catalysts were characterized by
UV-vis spectroscopy. A strong absorption band with a max-
imum at 264 nm was observed for Fe-SSZ-13 that can be
attributed to the UV-absorption at octahedral Fe-sites.'®**
The shoulder at 215 nm further indicates the presence of
tetrahedral Fe-sites while the tail at 312 nm shows the presence
of only a small amount of oligomeric sites. The absence of an
absorption band at 550 nm further proves the non-existence of
bulk Fe,O, species on the external surface of the zeolite.*

For Fe-ZSM-5 the absorption bands for tetrahedral (217 nm)
and octahedral Fe-sites (272 nm) were slightly shifted to higher
wavelengths. The characteristic feature for Fe-oligomers was

Table 1 Achieved metal loading determined by ICP-OES and internal
surface area determined by N,-physisortion using BET isotherm

Sample Fe-loading (wt%) Si/Al ratio Sger (m* g")
Fe-SSZ-13 1.4 14 784
Fe-ZSM-5 2.6 13 380
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Fig. 2 UV-vis spectra of Fe-SSZ-13 (a) and Fe-ZSM-5 (b) catalyst prepared
via improved ion-exchange and their Gauss fit to identify the nature of
active sites.

centered around 304 nm, at slightly lower wavelength. In
addition, no absorption of bulk Fe,O, could be detected.

The UV-vis spectrum obtained for the Fe-ZSM-5 sample
synthesized by traditional ion exchange with FeSO, (Fig. 2c
and d) shows similar absorption bands at 217 nm, 272 nm and
304 nm, with the band at 272 nm showing a higher contribu-
tion. This latter one suggests a higher concentration of Fe sites
in octahedral coordination but a comparable coordination
environment as observed for the Fe-SSZ-13 sample.

Conversely, for the Fe-SSZ-13 catalyst synthesized by tradi-
tional ion exchange a broad absorption band at 304 nm can be
observed accompanied by a band at 550 nm. These indicate
that the iron is primarily present as oligomeric species and
small Fe,O, agglomerates. The relative amounts of the different
iron species derived based on the UV-Vis data are summarized
in Table S2 (ESIt).

The as prepared catalysts were further characterized by X-ray
absorption spectroscopy (Fig. 3). In the X-ray absorption near
edge structure (XANES) region, a pre-edge feature at 7114.5 eV
and two white line features at 7132.7 eV and 7137.2 eV were
visible for both samples. A slightly higher intensity could be
observed for Fe-SSZ-13 but otherwise no further differences
could be detected, suggesting similar coordination environ-
ments of Fe-ions in both catalysts. Based on the pre-edge
feature at 7114.5 eV, complete oxidation to Fe** can be
assumed.”>*° The similarity of the pre-edge intensity and the
white line position with those measured for the Fe,O; reference
(Fig. S1a, ESIY) suggests that a mixture of octahedrally and
tetrahedrally coordinated Fe** sites were present in the zeolite-
based samples, as already uncovered by UV-vis spectroscopy
measurements (Fig. 2). In the FT-EXAFS data acquired for the
two catalysts (Fig. 3b), a first coordination shell is visible

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Fe K-edge XANES spectra (a) and Fourier transformed k*-weighted,
phase uncorrected EXAFS spectra (b) of as prepared Fe-SSZ-13 (black) and
Fe-ZSM-5 (red).

around 1.5 A (not corrected for the phase-shift) that can be
associated to the oxygen atoms of the zeolite framework. The
observed distance of the Fe-O scattering path is similar to that
obtained for the Fe,O; reference samples (Fig. S1b, ESIT), which
confirms the presence of Fe®* species in these samples. A
second coordination shell with low intensity could be observed
at 2.6 A, and was attributed to another Fe or framework Si/Al
atoms.>*?!

Supplementary catalytic activity tests for NH; oxidation were
conducted for both synthesized catalysts (Fig. S2, ESIT). No NH;
conversion below 350 °C and only a slight increase in activity
was observed for both samples above 350 °C. Since larger
clusters and Fe,O, particles are known to be more active for
NH; oxidation than Fe monomers,** these results provide
further evidence of the good distribution of Fe at ion-
exchange positions.

The catalytic activity for the SCR of NO, with NH; was
investigated for both catalysts prepared by the improved as
well as traditional ion exchange method (Fig. 5 and Fig. 4). A
steady increase in the NO conversion could be observed above
250 °C for all investigated systems. Fe-ZSM-5 samples reached
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Fig. 4 Conversion of NHz (black line) and NO, (red line) during NH3-SCR
over Fe-ZSM-5 synthesized by improved and traditional ion exchange. Gas
composition: 350 ppm NO, 350 ppm NHs, 12% H,0, 10% O in N,.
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Fig. 5 Conversion of NH3 (black line) and NOy (red line) during NH3-SCR

over Fe-SSZ-13 synthesized by improved and traditional ion exchange. Gas
composition: 350 ppm NO, 350 ppm NHs, 12% H,0O, 10% O, in N».

almost full conversion at 350 °C, independent of the synthesis
method (Fig. 4). Nonetheless, a slightly lower performance was
exhibited at all investigated temperatures by the catalysts
obtained via the conventional ion exchange procedure. For
both Fe-SSZ-13 catalysts, on the other hand, a high NO removal
activity (>60%) was measured only above 400 °C (Fig. 5).
However, also in this case, the sample prepared by the
improved ion exchange method showed a higher NO, conver-
sion up to 500 °C. Only at 550° both Fe-SSZ-13 samples
displayed complete NO, removal.

In a next step, the catalysts synthesized by the improved ion
exchange method were hydrothermally aged at 650 °C and then
tested for their SCR activity (¢f: Fig. 6). In both cases, about 40%
NO, conversion was measured at around 300 °C with a max-
imum of about 80% observed at 550 °C. This trend indicates a
decrease in the overall SCR performance for both catalysts
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Fig. 6 Conversion of NHs (black line) and NO, (red line) during NH3-SCR
over Fe-ZSM-5 (dashed lines) and Fe-SSZ-13 (solid lines) synthesized by
improved ion exchange after hydrothermal aging (10% H,O, 10% O, in N;)

at 650 °C for 16 h. Gas composition: 350 ppm NO, 350 ppm NHs, 12%
H,0O, 10% O in N».
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investigated, which is in line with the outcome of previous
ageing studies for analogous Fe-zeolite systems.***> By com-
paring the activity of the aged Fe-SSZ-13 with that of the fresh
counterpart, a slight increase in the low temperature NO,
conversion (<350 °C) is noticed. This behavior has previously
been reported,® and has been assigned to a higher contribu-
tion of NO oxidation to NO, upon hydrothermal ageing. Ulti-
mately, this leads to a more significant impact of the fast-SCR
pathway on the overall NO, conversion.

In conclusion, the successful synthesis of highly dispersed
iron species (monomeric, dimeric) even in small-pore zeolites
by an improved and more facile ion-exchange method was
reported. By using the in situ and controlled oxidation of Fe’
to Fe**, highly distributed Fe species were formed within the
zeolite framework without detectable Fe,O,, cluster formation
even in small pore zeolites like SSZ-13. While the formation of
small oligomeric species was observed by UV-vis spectroscopy,
the absence of large Fe-clusters is illustrated by the low levels of
NH; overoxidation potential during NH;-SCR of NO,. Overall,
these results validate the potential of the novel synthetic route
for Fe-zeolites, which can as well be used for the preparation of
mixed Cu-Fe-exchanged zeolites in the future. Furthermore, the
obtained catalysts represent ideal candidates for future mecha-
nistic studies to derive structure-activity correlations for the
selective catalytic reduction of NO, with NHj.
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