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Abstract: Two series of MCM-36 zeolites intercalated with various pillars and modified with iron
were synthesized, analyzed with respect to their physicochemical properties, and tested as catalysts
for the NH3-SCR process. It was found that the characteristic MWW morphology of MCM-36 can be
obtained successfully using silica, alumina, and iron oxide as pillars. Additionally, one-pot synthesis
of the material with iron resulted in the incorporation of monomeric Fe?* species into the framework
positions. The results of catalytic tests revealed that the one-pot synthesized sample intercalated
with silica and alumina was the most efficient catalyst of NO reduction, exhibiting ca. 100% activity
at 250 °C. The outstanding performance of the material was attributed to the abundance of Lewis
acid sites and the beneficial influence of alumina on the distribution of iron species in the zeolite. In
contrast, the active centers originating from the Fe, O3 pillars improved the NO conversion in the
high-temperature range. Nevertheless, the aggregated particles of the metal oxide limited the access
of the reacting molecules to the inner structure of the catalyst, which affected the overall activity and
promoted the formation of N, O above 300 °C.

Keywords: MWW zeolites; MCM-36; iron; alumina; intercalation; DeNOx

1. Introduction

Layered zeolites belonging to the MWW (Mobile Twenty-Two) family are an important
group of materials which exhibit very attractive structural properties. The discovery of the
layered precursor, MCM-22P, has been widely accepted as the starting point in the evolution
of the MWW zeolites. Their topology consists of two independent pore systems in the
2.5 nm-thick layer, formed by a 10-member ring (MR), 2D sinusoidal channels, and by large
supercages (0.71 nm x 0.71 nm x 1.82 nm). The distinctive feature of these zeolites is the
high concentrations of their 12-MR external pockets of an approximate depth of 0.71 nm [1].
Due to their unique physicochemical characterization, such as a well-developed pore
structure, high hydrothermal stability, and mild acid performance, these materials have
found many practical applications in the industry [2,3].

One of the biggest commercial implementations of the MWW zeolites was the intro-
duction of MCM-22 by Exxon-Mobil Company in the production of cumene by liquid-phase
alkylation in 1990 [4]. MCM-22 is typically obtained upon the calcination of MCM-22P,
which results in the formation of another 10-MR window, and the connection of the adjacent
MWW layers by the condensation of the Si-OH groups. As a result, MCM-36 12-MRs and
1.82 nm high MWW cages are formed simultaneously with the 3D zeolitic structure [5].
Furthermore, in 1993, Bennett et al. [6] prepared the material named MCM-49, which
exhibits a framework topology identical to that of MCM-22. However, in order to prepare
MCM-49, it is required to use the molar ratio of the organic template (hexamethyleneimine,
HMI) to inorganic alkali cations lower than 2.0. Additionally, the specific surface area of
MCM-49 is slightly higher compared to MCM-22 [7]. Another interesting representative
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of these MWW zeolites is MCM-56, which is an intermediate in the synthesis of MCM-49.
According to the literature, the optimal time window for the formation of MCM-56 is
2-3 h, and thus, it must be isolated before MCM-49 is fully crystalized. In general, the
main feature differing these two zeolites is the unit cell crystal thickness, which can be
easily identified from the XRD patterns [7]. Another significant modification of MCM-22P,
patented by Corma et al. [8], involves its swelling with centyltrimethylammonium bromide
(CTABr), followed by delamination to yield ITQ-2. The structure of the material can be
formed using single 2.5 nm-thick MWW layers, organized in a characteristic “house of
cards” arrangement [9].

Apart from the above-mentioned, one of the most interesting members of the MWW
zeolites is MCM-36, the pillared zeolite. Due to its outstanding structural parameters,
the material found its application as a catalyst for many important chemical processes,
based on both organic [10-12] and inorganic [5,9,13] reactions. Typically, the synthesis
of MCM-36 starts from the swelling of MCM-22P with CTABr and further intercalation
with the precursor of silica, tetraethoxysilane (TEOS), which is hydrolyzed in the final
preparation step [14]. The swelling treatment is necessary to expand the interlayer distance,
while the introduction of pillars stabilizes the swollen structure [15]. Separation of the
individual MWW layers after calcination of the intercalated material forms slit-like, charac-
teristic mesopores in the interlayer space. Moreover, aside from mesopores, MCM-36 has a
microporous texture inside these MWW layers [7]. Thus, the morphology of the material is
very similar to that of natural pillared clays [16,17].

Importantly, in contrast to other mesoporous materials, including MCM-41, the meso-
pores of MCM-36 are characterized with an irregular size. Additionally, the distance
between the adjacent MWW layers has been strongly correlated with the applied swelling
conditions. Thus, the physicochemical features of MCM-36 can be tailored through various
strategies, such as facilitating the introduction of various oxides in a form of pillars other
than silica. The series of studies reported by Kornatowski et al. [18-20] suggested that apart
from SiO,, also Al,O3, BaO, MgO, and their mixtures can be incorporated into the inter-
layer space of MCM-36. According to the authors, the results of intercalation with alumina
strongly depends on the aging time of the pillaring solution, which should be sufficient
to form Keggin ions. Moreover, the zeolite with Al,O3 was characterized with a lower
specific surface area compared to that with silica. It contrast, the co-existence of Al;O3 and
MgO enhanced the formation of a mesoporous texture and improved the incorporation of
alumina into the zeolite. The continuation of the research [20] concerned the investigation
of the acid-base properties of MCM-36 pillared with binary oxides, e.g., BaO-, MgO-Al, O3,
or SiO,—-Al, O3, respectively. It was found that the presence of Al,Oj3 as pillars enhanced
the Lewis acidity, while BaO and MgO increased the strength of the Bronsted sites of the
interlayer silica—alumina clusters. Additionally, barium and magnesium oxides, as well as
Al-OH groups on the spinel-type oxide clusters, were also uncovered as the source of the
basic centers. Last, but not least, MCM-36 pillared with Al,O3, BaO, MgO, SiO,, or their
mixtures were examined for their adsorption features [18]. It was demonstrated that the
introduction of silica promoted the expansion of the MWW layers, while the presence of
other metal oxides created new adsorption centers. In addition, the co-existence of various
pillars was deemed to be beneficial for the stability of the material and improved the
sorption properties, especially in the case of smaller mesopores. Moreover, the mesopores
formed in the presence of silica showed a broader size distribution and a higher volume.
Interestingly, the authors found that the incorporation of three composite pillars yields
MCM-36 with the highest sorption capacity. On the other hand, it was also suggested
that pillaring can be unfavorable for microporosity since pores with a radius below 2 nm
can be almost completely clogged upon intercalation. The alternative and interesting
attempt reported in the literature was the introduction of Si/Ti mixed oxides as pillars of
MCM-36 [13,21]. According to Fang et al. [22], who assessed Ti-MCM-36 as an epoxidation
catalyst, the intercalation of MCM-36 with titania enabled them to obtain material with
acid sites originating from the framework Al species and oxidation centers delivered by the
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Ti species. Furthermore, the authors found that the simultaneous introduction of SiO; and
TiO, improved the specific surface area and the mesopore volume of MCM-36 [23]. The
silica- and silica-titania-intercalated MCM-36 modified with iron were also prepared by the
group of Chmielarz and co-workers [13] and was assessed as a catalyst for the selective
catalytic reduction of nitrogen oxides (NH3-SCR). The reported results indicated that the
highest NO conversion was obtained for the samples which were the most abundant in the
TiO, pillars.

According to the above-mentioned, MCM-36 was assessed in several environmentally
important industrial processes, for example in the elimination of nitrogen oxides (NOx)
via NH3-SCR. The significance of this technology is related to the toxicity of nitrogen
oxides and/or their contribution to ozone layer depletion, acid rain, and photochemi-
cal smog formation. Despite the high efficiency of NH3-SCR, there are some important
problems related to the commercial vanadium-based catalyst, which is widely used on
an industrial scale [24,25]. In fact, as postulated by Liang and co-workers in the series of
papers [26-28], NO can be reduced electrochemically with the simultaneous generation of
ammonia. However, the best solution for the existing NH3-SCR installations would be to
replace the commercial catalyst with another, more ecologically friendly material. Several
studies have found modified MCM-36 to be a promising substitutive catalyst for NH3-
SCR. Rutkowska et al. [5] reported that MCM-36 modified with copper by ion-exchange
exhibited almost a 100% NO conversion within 230-530 °C. Moreover, in our previous
study [9], we compared the catalytic performances of one-pot synthesized Fe-MCM-22,
Fe-MCM-36, and Fe-ITQ-2. Based on our research, we concluded that Fe-MCM-36 showed
the superior potential as the catalyst for NO reduction, especially due to the presence
of SiO, pillars, which contributed to the formation of new acid centers and towards the
well-developed texture of the catalyst. Additionally, we have since confirmed that one-pot
synthesis is a very beneficial method to obtain an advantageous distribution of the active
phase, which facilitates low-temperature activity in NH3-SCR. The positive effect of the
introduction of iron into the synthesis pot of MWW zeolites on the catalytic performance
was also confirmed in our study on Fe-MCM-22 [29].

As already mentioned, MCM-36 exhibits an analogous morphology to natural clays
pillared with various oxides. Considering practical applications, layered zeolites are much
more advantageous compared to the natural aluminosilicates, due to their higher flexibility
in tailoring of their texture, superior ion-exchange properties, and surface acidity. However,
morphological similarities between these two groups of materials led to the conclusion
that MCM-36 can be intercalated with the same pillars as the natural clays, e.g., Fe, Ti, Zr,
and Al [30-33]. Taking into account the exceptional NH3-SCR catalytic performance of
iron-modified zeolites, which have been documented widely in the literature [9,34,35], the
introduction of Fe, O3 as the pillaring component seems to be an interesting idea to obtain
an MCM-36-supported catalyst. What is more, so far, there are no reports in the literature
on the introduction of iron oxide simultaneously with other pillars into the interlayer space
of MCM-36.

Based on the studies on layered aluminosilicates, it can be assumed that potentially,
the area of MCM-36 pillared with various metal oxides is not only limited to silica, alumina,
titania, and alkaline metal oxides. Therefore, inspired by the possibility of the introduction
of iron oxide pillars into the interlayer space of montmorillonite [32], we aimed to investi-
gate whether Fe,O3 can act as a pillar of the layered structure of MCM-36. Additionally, our
goal was to examine the difference between the physicochemical and catalytic properties
of one-pot synthesized Fe-MCM-36 intercalated with SiO;, SiO,, and Al,O3. Last, but
not least, the difference in the NH3-SCR catalytic performance of MCM-36 pillared with
Fe;O3 and one-pot synthesized MCM-36 with Fe in the zeolitic framework was investigated
and explained.
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2. Results
2.1. Physicochemical Properties of the Materials
2.1.1. Chemical Composition, Crystallinity, and Textural Characterization

The chemical composition of the pillared zeolites and their precursors was analyzed
using ICP-OES. The obtained results, with regard to Si, Al, and Fe, as well as the real Si/Al
molar ratios are presented in Table 1. It can be observed that the Si/ Al molar ratio of the
precursor was slightly lower than the intended one. Thus AI3* cations were preferably built
into the zeolitic framework of the material than Si** cations. After pillaring with SiO,, the
content of silicon increased compared to the precursor, whereas the Si/ Al molar ratio of the
intercalated materials were determined by the type of pillars. One can notice that the value
of this factor noticeably increased for M36-5i and FeM36-5i. In contrast, the simultaneous
deposition of the SiO;-Al,O3 or SiOy—Al,O3-Fe,O5 pillars drastically decreased the Si/ Al
molar ratio due to the introduction of additional aluminum species from the intercalating
solution. Importantly, the difference between the AI>* content observed in MCM-22 (P)
and FeM22 (P) suggested that some part of the aluminum cations was replaced in the
zeolitic framework with Fe3* cations. Interestingly, the content of iron in the material
pillared with SiO;-Al,O3-Fe;O3 was found to be relatively close to that of the one-pot
synthesized samples, which made the samples comparable with regard to their NH3-SCR
catalytic activity.

Table 1. Chemical composition of the materials determined using ICP-OES.

Sample Code Si (wt%) Al (wt%) Fe (wt%) Si/Al
MCM-22 (P) 33.23 1.41 0 23.0
M36-Si 39.47 2.08 0 29.0
M36-SiAl 36.58 474 0 7.5
M36-SiAlFe 34.01 6.09 521 54
FeM22 (P) 32.72 1.91 4.96 21.0
FeM36-Si 34.02 1.16 5.02 28.0
FeM36-SiAl 37.59 3.54 4.84 10.0

The X-ray diffraction technique is a useful method which was utilized to investigate the
characteristic layered and pillared structure, as well as the interlayer distance in the zeolites.
The diffractograms of the precursor and MCM-36 intercalated with various pillars are
presented in Figure 1. The reflections in the XRD pattern of MCM-22 (P), positioned at 2¢
ca. 6.4,7.1,7.9,9.6, and 25° with the corresponding Miller indices of (002), (100), (101), (102),
and (310), respectively, are typical for the zeolites of the MWW family [5]. Furthermore,
the reflection present at 2¢ of about 3.1° was due to the formation of a layered structure
of the precursor [36] and the (002) diffraction peak at 2¢ of ca. 6.5° reflected the regular
separation between MWW layers, respectively [10]. Since the d-spacing of the reflection
was 1.3 nm, the distance between two adjacent zeolitic layers ordered perpendicularly to
the c axis was determined to approximately be 2.6 nm. Moreover, the well-defined doublet
observed between 6.4 and 7.1° confirmed the formation of pure MCM-22 (P) instead of
the 3D framework of MCM-49, which exhibited only one peak at 7.1°. The (100) and other
diffraction maxima located at higher values of 2¢ confirmed the ordered arrangement
of the zeolitic layers [13,37]. In the case of XRD patterns recorded for all of the pillared
materials, the (002) reflections were absent, while the (100) peaks remained unchanged.
Such results indicated that despite successful pillaring (proved by the disappearance of (002)
reflection), the internal structure of the MWW layers determined by the (100) diffraction
maximum was preserved. Another reason for the disappearance of the (002) reflection was
delamination, and thus the loss of the perpendicular order of the layers with respect to
the c axis, caused by the presence of the pillars [10]. Additionally, according to the study
of Chmielarz et al. [38] on the alumina-intercalated vermiculites, the intense diffraction
peak at 2¢ of ca. 5.8° in the XRD pattern of M36-5iAl appeared due to the successful
pillaring with aluminum oxide. Furthermore, the lack of the additional reflection at around
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6.7° confirmed that no alumina aggregates were deposited in the interlayer space of the
material. Nonetheless, the diffraction maximum characteristic for Al,Os pillars was absent
in the case of M36-SiAlFe. This effect can be explained by the influence of Fe,O3 on the
incorporation of alumina as either a pillar, or due to the exceptional dispersion of Al,O3
within the MWW layers. In addition, the XRD pattern of M36-SiAlFe was observed as the
most distinct among all the pillared materials, and its shape further proved that it exhibited
the highest dealumination degree.

o= =
oo O -
42 T Qe
e-ALO, | !
.-SiO, ‘
M36-SiAlFe
S5
g
&
2>
B
c
o
£
8
ES
©
s
s¢e
g3 MCM-22 (P)
s§&= (precursor)
T T T T T T T T T
0 5 10 15 20 25 30 35 40

20 (deg)

Figure 1. XRD diffractograms obtained from the MCM-22 (P) and M36 samples (black: MCM-22 (P);
dark cyan: M36-5i; olive: M36-SiAl; wine: M36-SiAlFe).

The XRD patterns obtained for FeM36 samples, pillared with silica or silica and alu-
mina and their precursor, are shown in Figure 2. It can be observed that FeM22 (P) exhibited
diffraction peaks that are characteristic for MWW zeolites. However, the reflections ob-
served were remarkably less intense compared to that of the iron-free precursor. The most
significant difference was found in the case of the almost absent (002) diffraction maximum.
Thereby the regular separation of the individual layers in the material was disturbed while
Fe was introduced into the synthesis pot. Nevertheless, the appearance of the (100) and
(101) reflections suggested that the presence of iron did not exhibit an influence on the inter-
nal structure of the MWW layers. The small diffraction peak observed at 2¢ of ca. 9.3° was
attributed to the formation of the ferrierite (FER) phase in the zeolite [35,39]. On the other
hand, both the low intensity of this maximum and other physicochemical features of the
material further confirmed that the morphology and textural parameters are characteristic
for the MWW zeolites. Additionally, the XRD patterns recorded for both FeM36 samples
exhibited the typical (100) and (101) reflections, and due to partial delamination and re-
arrangement of the zeolitic layers, the (002) diffraction maximum disappeared following
the pillaring process. However, in contrast to the precursor, the intensity of the diffraction
maximum at 9.3° for the FeM36 samples was noticeably higher and increased with the
increasing concentration of Al in the sample. Hence, the formation of FER was correlated
with the aluminum content and can take place even after crystallization of the precursor.

Low-temperature N; sorption experiments were performed to investigate the textural
properties of the materials. The isotherms obtained for the M36 series of samples, pre-
sented in Figure 3, exhibited type II with the hysteresis loop beginning at p/py = 0.45, and
appearing due to the pillaring process. The hysteresis loop is of type H4, according to
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the IUPAC classification, which is characteristic for the aggregated crystals of zeolites and
micro-mesoporous texture [40]. Regardless of the type of pillars, the isotherms observed
were of a similar shape, clearly indicating the presence of the mesopores in the derivatives
of MCM-36. Furthermore, the low, and gradually progressive increase in the N, volume
adsorbed in the micropores was caused by the pore-blocking pillars [5].
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Figure 2. XRD diffractograms obtained from the FeMCM-22 (P) and FeM36 samples (gray: FeM22
(P); navy: FeM36-5i; olive: FeM36-SiAl).
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Figure 3. N, adsorption-desorption isotherms of M36 samples.

As presented in Figure 4, the introduction of iron into the synthesis pot remarkably
changed the characterization of the N, adsorption—desorption branches compared to
the M36 samples (cf. Figure 3). The obtained isotherms resembled type II, with an H3
hysteresis loop, indicating a micro-mesoporous texture with narrow, slit-shaped pores
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and plate-like particles with voids present between the parallel layers. Additionally, the
course of the hysteresis loop suggested that the zeolite consists of non-rigid aggregates
rather than individual crystals [5,40]. Furthermore, regardless of the type of pillars, the
isotherms of the FeM36 samples showed a very similar shape. However, a slightly lower
condensation of nitrogen at a low p/py detected for FeM36-5SiAl can be attributed to the
higher contribution of mesoporosity in the sample. In general, He et al. [41] distinguished
two possible pathways of mesopore formation during the calcination of MCM-36. The first
route assumes the formation of long, polymeric chains of silicon hydroxide in the interlayer
space of the zeolite, followed by their expansion in two opposite directions. On the other
hand, the organic molecules originating from the swelling solution are eliminated, leaving
slots within the aluminosilicate framework. Therefore, the presence of SiO, is generally
regarded as the reason of the lower volume of nitrogen adsorbed at a low p/py, compared
to other layered zeolites [9]. Therefore, the simultaneous introduction of Al,O3 with SiO,
can be assumed as another factor limiting the access of nitrogen molecules to micropores
and small mesopores.
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Figure 4. N, adsorption-desorption isotherms of the FeM36 samples.

The textural parameters of the analyzed materials were investigated based on the
nitrogen sorption isotherms. The specific surface area (Spgr) was determined with the
BET method using adsorption data in the p/p( range of 0.05-0.22, while the amount of Np
adsorbed at p/py = 0.98 corresponded to the total adsorption capacity. Hence, the total
pore volume (V) was calculated by converting the total amount of adsorbed nitrogen
into its liquid volume, as recommended by Chlubna et al. [42]. The textural and structural
parameters of the materials are shown in Table 2. The specific surface area of the M36
samples was between 363-475 m?-g~!, while for FeM36 it ranged between 392-476 m?-g~1,
respectively. Furthermore, it can be observed that the total pore volume of the zeolites was
dominated by the mesopores, as confirmed by the presence of the H3 and H4 hysteresis
loops, which appeared in the isotherms. In the case of the M36 series, the Sppr and total
pore volume, as well as the area and volume of the micropores, all decreased, following
the order of M36-SiAlFe < M36-5iAl < M36-SiAlFe, respectively. Such an effect was caused
by the aggregation of pillars on the MWW layers, and consequently, pore blockage. The
influence of the introduction of Fe into the synthesis pot was dependent on the type of
pillars. In the case of FeM36-Si, the specific surface area and total pore volume increased
significantly compared to the samples without iron. Therefore, iron was incorporated into
the zeolitic structure, rather than being deposited in the form of bulky particles of Fe;O3
within the pore openings. Interestingly, for FeM36-5iAl the Sggr and total pore volume were
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almost doubly lower than that of FeM36-Si. Such a result was deemed to be likely caused
by the deposition of Al,O3 in all types of pores. Moreover, one can observe noticeable
differences between the values of the specific surface area and pore volume of M36-SiAlFe
and of the one-pot synthesized samples with Fe. The obtained results suggested that the
incorporation of iron into the zeolitic framework was more beneficial for the development
of porosity and for the specific surface area of the materials than the introduction of Fe;O3
in the form of catalytically active pillars.

Table 2. Textural properties of the materials determined by low-temperature N, sorption.

S @ External Micropore Total Pore Micropore MMeso *
Sample Code ‘3“_1 Surface Area? Area b Volume ° Volume ® acropo;e

(m?.g-1) (m?.g1) (m2-g~1) (m3-g-1) (m-g1) Volume

(m3.g~1)
MCM-22 (P) 569 141 434 0.480 0.172 0.308
M36-Si 410 213 197 0.315 0.084 0.231
M36-SiAl 363 203 160 0.285 0.069 0.216
M36-SiAlFe 716 507 209 0.740 0.162 0.578
FeM22 (P) 392 147 245 0.438 0.100 0.338
FeM36-Si 569 141 434 0.480 0.172 0.308
FeM36-SiAl 410 213 197 0.315 0.084 0.231

“ Specific surface area determined using the BET method. b External surface area, micropore area, and micropore
volume analyzed by f-plot. ¢ Total pore volume at p/pg = 0.98. 4V microsmeso = Viotal — Vimicro-

2.1.2. Morphology of the Materials

The crystal morphology and layered structure of the samples on a nanoscopic scale
was visualized using transmission electron microscopy. The micrographs presented in
Figures 5 and S1 were recorded in bright-field (BF), high-angle annular dark-field (HAADE),
and high-resolution (HR) modes. According to Maheshwari et al. [43], the layered precur-
sor, MCM-22 (P), is characterized by thin, circular disks, with the diameter between 500
and 1000 nm, and the thickness within 50-100 nm, respectively (images not presented). In
general, all of the samples assessed exhibited a crystalline structure, which was retained
after the swelling and pillaring processes. BF micrographs of the materials indicated that
the crystals of MCM-36 have sharp facets and resemble a circular disk-like morphology.
Furthermore, the dark bands separated by the white bands in the HRTEM images of the
zeolites were assigned to the stacks of the long-range ordered MWW layers in the crystals.
Therefore, regardless of the type of pillars or the presence of iron in the synthesis pot, all
samples were successfully pillared. Nevertheless, it can observed that in the case of M36-
SiAlFe, small domains of the stacked layers were surrounded by disordered amorphous
domains. Therefore, the introduction of Fe;O3 most likely caused a partial destruction
of the layered morphology of the zeolite. Interestingly, such an effect was not observed
for M36-5iAl, suggesting that the influence of the intercalation procedure on the layered
morphology was exclusively determined by the presence of iron oligocations in the pil-
laring solution. Moreover, one of the very important features determined by the means
of TEM microscopy is the distribution of metallic species in the materials. As visualized
in the BF and HAADF images, well-dispersed iron species were present in both FeM36-5i
and FeM36-SiAl, which is consistent with the results of UV-Vis spectroscopy. Addition-
ally, more bulky agglomerates of these iron species, with a size up to 100 nm, were also
found in the materials. Nevertheless, as presented in the images, these metallic aggregates
did not restrict the formation of the layered structure, nor in the successful introduction
of the pillars.
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Felklil® 5 (MR

Figure 5. TEM images of the samples recorded in various modes.

2.1.3. Characteristic Chemical Groups Present in the Materials

The characteristic chemical groups in the materials were analyzed using FI-IR spec-
troscopy and the obtained results are presented in Figure 6. In general, all of the spectra,
regardless of the preparation procedure, exhibited the characteristic shape of the MWW
zeolitic framework, and can be divided into two wavelength regions. The first region
within 1300-400 cm~! was determined to be related to the vibration modes of the alu-
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minosilicate structure of the samples. The peaks appearing at 605 and 550 cm ™! corre-

sponded to the double-six-ring (D6R) MWW topology [37,44], while the intense band at
455 cm ! was related to the M-O bending vibrations (where M = Si, Al, or Fe) in the zeolites,
respectively [13]. The latter peak was significantly more intense for M36-SiAlFe, which
indicated the successful incorporation of Fe,O3 between the adjacent MWW layers [45].
Additionally, the broad band below 700 cm ! (marked in the figure with arrows), which
only appeared in the spectra of iron-modified samples, was deemed to be due to the stretch-
ing mode of Fe-O [45]. The peaks at 810 and 790 cm ! can be assigned to the stretching
vibrations of O-Si-O in SiO42~ tetrahedra, respectively [46,47]. Furthermore, the band
observed at 1090 cm~! was due to the stretching modes of the internal M-O bonds in
the MO, tetrahedra [13]. The most distinct shape of this peak detected for M36-SiAlFe
suggested that the introduction of three types of pillars could slightly change the internal
interactions between the components of the framework. Additionally, the stretching bands
of M-O-M were confirmed with the peak at 1245 cm~! [47]. Last, but not least, the peak
at 1630 cm~! was determined to be related to water molecules physically bonded to the
zeolitic framework [48]. The second characteristic region, with broad bands between 4000
and 3000 cm ™!, respectively, indicated the presence of hydroxyl groups attached to the
MWW framework [47]. Thus, the intense peak at 3640 cm ! was attributed to Bronsted
acid sites originating from Si(OH)ALl in the supercages of the 10MR channels [49,50], while
the one at 3445 cm ! appeared due to the H-O-H stretching vibrations of the chemisorbed
H,0 molecules [51].
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Figure 6. FT-IR spectra recorded for the M36 and FeM36 series of samples.

2.1.4. Thermal Stability of the Materials

The thermal stability of the investigated materials was examined within 25-800 °C
using thermogravimetric studies and performed in air at atmospheric pressure. The
obtained thermograms are presented in Figures 7 and 8 for the M36 and FeM36 samples,
respectively. The percentage of total weight losses in the experimental temperature range is
illustrated in Table 3. In general, all of the materials demonstrated a satisfactory thermal
stability in the following order: M36-5i < M36-SiAl < M36-SiAlFe < FeM36-SiAl < FeM36-Si,
and the weight loss at the analyzed temperature range did not exceed 12% for any of the
samples. Additionally, the absence of a notable weight loss above 300 °C confirmed that the
molecules of the structure-directing agents and surfactants used to prepare the materials
were successfully removed during calcination. Interestingly, regardless of the type of
material, only one peak, positioned below 100 °C, appeared in the Am /AT thermogram.
The decrease in the weight exhibited in this temperature range was found to correspond
to the removal of physically adsorbed moisture from the zeolitic structure [52]. Therefore,
according to the data presented in Table 3, the introduction of additional metal oxides
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hindered the weight loss, as the pillars hampered the elimination of the water molecules
from the inner structure of the zeolites. In the case of the M36 samples, there were also
differences observed in the temperature of weight loss, which was in reverse to thermal
stability: M36-SiAlFe < M36-SiAl < M36-Si. Additionally, for FeM36 samples, the decrease
in the weight was remarkably lower compared to M36. Therefore, iron introduced directly
into the zeolitic structure improved the thermal stability of the framework. Interestingly;,
the stabilization effect was stronger for the zeolites only intercalated with silica, which can
be assigned to additional water molecules adsorbed on Al,O; pillars. In contrast to M36
samples, the temperature of the weight loss for FeM36 was almost independent on the
composition of intercalating particles.
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Figure 7. TGA and Am/AT profiles of the M36 samples: (a) M36-5Si; (b) M36-SiAl; (c) M36-SiAlFe.
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Figure 8. TGA and Am/AT profiles of the FeM36 samples: (a) FeM36-5i; (b) FeM36-SiAl.

Table 3. Total weight losses recorded for the samples during TG analysis.

AmM/AT

Sample Code Weight Loss (%)
M36-5i 11.57
M36-SiAl 11.17
M36-SiAlFe 10.03
FeM36-5i 5.66
FeM36-SiAl 791

2.1.5. Acidic Properties of the Materials—NH;3-TPD and Pyridine Adsorption Studies

The concentration of the acid sites in the materials was investigated using TPD with
ammonia as a probe molecule. The shape of the desorption spectra provided important
information on the strength and heterogeneity of the acid centers. The NH;3-TPD profiles
obtained for the M36 and FeM36 samples are presented in Figure 9, while the surface
concentration and the ratio of Bronsted acid sites (BASs) to Lewis acid sites (LASs) (de-
termined using Py-IR sorption studies) are shown in Table 4. In general, the NH3-TPD
patterns of the samples consisted of two desorption maxima: low-temperature (LTM) and
high-temperature (HTM), respectively, which corresponded to different types of sites, and
were characterized by various acid strengths. The former peak positioned in the patterns
within 147-250 °C was determined to be related to the desorption of NH3; weakly bonded
to the acid centers. On the other hand, the latter, placed between 310-465 °C was deemed to
be linked to the elimination of the strongly adsorbed ammonia moleculeslt can be observed
from Figure 9a that for the M36 samples the temperature of NHj desorption from the
weak acid centers is independent of the type of the introduced pillars. However, intercala-
tion of the material with Al,Os or Al,O3-FepOj3 shifted the HTM to a lower temperature.
Nevertheless, despite the weaker strength of the strong sites, the introduction of alumina
significantly elevated the total concentration of the acid centers in the zeolite (see Table 4).
A similar effect was observed in terms of the influence of the Al,O3 pillars on the total
concentration of the acid sites for the FeM36 samples. Additionally, the introduction of both
silica and alumina into the interlayer space of the one-pot synthesized materials slightly
shifted the LTM to a higher temperature range. Therefore, the presence of alumina not
only increased the number of acid sites, but also intensified the strength of the bonding
between NHj3 and the surface of the zeolite. The impact of additional aluminum species
in the samples on the acidic character of the materials is in line with that reported by
Marosz et al. [10] for MCM-22, MCM-36, and ITQ-2 with various Si/ Al molar ratios.
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Figure 9. NH3-TPD profiles of the samples: M36 (a) and FeM36 (b).

Table 4. Density of acid sites in the materials determined using NH3-TPD and IR studies after

chemisorption of Py.

Acid Site Density from NH3-TPD Acid Site Density from Py-IR (umol-g~") Accessibility €
Sample Code 1 a .

(umol-g~1) Total ¥ BASs? LASs?  %BAS/%LAS (%)
M36-5i 1511 912 485 426 53/47 60
M36-SiAl 1609 878 386 492 44/56 55
M36-SiAlFe 1225 794 338 456 43/57 65
FeM36-5i 1253 570 112 458 20/80 45
FeM36-SiAl 1326 651 164 488 25/75 49

@ Total density of the acid sites determined by NH3-TPD experiments. * Total density of Brénsted (BASs) and
Lewis (LASs) acid sites calculated from the Py-IR spectra recorded at 150 °C. ¢ The accessibility of Py to acid sites
was defined as the ratio of the total acid sites calculated from Py-IR to that determined from NH3-TPD.

Despite the NH3-TPD experiment providing information on the total acidity of the
materials, it cannot differentiate between the Bronsted and Lewis acid sites. Therefore, the
contribution of the Bronsted (BASs) and Lewis (LASs) centers was investigated through
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the IR analysis of pyridine (Py) adsorption. The IR spectra in the v(OH) and Py ring
vibrations regions at 150, 250, and 350 °C are presented in Figures 10 and 11 for the M36
and FeM36 samples, respectively. In general, hydroxyl groups in zeolites exhibit three
characteristic bands in the v(OH) region of the IR spectra: (1) terminal silanols at about
3750 cm™~!, (2) H-bonded silanols at about 3743 cm ™1, and (3) geminal silanols at about
3733 cm™!, respectively [53]. Thus, the strong band was placed at 3745 cm ™!, and the
shoulder at ca. 3730 cm~! can be assigned to the isolated external and geminal internal
Si-OH groups, respectively [54]. A slightly reduced intensity of the band at 3745 cm ™!
was detected for all of the samples after the adsorption of Py. Therefore, external Si-OH
groups participated in the generation of PyH* ions (BAS) [5]. Furthermore, based on the
silanol frequencies of zeolite Y and ZSM-5, Corma et al. [55] assigned the broad band in
the region of 3740-3500 cm ! to hydrogen-bonded silanol groups, which are associated
with the local framework vacancies. Additionally, according to Gil et al. [53], the intense
band present at about 3620 cm ™! corresponds to the presence of acidic bridging Si-(OH)-Al
in 12-MR and 10-MR channels, while the very broad peak observed at a of low intensity
at 3582 cm ™! is related to the OH groups located in hexagonal prisms in supercages. It
can be observed that these bands appeared only in the case of the materials without iron.
Therefore, the formation of the hydroxyl nests characteristic for the MWW framework could
be interrupted after the introduction of Fe into the zeolitic structure. Moreover, after the
chemisorption of pyridine, the band at 3582 cm ! disappeared, which was deemed to most
likely be due to the interaction of OH groups in the hexagonal prisms with Py molecules,
which subsequently withdrew protons from their original position [56]. Additionally, the
weak band, placed within 3670-3660 cm~!, was more pronounced for the samples with
iron, and is characteristic for OH groups located on the extraframework Al sites [42].

During the adsorption of Py, the band at ca. 3620 cm ™!, which was assigned to
the OH groups bridged between the framework of the Si and Al atoms [57] completely
vanished in favor of the appearance of the new bands in the range of 1700-1400 cm 1.
Typically, Py adsorbed on LASs shows absorption bands within 1633-1600 cm !, about
1580 cm 1, 15031488 cm ™!, and 14601447 cm ™!, respectively; on the contrary, BASs can
be identified in the Py-IR spectra by the peaks located at about 1640 cm~!, 1540 cm ™!,
and between 1500 and 1485 cm ™!, respectively. Thereby, the bands at 1640 cm~! and
1545 cm~! appeared in all of the spectra due to the formation of PyH™* species (BAS),
while those at 1616 cm~! and 1450 cm ! corresponded to coordinatively-bonded pyridine
(LAS), respectively. Furthermore, the band placed at about 1483 cm ™! was characteristic
for both the Bronsted and Lewis acid centers [5,58]. The intensity of the specific peaks
was dependent on the presence of iron, since Fe** introduced into the structure modified
the acidic nature of the samples by the replacement of Bronsted with Lewis acid centers.
For example, among the M36 samples, the peak at 1640 cm ! related to BASs exhibited
the lowest intensity in the case of M36-SiAlFe, as a result of the contribution of Fe** to
Lewis-type acidity. What is more, for FeM36 materials the band was almost absent, which
indicated a successful incorporation of the iron cations into the MWW structure. Only
small changes in the intensity of the peaks related to Lewis acidity during the evacuation
of pyridine within 150-350 °C suggested the very high strength of the centers originating
from aluminum and iron in the zeolitic framework.

The concentrations of Bronsted and Lewis acid sites calculated for the investigated
materials are shown in Table 4. The total densities of the centers evaluated by Py-IR
were remarkably lower comparing to the values obtained from NH;3-TPD. Chen et al. [35]
explained this effect with the different accessibilities of the ammonia and pyridine molecules
to the inner porous structure of the MWW zeolites. Since the kinetic diameter of Py
(0.5 nm [53]) is greater than that of NHj3 (0.26 nm [59]), 10-MR pore openings of the MWW
framework (0.41 x 0.51 nm or 0.4 x 0.55 nm, respectively [60]) are barely accessible for
pyridine molecules. In contrast to pyridine, ammonia used as a probe molecule in the TPD
measurement did not encounter any diffusion limitations. However, the trend observed in
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the total densities of the acid centers in the samples determined by Py-IR was determined
to be in agreement with that of NH3;-TPD.
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Figure 10. FT-IR spectra in the v(OH) and Py ring vibrations regions of the M36 samples: (a) M36-5i;
(b) M36-SiAl; (c) M36-SiAlFe (where B—Bronsted acid sites, L—Lewis acid sites).
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Figure 11. FT-IR spectra in the v(OH) and Py ring vibrations regions of the FeM36 samples:
(a) FeM36-Si; (b) FeM36-SiAl (where B—Bronsted acid sites, L—Lewis acid sites).

What is important, as detailed in Table 4, is that the accessibility of the pyridine
molecules oscillated around 49-65%, and strongly depended on the chemical composition
of the zeolites. Considering the FeM36 samples, apart from the framework aluminum
cations, iron species also contributed to the total acidity of the materials. However, despite
Lewis acid centers having being delivered by Fe®*, pore-blocking polynuclear FexOy,
possibly generated during formation of the zeolitic framework, limited the access of Py to
the acidic adsorption centers. A similar effect related to the presence of transition metal in
MCM-36 was observed by Jankowska et al. [13]. In contrast, in the case of the M36 samples,
the accessibility followed the order of M36-5iAl < M36-5i < M36-SiAlFe, which clearly
indicates that despite lower values of textural parameters (see Table 2), iron oxide pillars
were beneficial for basic molecules to approach the acid centers.

In general, the results presented in Table 4 revealed a strong relationship between the
chemical composition of the materials and the density of the specific acid centers. In the
case of M36-5i, the number of BASs was slightly higher comparing to the LASs. However,
a significant increase in Lewis-type acidity was observed after the introduction of Al or
Al and Fe species. Such an effect was related to the acidic nature of the isolated Fe*
cations and AI** in Al,O3 [61,62]. On the other hand, the concentration of BASs remarkably
decreased, which was due to the fact that one LAS related to Fe** was generated in favor of
three BASs [5]. Additionally, Lewis acid sites could be formed by iron-containing oligomers,
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which is especially possible for M36-SiAlFe and FeM36-5iAl, since these samples were the
most abundant in this kind of species, as confirmed by the UV-Vis results. Additionally,
among the zeolites with Fe, the concentration of BASs was the highest for M36-SiAlFe.
Such a result can be explained by the study of Hu et al. [63], who reported that Bronsted
acid sites are located on the surface of FeOy aggregates in Fe-modified ZSM-5. Hence, the
significantly higher density of BASs in M36-SiAlFe compared to FeM36 samples most likely
resulted most from the speciation of iron in the material.

The changes in the total concentration of Py chemisorbed on the Bronsted and Lewis
acid sites caused by the temperature treatment of the pre-adsorbed materials are presented
in Figure S2. Typically, the number of pyridine molecules attached to the acid centers
gradually reduced with the increasing temperature. Additionally, the experiment revealed
a significant difference between the strength of the acid sites in the materials, since both
the number and the strength of the Bronsted acid sites in FeM36 was noticeably lower
than that in the M36 group. Such a result can be assigned to a lower electronegativity of
Fe(OH)Si (present in the one-pot synthesized samples) compared to AI(OH)Si, and thus,
the weaker acidity of the materials [64]. What is more, as already mentioned, is that not
only the strength, but also the concentration of the acid sites in FeM36 was lower than in
M36. Additionally, for all of the samples except for M36-Si, the strength and concentration
of the LASs were higher than those of BASs. Moreover, Lewis acid sites were remarkably
stronger while aluminum or iron were incorporated in the form of pillars. In general, the
acidic character of the zeolites is related to the position of aluminum in the zeolitic structure.
According to Pal¢i¢ and Valtchev [65], Lewis acid sites developed on the surface or as an
extraframework species exhibit a stronger strength compared to the framework moieties.
Therefore, the energy of the bonding between the probe molecule and the acid sites was
higher in the case of the Fe;O3 and/or Al,O3-pillared samples.

Last, but not least, the densities of the Bronsted and Lewis acid sites in the samples
in relation to their strength are depicted in Figure S3. In the case of the M36 series of
samples, the proportion of acid sites of specific type was similar for M36-5i and M36-SiAl
However, the introduction of Fe,Os as a pillar led to the replacement of the strong Bronsted
sites with the centers of medium strength. Additionally, the concentration of strong and
weak Lewis sites in M36-SiAlFe was similar to that of M36-SiAl. Hence, the high density
of LASs in both samples was determined to be due to the presence of extraframework
aluminum, which originated from the Al,Oj pillars. In contrast to the Fe,O3-pillared
sample, modification of the zeolite framework with Fe®* species resulted in the complete
removal of the strong Bronsted acid sites along with the considerable reduction in the
number of medium-strength sites. Moreover, one can observe the opposite proportion of
weak and strong Lewis sites in the M36 and FeM36 series of samples. This result can be
related to the different positions of the aluminum species in the zeolitic framework, or to
the various speciation of iron in the iron oxide-pillared and one-pot synthesized samples.

2.1.6. Distribution of Iron in the Materials

UV-Vis DR experiments were performed over the samples modified with iron to
determine the form and aggregation of the metal species present in the zeolites. The
obtained results, presented in Figure 12, indicated that all of the materials exhibited strong
absorption bands below 400 nm. The region between 220 and 230 nm corresponded to the
charge-transfer transition involving monomeric Fe>* in a tetrahedral coordination (FeOy),
while the band within 260-270 nm was ascribed to the presence of Fe?* in an octahedral
coordination, respectively [66]. Furthermore, the increased intensity in the wavelength
region of 350-400 nm, detected for M36-SiAlFe and FeM36-5iAl, corresponded to the
octahedral Fe3* cations in small oligomeric clusters of FexOy [67]. Additionally, the peak
observed between 400 and 550 nm appearing in the spectrum of M36-SiAlFe proved the
presence of small iron oxide crystallites [5], which is in line with the results presented in
the TEM micrographs. Importantly, these species were absent in the spectra obtained for
FeM36 samples. Hence, these results confirmed that the introduction of iron cations into
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the synthesis pot favored the deposition of monomeric Fe** and partially prevented the
formation of bulky iron oxide species. Moreover, the spectra of FeM36 samples clearly
showed that simultaneous pillaring with SiO; and Al,O3 promoted the deposition of the
active phase in the form of isolated cations, which is in full agreement with the form of iron
determined from the TEM micrographs.
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Figure 12. UV-Vis DR spectra of MCM-36 with iron introduced in the form of pillars or with a
one-pot synthesis.

2.2. NH3-SCR Catalytic Performance of the Materials

All of the analyzed materials were assessed as catalysts for the selective catalytic
reduction with ammonia, which aimed to transform NO to the mixture of N, and H,0O,
while N,O is a by-product of the process. Figure 13 shows a strong correlation between
the presence of iron and the NO conversion obtained for the materials. One can note that
M36-Si and M36-SiAl were completely inactive in the catalytic reaction. In contrast, the
introduction of Fe,Oj pillars enhanced the activity of M36-SiAlFe in the entire investigated
temperature range. Furthermore, it can be observed that NO reduction increased for the
sample linearly with temperature, which is characteristic for Fe-modified zeolites [68-70].
The temperature of 50% conversion (f59) for M36-SiAlFe was 295 °C, while the maximum
NO reduction of 78% was obtained at 350 °C, respectively. The decreased activity of the
material above 350 °C indicates the occurrence of a few side reactions, such as the oxidation
of ammonia, which has been previously reported in the literature for the pillared clays
modified with iron [38]. The non-desired reactions involved in the catalytic process have
generally been attributed to the presence of more aggregated iron species, which generally
promote the oxidation of ammonia [71]. One of the possible pathways of NHj3 oxidation
involves the generation of N,O, described by reactions (1)—(3):

4NO + 4NHj3 + 30, — 4N,O + 6H,O (1)
2NHj3 + 20, — N0 + 3H,0 2)

2NH; + 4NO — 2N, + N,O + 3H,0 6)
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Figure 13. NO conversion obtained for the samples.

The occurrence of the processes (1)—(3) was confirmed with the drastically increased
concentration of nitrous oxide in the post-reaction gas mixture above 300 °C, as illustrated
in Figure 14. Notably, reactions (1) and (3) involve NO, and thereby, its concentration in
the exhaust gas should be theoretically lower. In fact, within 300-350 °C, the catalytic
activity of the sample exhibited an increasing trend. However, between 350 and 450 °C,
NO reduction was gradually lowered to be subsequently maintained at a constant level
within 400-450 °C. Therefore, the contribution of reactions (1)-(3) to N,O generation above
300 °C can be assumed to be temperature-dependent.
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Figure 14. Concentration of N,O emitted during the catalytic reaction over the samples.

As presented in Figure 13, the introduction of iron through the one-pot synthesis
method dramatically improved the low-temperature activity of the zeolite. In the case of
FeM36-5i, 50% of the NO conversion was reached at 193 °C, which was slightly higher
than that of FeM36-SiAl, for which t5p was 174 °C, respectively. Furthermore, both the
one-pot synthesized samples exhibited a 100% of NO reduction at 250 °C. The complete
conversion of nitrogen oxide was maintained up to 300 °C for FeM36-SiAl. In contrast,
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for FeM36-5i the activity gradually dropped to 77% above 250 °C, and was sustained
till 450 °C. The outstanding low-temperature activity of the materials can be assigned to
the presence of isolated, monomeric Fe3* sites, whose abundance was evidenced by the
UV-Vis experiments. According to Brandenberger et al. [72], these sites are characterized
with a lower activation energy compared to polynuclear species, and thus contribute to
NO conversion below 300 °C. What is more, the remarkably higher activity of FeM36-
SiAl, which was most pronounced between 250-350 °C, was determined to be related
to the presence of Al,Os pillars, which exhibited a high capacity to chemisorb ammonia
molecules, especially at high temperatures [73]. Thus, there was a significant activation
effect related to the simultaneous introduction of SiO, and Al,Oj3 pillars into one-pot
synthesized Fe-MCM-36. On the one hand, some parts of NH3 could interact with NO
according to the Eley—Rideal reaction mechanism, a characteristic for high-temperature
region, to yield N and H,O. On the other side, Chmielarz et al. [71] suggested that the acid
sites delivered by alumina activate NHj for its direct oxidation, rather than for the DeNOx
process. This postulate was supported by the activity drop detected for FeM36-SiAl above
300 °C. Alternatively, the decreased conversion of NO in the high-temperature region could
have resulted from the low concentration of polynuclear iron species, which showed a
higher activation energy and contribute to catalytic activity above 250 °C.

The generation of nitrous oxide at the reactor outlet is one of the crucial factors
monitored during the NH3-SCR reaction. The negligible concentration of the emitted N,O
obtained for the FeM36 samples (below 12 ppm), combined with the decreased catalytic
activity above 300 °C suggested that the most probable product of NH3 oxidation is NO.
One can observe that the formation of N, O for the one-pot synthesized samples reached its
maximum at 250 °C, and progressively decreased above this temperature. Additionally,
it was remarkably higher for FeM36-Si. According to Koebel et al. [74], the production of
nitrous oxide during NH3-SCR is related to the formation of ammonium nitrate (NH4NO3)
on the catalyst surface and its further decomposition to N,O and H,O below 260 °C, which
can be described by the reaction (4):

NH4NO3 — NzO + ZHQO (4)

What is interesting, is that regardless of the production of nitrous oxide through
reaction (4), the concentration of the by-product in the exhaust gas decreased for both
samples to finally reach the level below the detection limit at 450 °C. Based on the study of
Delahay et al. [75], NoO formed during the reaction could be reduced by ammonia to form
N, and H,O, as according to reaction (5):

2NH; + 3N,0 — 4N, + 3H,0 (5)

The occurrence of reaction (5) was also confirmed by the reduced activity of the
samples, which could have resulted from the consumption of the reducing agent as a
consequence of its non-selective reaction with N,O.

3. Discussion

Overall, the results of our study revealed that MCM-36 belonging to the MWW zeolite
family can be prepared using various pillars, including the mixtures of SiO,, Al,O3, and
Fe;O3, respectively. Moreover, some of the atoms incorporated into the aluminosilicate
framework can be successfully substituted with Fe>*, which considerably activates the
material in the NH3-SCR reaction. Importantly, regardless of the introduction procedure, all
of the samples were characterized with a similar content of iron, as confirmed with the ICP-
OES studies (cf. Table 1). It was found from XRD studies that MCM-36 can be intercalated
with various pillars, and that no secondary phases were formed in the case of M36 series.
However, the arrangement of the MWW layers was dependent on the type of pillars,
since both XRD and TEM studies indicated that the simultaneous introduction of silica,
alumina, and iron oxide resulted in the highest delamination degree. On the other hand,
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it was observed that incorporation of iron into the synthesis pot not only resulted in the
generation of small and well-dispersed aggregated clusters (cf. Figure 5), but also resulted
in the formation of the secondary FER phase. Ben Younes et al. [76] investigated the effects
of the structure of Fe-zeolites on their catalytic performance in NH3-SCR. According to the
authors, in the case of FER, the small aperture of channels resulted in the limited access of
the reacting molecules to the inner structure of the material, and thus, led to a very poor
activity in NO reduction. Therefore, a positive contribution of the FER phase on the high
catalytic activity of FeM36 samples can be excluded. Additionally, TG studies indicated that
the incorporation of iron into the framework stabilized the zeolitic structure, which was
more pronounced for FeM36-Si. Such an effect was correlated with the hampered diffusion
of H,O molecules from the pores, caused by the presence of SiO; pillars. Furthermore, low-
temperature N, sorption studies indicated the dominance of mesopores in the materials. In
contrast, the formation of microporosity in the samples was considerably limited by the
type of pillars incorporated in the material. Both the volume and the area of micropores
decreased (following the order of M36-5iAlFe < M36-S5iAl <M36 Si), due to the fact that
the pores below 2 nm were able to be completely clogged by the additional Al;O3; and
Al,O3-Fe;O3 pillars. Additionally, relatively similar textural characterizations of M36-
Si and FeM36-Si confirmed that the incorporation of iron into the framework generated
mainly isolated framework Fe3* cations, which is consistent with the results of UV-Vis
spectroscopy. Furthermore, considering the porosity and structural parameters, one-pot
synthesis was remarkably more beneficial compared to the introduction of Fe,Oj pillars.
Additionally, the dispersion of iron in the FeM36 samples was strongly correlated with the
type of interlayer species, since the presence of SiO,—Al,Oj3 resulted in the formation of
individual clusters which were visible in the TEM micrographs.

What particularly stands out from our studies is that despite the diffusion limits,
the introduced pillars created several new adsorption centers for the molecules reacting
during the NH;3-SCR process. The investigation of the acidic character of the materials
indicated that regardless of the preparation procedure, Al,Oj3 pillars significantly increased
the number of acid sites. However, as confirmed by the NH;3-TPD studies, in contrast to
the FeM36 samples, the simultaneous introduction of silica and alumina weakened the
strength of the acid centers of the M36 materials. What was also noticeable, was that
the density of acid sites was not a key factor in the good catalytic performance of the
zeolites, since M36-Si and M36-SiAl (most abundant in acidic centers) were completely
inactive in NH3-SCR. Thus, the relatively satisfactory NO conversion obtained for M36-
SiAlFe can be exclusively ascribed to the presence of iron oxide pillars, while the acid sites
originating from Al,O3; and the aluminosilicate framework only acted as a reservoir of
ammonia molecules. The experimental studies on the mechanism of NH;3-SCR indicated
that the primary step of the process is the adsorption and activation of NH3 on the catalyst
surface [77-79], and according to Wang et al. [80], Lewis acid sites can adsorb ammonia
more actively than the Bronsted centers. Therefore, the activation of NH3 and the catalytic
activity of M36-SiAlFe was related to the newly generated adsorption sites, originating
from Fe3* delivered by the Fe,O; pillars. Additionally, since all the M36 samples exhibited
a relatively similar density of the Lewis acid centers, the considerably increased conversion
of NO resulted from the outstanding redox features of the iron species. In fact, Long and
Yang [81] postulated that ammonia adsorbed on the Bronsted sites in a form of NH,*
cations is more stable at high temperatures compared to NHj3 coordinated on the Lewis
centers. However, according to Schwidder et al. [82], Bronsted acidity is dispensable to
obtain a satisfactory conversion of NO over Fe-exchanged zeolites within 250-600 °C.
Amores et al. [83] completely excluded the involvement of NH4 " ions in the standard NHj-
SCR, while Brandenberger et al. [84] assumed that Bronsted acid sites are not required for
the adsorption and activation of ammonia. On the contrary, Liu et al. [85] found no evidence
for the superiority of Bronsted or Lewis acid sites in the activation of the ammonia and NH3-
SCR performance. Nevertheless, the authors postulated that all of the acid centers in the
support act as a reservoir for the reducing agent, which is then transported to the Fe species
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for the reaction with NO. Therefore, not the acidic, but redox character of Fe3* present in the
Fe, O3 pillars of M36-SiAlFe contribute to the superior catalytic activity of the material [86].
Additionally, the poor NO adsorption capacity of Fe3* combined with the temperature
window of 300-450 °C suggested that the reaction followed the Eley-Rideal mechanism,
which is characteristic for the high-temperature region of NH3-SCR [80,87]. Our findings
are in line with the studies performed by Apostolescu and co-workers [88] on the NH3-SCR
catalytic potential of Fe,O3-based materials. According to the authors, iron sites participate
in the dissociative adsorption of ammonia, which results in the formation of reactive amide
surface species along with the partial reduction of iron. The amide moieties then react
with gas-phase NO and form NO and H,O, while the iron center is re-oxidized by O, to
complete the redox cycle. Apart from the moderately good high-temperature performance
of M36-5iAlFe, one can observe that the emission of N,O for the material was the highest
among all of the samples. Such a result was related to the side reaction of NHj3 oxidation,
which is typically involved in the Eley—Rideal mechanism [89]. Additionally, the generation
of nitrous oxide for the sample can be a consequence of the diffusion limits set by the
pore-locking pillars, which led to non-desired interactions between the reacting molecules.

In contrast to M36-SiAlFe, the group of Fe-modified one-pot synthesized samples
exhibited very high NO reduction rates below 300 °C. The observed increase was deemed
to be certainly due to the modified redox and acidic nature of the materials caused by the
deposition of various iron species into the zeolitic framework. In our previous study [9],
we confirmed that the outstanding low-temperature activity of silica-intercalated MCM-36
with iron incorporated directly into the zeolitic framework was attributed to the presence of
the isolated Fe>* species. However, the studies reported here indicated that the temperature
window of the material can be expanded by the incorporation of Al,O3 simultaneously
with the silica pillars. Taking into consideration the decreased value of the specific surface
area and the textural parameters of FeM36-5iAl, the superior catalytic performance of the
material compared to FeM36-Si was undoubtedly related to the co-existence of SiO; and
Al,O3 between the adjacent MWW layers. One of the possible reasons of the promoting
effect of alumina on the expansion of the temperature window is the presence of the
coordinatively unsaturated A1** ions. These sites generated additional Lewis acid sites,
which was confirmed by the Py-IR studies. Another possible explanation of the higher
NO conversion obtained for FeM36-5iAl is related to the type of iron sites present in the
material. As determined from the UV-Vis spectra, the sample pillared with Al,O3 was
not only abundant in the monomeric Fe3*, active in the low-temperature region, but also
contained a considerable amount of polynuclear moieties, which typically contribute to
NO conversion within 300-400 °C [72]. Moreover, the TEM micrographs recorded for the
samples a revealed better dispersion of the metallic species in FeM36-SiAl. Therefore, it is
possible that alumina could prevent the migration of Fe** from the framework positions,
which resulted in the formation of catalytically inactive, bulky aggregates. On the other
hand, the study studies of Chmielarz et al. [38] proved that alumina pillars introduced
into the interlayer space of aluminosilicates significantly contributed to the oxidation
of ammonia to nitrogen and water vapor. Thus, despite the positive influence on the
temperature window, the promotion of the non-selective reactions of NH3-SCR by the
AlyOj3 pillars cannot be completely excluded.

One can observe that the amount of N,O produced within 250-350 °C was noticeably
higher for FeM36-5i compared to FeM36-SiAl. Such a result can be linked with the fact
that FeM36-SiAl contained a remarkably higher number of monomeric sites (see UV-Vis
studies). Since it was confirmed that these species are inactive for ammonia oxidation of
up to 500 °C [72], the difference between the emission of N,O noticed for FeM36-5i and
FeM36-SiAl was deemed to be related to the speciation of iron in the samples.

Based on the results of the catalytic studies, it can be concluded that the higher conver-
sion of NO obtained for one-pot synthesized materials compared to Fe,Os-pillared sample
resulted from the compilation of the specific features of the zeolites. In fact, the NH;-TPD
studies revealed that both types of materials were characterized with a similar density of the
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acid centers, and an approximate number of the Lewis acid sites. Nevertheless, the number
of Bronsted acid sites was found to be considerably lower in the case of the FeM36 samples,
which thereby confirmed the theory that BASs are not essential for NH3-SCR. Additionally,
since the one-pot synthesized materials exhibited a lower concentration of strong Lewis
sites, it can be assumed that not the strength, but the ratio of the BAS/LAS was the crucial
acidity-related factor determining the catalytic performance of the materials. Furthermore,
the structural and textural characterizations suggested that the introduction of the active
phase in the form of pillars limited the development of microporosity due to pore clogging,
caused by the deposition of bulky oxide clusters. In contrast, the direct incorporation of
iron into the zeolitic framework not only eliminated the problem of aggregation, but also
placed the metal species into their catalytically active monomeric form.

4. Materials and Methods
4.1. Preparation of the Materils
4.1.1. Synthesis of the Precursor MCM-22 (P)

The precursor of the MCM-36 zeolite, with the intended Si/ Al molar ratio of 25, was
obtained according to the procedure reported by Corma et al. [90]. The molar composition
of the synthesis gel was SiO;: 0.02 Al,O3: 0.5 HMI: 0.09 NaOH: 45 H,0, and the mixture
was prepared using sodium hydroxide (NaOH, Scharlab, Barcelona, Spain), sodium meta-
aluminate (NaAlO,, 56% Al,Os, 37% NayO, Carlo Erba Reagents, Milan, Italy), silica
(Aerosil 200, Evonik Rohm GmbH, Essen, Germany), hexamethyleneimine (HMI, 98 wt.%,
Scharlab, Barcelona, Spain), and deionized water. The typical preparation procedure
involved dissolving 0.375 g of NaOH and 0.375 g of NaAlOj3 in 81.71 g of deionized water
and stirring the mixture for 15 min at room temperature. After that time, 6 g of silica
was slowly added to the solution and was maintained under stirring. Afterwards, 4.96 g
of HMI was introduced into the solution dropwise, and the gel was mixed for 2 h. The
resulting slurry was subsequently crystallized in a stainless-steel autoclave lined with
polytetrafluoroethylene (PTFE), under rotation (60 rpm) at 150 °C for 7 days. The resulting
solid was filtered, washed several times to neutral pH, and dried overnight at 100 °C in air.
The obtained precursor was labeled as MCM-22 (P).

4.1.2. Swelling of MCM-22 (P)

The swelling procedure, aiming to expand the interlayer space of MCM-22 (P), was per-
formed using a mixture of cetyltrimethylammonium bromide (CTMA*Br") and tetrapropy-
lammonium bromide (TPA*Br~). The bromide ions were partially exchanged (ca. 70%
and ca. 30% for CTMA and TPA, respectively) for hydroxide anions, using a hydroxide
form of Amberlite IRN78 (strong anion exchange resin). Firstly, 5 g of MCM-22 (P) was
added into the mixture of 100 g CTMA*Br~ /OH™, 30 g of TPA*Br"/OH", and 30 g of
deionized water. The slurry was then stirred at 80 °C for 16 h under reflux. Secondly, it was
filtered, washed with a small amount of water, and dried overnight at 60 °C. The obtained
solid product was used to synthesize MCM-36 intercalated with 5iO,, S5i0,-Al,O3, and
5i0,-Al,O3-Fe, O3 pillars.

4.1.3. Intercalation with Various Pillars

In order to prepare MCM-36 pillared with SiO;, the swollen MCM-22 was mixed with
tetraethyl orthosilicate (TEOS, 98%, Aldrich, Spain) as the precursor of silica. The weight
ratio of the solid to the pillaring agent was 1:5, and its suspension was stirred at 90 °C
for 25 h in N atmosphere. Afterwards, the mixture was filtered, and the pillared solid
was washed with ethanol. Subsequently, the material was dried overnight at 60 °C in air,
and then calcined at 540 °C in N, atmosphere for 1 h and in air for 16 h, respectively. The
prepared sample was labeled as M36-Si.

MCM-36 pillared with SiO; and Al,O3 was prepared using the pillaring solution
obtained according to the reproduced methodology proposed by Barth et al. [20]. Typically,
250 cm? of 0.2 M NaOH solution was added dropwise to 250 cm? of AI(NOj3); solution
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(0.1 M, Scharlab, Barcelona, Spain) under stirring. The solution was agitated at 70 °C for
4 h and subsequently aged at room temperature for 72 h. The introduction of silica pillars
into the interlayer space of MCM-22 (P) was performed analogously to M36-Si, while
intercalation with Al,O3 was carried out by the hydrolysis of the SiO,-pillared sample as
suspension in the water (weight ratio 1:10) with the pillaring solution of alumina pillars at
40 °C for 6 h. The volume of the pillaring solution was adjusted to introduce 24 mmol of
AIP* /1 g of the sample pillared with silica. The desired pH of the pillaring process (~8.0)
was controlled using NaOH. The resulting material was then filtered, dried at 60 °C in air,
and calcined at 540 °C in N, atmosphere for 1 h and in air for 16 h, respectively. The zeolite
intercalated with silica and alumina was labeled as M36-SiAl.

MCM-36 pillared with SiO,, Al,O3, and Fe;O3 was synthesized using the pillaring so-
lution that was prepared according to the reproduced method reported by Mufioz et al. [91].
Firstly, 500 cm® of the solution of Fe3* and A1** ions (derived from iron and aluminum
nitrate, respectively) was prepared in such a way that Fe>* /(Fe3* + AI**) = 0.2, while
the total concentration of trivalent cations (Me®") was 0.4 M, respectively. Secondly, the
sufficient quantity of 0.4 M NaOH solution was slowly added to the continuously stirred
mixture to obtain an OH~ /Me%* molar ratio of 2.0. The resulting liquid, clear product was
aged at room temperature for 72 h. The pillaring procedure resembled that of SiO,—AL,O3.
However, the volume of the intercalating mixture was adjusted to introduce 20 mmol
of Me3* /1 g of the sample pillared with silica. The resulting material was then filtered,
dried at 60 °C in air, and calcined at 540 °C in N, atmosphere for 1 h and in air for 16 h,
respectively. The zeolite intercalated with silica, alumina, and iron oxide was labeled
as M36-SiAlFe.

The series of MCM-36 intercalated with various pillars was collectively labeled as M36.

4.1.4. One-Pot Synthesis of Fe-MCM-36 Intercalated with Silica or Silica-Alumina Pillars

The one-pot synthesis of the layered precursor with Fe3* introduced directly into
the zeolitic framework was conducted based on the reproduced methodology suggested
by Chen et al. [35]. The material with the molar composition of SiO,: 0.017 Al,O3: 0.05
Fe(NO3)3: 0.5 HMI: 0.4 NaOH: 45 H,O (Si/ Al molar ratio of ca. 28, Si/Fe molar ratio of
ca. 20) was prepared as follows: 1.10 g of NaOH (Scharlab, Barcelona, Spain), 0.31 g of
NaAlO,; (NaAlO;, 56% Al,O3, 37% NayO, Carlo Erba Reagents, Milan, Italy), and 1.64 g
of Fe(NO3)3-9 HyO (Sigma Aldrich, Merck, KGaA, Darmstadt, Germany), respectively
were dissolved in 57 g of deionized water and stirred at room temperature for 30 min.
Subsequently, 11.85 g of silica sol (40.5 wt.%, Sigma Aldrich, Merck, KGaA, Darmstadt,
Germany) was added dropwise to the mixture. Afterwards, 3.97 g of HMI (98 wt.%,
Scharlab, Barcelona, Spain) was slowly introduced into the solution, which was then
homogenized under stirring for the next 2 h. Finally, the prepared gel was crystallized
in a Teflon-lined stainless-steel autoclave rotated at 150 °C for 7 days. After that time,
the solid product was filtered, washed several times with distilled water to a neutral pH,
and dried overnight at 100 °C. The synthesized solid product was subsequently labeled
as FeM22 (P). Prior pillaring with silica or silica-alumina oxides, FeM22 (P) was swollen
according to an identical procedure to that of the iron-free samples. Similarly, the synthesis
of one-pot synthesized MCM-36 with Fe3* in the structure, intercalated with silica or silica
and alumina was conducted analogously to the iron-free MCM-36. The obtained materials
were labeled as FeM36-Si and FeM36-SiAl for the silica- and silica-alumina-intercalated
samples, respectively.

The series of one-pot synthesized Fe-MCM-36 intercalated with various pillars was
collectively labeled as FeM36.

4.2. Physicochemical Characterization of the Materials

The content of Si, Al, and Fe in the samples was determined using inductively coupled
plasma optical mass spectroscopy (ICP-OES, QTEGRA). Crystalline structure and phase
purity were analyzed using X-ray powder diffraction (XRD). The XRD patterns were
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collected using a Panalytical Empyrean diffractometer with a Cu K« radiation source
(A = 1.54184 A) at a tube current of 40 mA and a voltage of 40 kV in the 26 scanning
range of 2-40°, respectively. XRD data were complied using X’pert HighScore software
(with the database). Low-temperature N; sorption measurements were performed using
the Micromeritics 3Flex Surface Characterization gas adsorption analyzer. Prior to each
experiment, the samples were degassed under vacuum at 90 °C for 1 h and then at 350 °C
for 5 h. The specific surface area (Sprr) of the materials was calculated according to the
BET (Brunauer-Emmet-Teller) equation from the adsorption branch, as recommended
by Rouquerol [92]. The external surface area, along with the volume and surface area of
the micropores were calculated using the Harkins and Jura model (f-plot analysis). The
mesopore volume was determined using the BJH model from the adsorption branch of the
nitrogen isotherm. Transmission electron microscopy (TEM) was performed using a Tecnai
TF20 X-TWIN (FEG) microscope (Thermo Fisher Scientific) equipped with an EDS detector
(EDAX), working at an accelerating voltage of 200 kV. Samples for TEM observations were
prepared by the drop-casting of powder/isopropyl alcohol suspensions on carbon-coated
copper TEM grids. Thermogravimetric and differential thermal analyses (TGA-DTA) were
conducted using Mettler Toledo TGA /SDTA 851E equipment. The experimental procedure
consisted of progressive increases in the temperature to quantify the weight losses, Typically,
the investigated sample was heated to 800 °C with a temperature ramp of 10 °C-min~!
and using an air stream of 20 cm3-min~!, respectively. The concentration and strength
of the acid sites was determined by the temperature-programmed desorption of NH3
(NH3-TPD) using Autochem II (Micrometrics) apparatus. The experiments were performed
in the temperature range of 100-800 °C in a fixed bed continuous flow microreactor. Prior
to the measurement, each sample was pre-treated in a stream of Ar at 100 °C for 1 h.
Afterwards, the materials were equilibrated at 100 °C in a stream of He and were saturated
for 30 min in a flow of 1 vol.% of NHj3 in He. Subsequently, the samples were heated up to
800 °C with a temperature ramp of 10 °C-min ! in an Ar stream. The desorbed amount
of ammonia was analyzed by the means of a thermal conductivity detector (TCD) and
coupled GC-MS mass spectrometer (OmniStar, Bazers Instruments). The NH3 uptake was
calculated from the amount of desorbed gas volumes from the area under the NH3-TPD
curve. The setup was calibrated prior to analysis with the known amounts of ammonia
to determine the precise area of a single pulse registered by the TCD detector. Infrared
spectroscopic monitoring of pyridine sorption on the samples’ surfaces enabled one to
distinguish between the Bronsted acid sites (BAS) and Lewis acid sites (LAS). To evaluate
the contribution of BASs and LASs, self-supported wafers (¢ = 10 mg-cm~2) of calcined
samples, previously activated at 400 °C and 10~2 Pa overnight in a Pyrex vacuum cell,
were contacted with 6.5-10? Pa of pyridine vapor at room temperature. Afterwards, the
probe molecule was desorbed in vacuum at increasing temperatures (150, 250, and 350 °C,
respectively). The spectra were recorded at room temperature and were scaled according
to the sample weight (10 mg). The concentrations of BASs and LASs were determined
according to the methodology reported previously by Emeis [93]. The total number of
BASs and LASs in the samples was calculated from Py-IR spectra recorded at 150 °C using
the following absorption coefficients: ¢ (BAS) = 1.67 cm-umol !, & (LAS) = 2.22 cm-pumol !,
and the intensities of the corresponding Py absorption maxima (1545 cm~! for BASs and
1445 cm ™! for LASs, respectively). The quantities of BASs and LASs were estimated using
Equations (6) and (7), respectively:

-1 7'L’R2
-1 7'[R2
LAS = ¢(LAS) ™" x IA (L) x @)

where C is the concentration of BAS or LAS (umol'g’l), ¢ is the integrated molar extinction
coefficient (cm-umol 1), IA is the integrated absorbance (em™1), R is the radius of the wafer
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used for the measurement (cm), and W (g) is the weight of the sample. The strength of the
BASs and the LASs were defined as follows: the strong sites were calculated from Py-IR
spectra recorded at 350 °C, the medium sites were determined from the difference of Py-IR
spectra recorded at 350 and 250 °C, and the weak sites were estimated from the difference
of Py-IR spectra recorded at 250 and 150 °C, respectively. The characteristic chemical
groups present in the zeolitic frameworks of were assessed using FI-IR spectroscopy. The
spectra were collected using the Perkin Elmer Frontier spectrometer in the wavelength
region of 4000-400 cm~! with a resolution of 4 cm~!. The coordination and aggregation
of iron species introduced into the zeolites were analyzed by the means of ultraviolet
diffuse reflectance spectroscopy (UV-Vis DR). These experiments were conducted using a
Cary 5 spectrophotometer equipped with a diffuse reflectance accessory. The spectra were
recorded in the wavelength range of 200-800 nm, with a resolution of 2 nm.

4.3. Catalytic Tests

NH;3-SCR catalytic tests were conducted over the samples under atmospheric pressure
in a fixed-bed flow microreactor with a quartz tube. Typically, 200 mg of the material was
outgassed at 400 °C for 30 min in a flow of nitrogen and cooled to 100 °C. The model
gas mixture consisted of 800 ppm of NO, 800 ppm of NHj3, 3.5 vol.% of O,, and He as
an inert, respectively and the total gas flow was 100 cm®-min~!, which led to a GHSV
of 30,000 cm®>-h~!.g=1. The experiments were performed in the temperature range of
150-400 °C with 50 °C as a step. The concentrations of residual NO and N;O (the side-
product of the reaction) in the outlet gas were continuously monitored with a FT-IR detector
(ABB 2000, AO series). The results of the catalytic tests were calculated based on the specific
algorithm and were collected in a form of .xIs file. Such a manner of measurement did not
provide FT-IR spectra of the post-reaction gas mixture; however, it enabled the relatively fast
calculation of the experimental results. The catalytic activity, expressed as the conversion
of NO, was calculated using Equation (8):

(CNOM B CNOout)
Cnoy,

NOcono= x 100% 8)

where NO,ony—NO conversion, Cyp, —inlet concentration of NO, and Cyo,,,—outlet
concentration of NO in the gas mixture, respectively.

5. Conclusions

The results of our study proved that MCM-36 can be successfully prepared using not
only silica, but also with its mixture with Al,O3 or Al,O3-Fe,O3. Additionally, the latter
material exhibited a relatively satisfactory performance as the NH3-SCR catalyst, due to the
introduction of iron and the modification of the acidic nature of the zeolite. Furthermore,
it was found that Al,O3 and Fe,Oj3 acted synergistically in the catalytic reaction, since
both AI** and Fe3* delivered active centers for the reaction to proceed. However, the
introduction of iron in the form of metal oxide pillars did not provide enough isolated
framework species, which contributed to a low-temperature activity in NH3-SCR. The
one-pot synthesized material intercalated with SiO,—Al,O3; was the most active sample
with a 100% of NO conversion having being maintained within 250-300 °C. The superior
performance of the catalyst over the SiO,-pillared one was ascribed to a higher acidity;
however, it cannot be excluded that alumina promoted the distribution of iron in the
zeolitic framework and prevented the migration of the monomeric framework Fe3* to the
extraframework positions. The gradually decreasing activity of the Fe-modified samples
in the high-temperature range was attributed to the side reaction of ammonia oxidation.
Nonetheless, the negligible concentration of N, O registered during this process indicated
that NH3; was most likely transformed into molecular nitrogen.

In summary, these conducted studies demonstrate that iron can be introduced into the
MWW structure using diversified methods, which can further determine the speciation of
the metallic phase, the acidic character, and the catalytic performance in NH3-SCR. The
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presented research significantly contributes to the area of novel modifications in the MWW
zeolites and opens a new path in the facile synthesis of novel NH3-SCR catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28134960/s1, Figure S1: TEM images of the samples recorded in
various modes.; Figure 52: Changes in the concentration of pyridine adsorbed on the acid centers of
the materials at 150, 250, and 350 °C.; Figure S3: Densities of Bronsted (BASs) and Lewis (LASs) acid
sites in relation to their strength: strong, medium, and weak (calculated from Py-IR spectra recorded
at 350 °C, within 250-350 °C, and within 150-250 °C, respectively).
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