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Abstract: Natural layered clays (bentonite and vermiculite) and natural zeolite (clinoptilolite) were
tested and compared as the supports of the catalysts for selective catalytic reduction with ammonia
(NH3-SCR). The raw materials were modified in order to improve their catalytic properties. Layered
clays were treated with HNO; and intercalated with AlOs pillars to enhance their acidity, porosity and
specific surface area. Clinoptilolite was ion-exchanged with NH4sNO;5 in order to increase the content of
Bronsted acid sites, indispensable for NH; adsorption during the reaction. Subsequently, iron as an
active phase was deposited on the modified supports by various methods, including incipient wetness
impregnation, ion-exchange and co-precipitation. The efficiency of these methods was compared as
NOx conversion obtained for each material. XRD analysis indicated that the initial modifications
affected the structure of the raw aluminosilicates. FT-IR measurement confirmed the presence of
characteristic Si-O and Al-O bonds and H>O molecules that occur naturally in the materials. UV-Vis
spectroscopy results indicated that different types of Fe species were deposited on the catalysts surface
and their form strongly depends on the type of the support. NH3-SCR catalytic tests showed that all of
the analyzed materials exhibit satisfactory level of NO conversion and negligible concentration of by-
product (N20) in the exhaust gas. The highest catalytic activity (ca. 50% at 170°C and over 95% above
250°C) was obtained for Fe-Bent. The lowest concentration of N>O in the flue gas (less than 5 ppm in the
whole temperature range) was observed for Fe-Clin.
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1. Introduction

The emission of hazardous pollutants is a serious environmental problem nowadays. One of the most
dangerous substances produced by industry and transport are nitrogen oxides (NOx). For that reason,
the latest EU legislations concerning the emission of NOy are becoming more and more restrictive
(Motak, 2008; Guan et al., 2014; Wierzbicki et al., 2015). Techniques applied to reduce the generation of
nitrogen oxides are divided into primary and secondary methods. The first group involves optimization
of the fuel combustion process, in order to minimize the amount of NOx produced in the combustion
zone. The second one is based on the treatment of NOx which are already present in the exhaust gas
(Srivastava et al., 2005). The secondary measures are distinguished into catalytic and non-catalytic. The
most widespread non-catalytic method is adsorption, especially onto activated carbons (Zhang et al.,
2008; Barbooti et al., 2011, Wozniak et al., 2018). However, the main drawbacks of this solution are high
cost of the most effective adsorbents and their expensive regeneration. Moreover, there is a high risk of
the generation of secondary pollution when adsorption is applied. The control of NOx emission using
catalytic measures can be based on selective or non-selective reduction by the reducing agent (NSCR
and SCR, respectively) (Yang et al., 2014). Both processes involve the reaction between nitrogen oxide
and ammonia or urea injected to the stream of flue gas. The main products of the reaction are molecular
nitrogen and water vapour (Engler, 1991). However, application of non-selective catalytic reduction
usually results in the formation of hazardous nitrogen species, such as N>O, NO or NO,. What is more,
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in this case, there is a high risk that the reaction of ammonia oxidation proceeds at much higher rate
than the reaction between NOx and NH3 (Madia et al., 2002). Therefore, the most preferable method
applied for the removal of NOy is selective catalytic reduction with ammonia (NH3-SCR). The
commercial catalyst of this process is V205-TiO; on a ceramic monolith, promoted with WO; or MoOs
(Grzybek, 2007). However, due to some significant operating problems, the application of this material
is limited. First of all, the catalyst is most active at 350-400°C. Therefore, it should be installed upstream
of the electrostatic precipitator and flue gas desulfurization equipment ("high-dust" position). In such a
case, the catalyst undergoes contamination by SO,, alkaline metals and the particles of fly ash. The
reasonable solution would be to place the system at the "tail end" position, downstream the electrostatic
precipitator. However, large amount of energy is necessary to increase the temperature of flue gas, so
that the catalyst operates efficiently. Besides, the utilization of the vanadium catalyst can lead to the
secondary contamination of the soil by poisonous vanadium species (Rahkamaa-Tolonen et al., 2005;
Motak et al., 2015; Wierzbicki et al., 2015). Some studies also indicated that above 500°C the commercial
V-based catalyst releases both vanadium and tungsten to the environment (Liu et al., 2015).

In this context, many studies have been devoted to the development of novel NH;-SCR catalysts.
One of the most significant factors that contributes to satisfactory performance is the choice of an
appropriate support of the catalyst. It should have well-developed pore system that facilitates the access
of gas molecules to the active centres. Moreover, it is preferable that it provides catalytically active sites
itself and exhibits high thermal stability and durability.

A great number of scientific publications relate to promising supports of NH3-SCR catalysts, such as
activated carbons (Samojeden and Grzybek, 2016; Saad et al., 2019), zeolites (Niu et al., 2016; Martin et
al., 2017; Rutkowska et al., 2017; Wang et al., 2019), cenosphers (Samojeden et al., 2019a, Samojeden et
al., 2019b), supported metal oxides (Andreoli et al., 2015; Kwon et al., 2016) or hydrotalcite-derived
mixed metal oxides (Wierzbicki et al., 2015; Jabtoriska and Palkovits, 2016). Alternative group are
modified layered clays (Grzybek, 2007, Motak, 2008; Chmielarz et al., 2011; Shen et al., 2014). The
materials can be negatively or positively charged and are called cationic or anionic clays, respectively.
The representative of naturally occurred cationic clays are bentonites, which consist predominantly of
montmorillonite. Montmorillonites are built of one octahedral Al-based sheet situated between two
tetrahedral Si-O sheets. Partial substitution of AlI** by Mg?* in the octahedral layer generates the
excessive negative charge, which is neutralized by cations present in the interlayer space (Grzybek,
2007). Another example of common natural layered aluminosilicate is vermiculite (Chmielarz et al.,
2009; Hulff, 2016; Ziemiariski, 2015). The material has a layered structure, but in contrast to bentonite,
contains some significant amount of iron ions built up in the octahedral sheets (Stawiniski et al., 2017).
The large catalytic potential of layered materials results in many possibilities of their modification. The
catalytic activity and selectivity can be easily increased by optimizing acidity and textural properties of
the clays (Motak, 2008; Yuan et al., 2018). Moreover, the materials are abundant in the environment,
therefore they can be easily acquired. Chmielarz et al. (Chmielarz et al., 2003) analyzed the influence of
the preparation procedure of the modified montmorillonite on its catalytic performance in NH;-SCR.
The support was initially treated with the intercalating solution containing Al- or Ti-oligocations. The
treatment led to the introduction of the pillars in the interlayer space via ion-exchange with the charge-
balancing cations. Sgrr analysis of the obtained supports showed that intercalation increased the specific
surface area and micropore volume. The catalytic tests carried out over as prepared supports containing
copper showed that above 250°C, the catalysts exhibited 90% conversion of NO and 95% selectivity
towards N,. Additionally, the presence of water vapour in the stream of the flue gas caused only
negligible drop of NO conversion and the effect was fully reversible.

An alternative attempt to the modification of aluminosilicates was acid activation of vermiculites.
According to the scientific literature, the treatment of the raw vermiculite with an oxidizing acid leads
to the increase of surface acidity. Moreover, it results in the enlargement of the specific surface area and
the volume of micropores. Another important result of acid activation is leaching of the octahedrally-
coordinated Fe3* cations present in the tetrahedral sheets of the material. Therefore, the external surface
is enriched in new active sites, more accessible for NH3-SCR (Chmielarz et al., 2008). The preparation
procedure of acid treated vermiculites was described by Chmielarz et al. and Santos et al. (Chmielarz et
al.,, 2012; Santos et al., 2015). The studies on the influence of the type and concentration of the leaching
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acid indicated that the most preferable structural properties were obtained for materials treated with
0.8 mol-dm= nitric acid. Moreover, it was proved that the duration of acid treatment determines the
pore volume. The results of XRD studies suggested that the interlayer K* and Mg2* cations are replaced
with H* and the interlayer distance is reduced during acid activation. It is expected, that the effect can
be minimized when acid treatment is followed by pillaring. NH3-SCR catalytic tests carried out by
Chmielarz et al. (Chmielarz et al., 2012) over acid-leached vermiculites indicated strong potential of
these materials in NO reduction. However, the introduction of an active phase is indispensable to
increase the conversion of nitrogen oxides in the whole temperature range.

Another group of aluminosilicates that can be efficiently used as NH3-SCR catalysts precursors are
zeolites (Ma et al., 2013; Paolucci et al., 2016; Dakdareh et al., 2018). It is especially due to their surface
acidity, outstanding hydrothermal stability and durability. These microporous crystalline materials are
composed of SiOs- and AlOs-tetrahedra and can be formed naturally or prepared synthetically
(Weckhuysen and Yu, 2015). Wang et al. (Wang et al., 2015) studied the catalytic performance of Cu-
SAPO-34 in NH3-SCR and the impact of Bronsted acidity on the catalytic properties. The analysis
included K- and H- forms of zeolites with copper as an active phase. The authors observed a strong
correlation between the Bronsted acidity and catalytic activity. It was proved that direct adsorption of
NH3 on the metal active sites is much less favourable thermodynamically in comparison to the
adsorption on zeolite surface. Thus, the molecule firstly interacts with the Bronsted acidic site and
migrates to the Cu site, to form N in the reaction with NO,. On the other hand, when the content of K*
in the zeolite was increased, the catalytic performance deteriorated, especially in the high temperature
range. The difference in the catalytic activity of the samples was correlated mainly with the decrease of
the number of Bronsted acidic sites. It was concluded that appropriate pre-treatment of the zeolite and
its enrichment in Bronsted acidic sites is a crucial factor for effective NH3-SCR reaction.

Another important issue for the high catalytic activity is the active phase of the catalyst. Among
many metals tested in NHz-SCR, the most satisfactory results were obtained for iron (Gao et al., 2016;
Samojeden and Grzybek, 2016) and copper (Gao et al., 2015; Niu et al., 2016). However, copper has a
tendency to oxidize ammonia above 350°C and as a result the conversion of NO decreases (Kowalczyk
et al., 2018). Therefore, iron is more preferable, mainly due to the stability at high temperature and
weakly-oxidizing properties. Moreover, iron is non-poisonous metal with high tolerance to the presence
of SOy in the flue gas (Deng et al., 2016; Ryu et al., 2019). Additionally, the price of iron is relatively low
in comparison to copper. Considering effective NH3-SCR catalysts, the issue of their utilization cannot
be omitted. The most efficient method that can be used for the recovery of the solid-state catalysts from
metal ions is flotation. High efficiency of this technique in the recovery of iron, copper, lead, zinc or
vanadium was reported in detail in the scientific literature (Wan-Zhong et al., 2010; Deliyanni et al.,
2017; Feng et al., 2019; Zhao et al., 2019).

Significant number of publications confirmed the excellent catalytic activity of aluminosilicate-
supported catalysts modified with transition metals. However, a direct comparison of the properties of
the naturally derived supports (layered clays and natural zeolites) have not been presented yet.
Therefore, the paper presents the full analysis of the influence of the naturally-derived support on the
catalytic performance in NH;-SCR.

2. Materials and methods

2.1. Catalysts preparation

The aluminosilicate-based catalysts were prepared by three different methods described in the
subsections 2.1.-2.3. Introduction of Fe as the active phase was diversified for each material in order to
obtain different forms of the active phase (from small crystallites to agglomerates and bulk species). The
iron content was set down to reach approximately 5 wt.%. The list of prepared samples and their
designation is presented in Table 1.

2.1.1. Bentonite-supported catalyst

In order to obtain the bentonite-supported catalyst, the following steps were taken: in order to isolate
the montmorillonite phase, raw bentonite (Fisher Scientific UK) was ion-exchanged with 3 mol-dm-?
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Table 1. The list of the prepared samples

Designation of the sample Support Modification procedure
Mod-Bent : acid treatment, pillaring with Al-oligocations
Bentonite
Fe-Bent (Bent) aci.d treatme.nt, pillaring W.iﬂ.‘1 Al-.oligocatio?ns, Fe
introduction by wet incipient impregnation

H-Clin Clinoptilolite NH4NO; jion-exchange

Fe-Clin (Clin) NH4NOs ion-exchange, Fe introduction by co-precipitation
Mod-Verm L. acid treatment, pillaring with Al-oligocations

Vermiculite
Fe-Verm (Verm) acid treatment, pillaring with Al-oligocations, Fe

introduction by ion-exchange

solution of NaCl at 95°C for 5 h. The action was repeated five times. Then, Na-bentonite was acid
leached using 0.8 mol-dm? solution of HNOs;: 20 g of the sample was introduced into
200 cm3 of the acid and left to react at 100°C for 4 h. Afterwards, the material was dried at 120°C for
24 h and calcined at 500°C for 5 h. The stabilization of the structure was provided by the treatment of
the sample with 0.12 mol-dm?3 of oxalic acid for 1 h, drying at 120°C for 24 h and calcination at 500°C
for 5 h. In order to obtain Al-pillared bentonite, the material was ion-exchanged with the aluminum
hydroxy-oligometric solution prepared using the route described by Chmielarz et al. (Chmielarz et al.,
2003). The pillaring solution was added dropwise to the 3 wt.% suspension of the Na-bentonite in
distilled water until the ratio of Al/Na-bentonite reached 12 mmol/g. The obtained suspension was left
to react for 24 h at the room temperature under constant stirring. Afterwards, the material was dried at
120°C for 24 h and calcined at 500°C for 12 h. The Fe-containing active phase was introduced into the
modified bentonite by wet incipient impregnation using aqueous solution of iron nitrate. The material
was dried at 120°C for 24 h and calcined at 350°C for 4 h. The sample was labelled as Fe-Bent.

2.1.2. Vermiculite-supported catalyst

Vermiculite-supported catalysts were prepared via acid treatment and pillaring, similarly as bentonite-
based materials described in the subsection 2.1.1. In this case, ion-exchange with the
3 mol-dm? solution of NaCl was carried out five times before pillaring with Al-oligocations. The Fe-
containing active phase was introduced into the structure of modified vermiculite by ion-exchange.
10 g of the modified support was added to 1000 cm?® of iron nitrate solution. The suspension was
vigorously stirred for 24 h. The obtained product was filtered, washed with distilled water and dried at
120°C for 24 h. Afterwards, the sample was calcined at 350°C for 4 h and labelled as Fe-Verm.

2.1.3. Clinoptilolite-supported catalyst

The natural zeolite (clinoptilolite) was initially transformed into H-form using 1 mol-dm= aqueous
solution of NH4NOs. The process was carried out at 90°C for 5 h and repeated five times. The Fe-
containing active phase was introduced into the structure of H-zeolite using co-precipitation procedure,
described by Sliwiriska-Dabrowska et al. (Sliwiriska-Dabrowska et al., 2011): 10 g of the H-zeolite was
dispersed in a 0.05 mol-dm? solution of FeSO;and vigorously stirred. The suspension was left to interact
at 50°C for 4 h, maintaining the pH of 3.0. Afterwards, pH of the mixture was increased to 9.0 by the
slow addition of 25% aqueous solution of NHs. The alkaline suspension was stirred for 1 h and then the
product was filtered and washed several times with distilled water. Modified zeolite with precipitated
iron was dried at 120°C for 24 h and calcined at 450°C for 2 h. The sample was labelled as Fe-Clin.

2.2. Catalysts characterization

The mineralogical composition and structural properties of the samples were determined by the XRD
analysis. The X-ray diffraction patterns were obtained using Empyrean (Panalytical) diffractometer. The
instrument was equipped with copper-based anode (Cu-K, LFF HR, A = 0.154059 nm). The
diffractograms were collected in the 20 range of 2.0-80.0° (20 step scans of 0.02° and
a counting time of 1 s per step). The UV-Vis spectroscopy was applied to determine the coordination
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and aggregation of iron species introduced onto the supports. The spectra were recorded using Lambda
35 UV-Vis Spectrophotometer in the range of 200-900 nm with a resolution of 1 nm. Fourier-transform-
infrared spectroscopy (FT-IR) was performed to examine the characteristic chemical groups present in
the structure of the analyzed materials. The spectra were recorded on a Thermo Nicolet 380 FT-IR
spectrometer in the region of 4000-400 cm with a resolution of 4 cm. Before each measurement, the
analyzed sample was mixed with KBr at the ratio of 1:100 and pressed into a disk.

2.3. Catalytic tests

The catalytic experiments were performed in a fixed-bed flow microreactor system under atmospheric
pressure. 0.2 g of the sample was pre-treated in situ in the reactor in a flow of helium at 400°C for 1 h.
The reaction mixture contained 800 ppm of NO, 800 ppm of NHs, 3.5 vol.% of O, and balance He. The
total flow was 100 cm®min?. The concentration of unreacted NO and N;O (the by-product of the
reaction) were analysed downstream of the reactor by FT-IR detector (ABB 2000 AO series). The reactor
was heated to appropriate temperature (150, 200, 250, 300, 350 or 400°C,
10°C-min), which was controlled by an electronic thermocouple (Lumel RE19) placed in the catalyst
bed. The temperature ramps were set up for 60 min. NO conversion was calculated according to the
equation (1):

_ NOiniet— NOouytlet 0
NOconversion = No— 100% . (])
inlet

3. Results
3.1. Catalysts characterization
3.1.1. XRD patterns

The X-ray diffraction (XRD) patterns of the analyzed samples are shown in Figs. 1-3. The results
obtained for natural clinoptilolite (Clin), H-form of clinoptilolite (H-Clin) and clinoptilolite with
precipitated iron (Fe-Clin) are presented in Fig. 1. The lines characteristic for the crystalline zeolite
structure are located at 26 values of 10.0, 11.4, 17.3, 19.1, 22.5, 26.5, 28.1, 30.1 and 31.8°. The observed
reflections are in agreement with the literature data (Nezamzadeh-Ejhieh and Amiri, 2013). Thus, it can
be concluded that the main component of the sample is zeolitic phase. Comparing XRD patterns
recorded for the parent clinoptilolite with those of H-Clin and Fe-Clin, it can be noticed that some
significant differences occurred. After ion-exchange with NHiNO;, the intensity of the selected
structural reflections (11.4, 30.1°) slightly decreased. The introduction of Fe species via co-precipitation
and further calcination resulted in broadening of the most reflections of zeolite (11.4, 19.1, 22.5, 26.5,
28.1, 30.1, 31.8°). Active phase in the form of Fe, Oy species can be observed at 20 values of 26.6, 28.1,
32.0, 35.7, 40.6 and 63.8°. (Crystallography Open Database; Hirano, 1986).

XRD patterns of non-modified bentonite (Bent), acid treated and pillared bentonite (Mod-Bent) and
bentonite impregnated with iron (Fe-Bent) are presented in Fig. 2. The patterns indicate that
montmorillonite is the major component of the natural bentonite. The characteristic position of (001)
reflection connected with the layered structure of the material was shifted to the lower values of 20 after
acid treatment and intercalation. Therefore, ALO; pillars were successfully introduced into the
interlayer space of the material. Other structural reflections of montmorillonite remained unchanged.
Additionally, reflections observed at 20 of 26.4 and 36.8° suggest the presence of quartz and other
impurities in the sample. The calcination procedure carried out several times did not influence
significantly the structure of the clay. Therefore, bentonite is expected to be stable to 500°C. The
deposition of the active phase did not result in any structural changes and iron was successfully
introduced in a form of Fe,Oy species. The obtained results are in full agreement with Hirano (Hirano,
1986).

The XRD diffraction patterns obtained for parent vermiculite (Verm), acid treated and Al-pillared
vermiculite (Mod-Verm) as well as vermiculite after the introduction of Fe via ion-exchange procedure
(Fe-Verm) are presented in Fig. 3. The parent material exhibited lines at about 7.6° and 8.9°, confirming
the presence of partially dehydrated interlayer Mg?* and interlayer K* cations, respectively (Chmielarz
etal., 2008). The reflection at about 25° corresponds to quartz impurities in the sample. It can be



1434

Intensity (arb. u.)

Physicochem. Probl. Miner.

C Fe,0, C - clinoptilolite  (a) Clin
[ < Fe,0, Q- quartz (b) H-Clin ]
r ¢ ¢ Fe,0, " (c) Fe-Clin ]
B 374 |~9203 FO 1
-.'WMJ' w)“v/‘u*h/\\ -y o (C) ]
L i, C CC ]
Q 3

E C(
L '|

Y w‘w M\.” Do ®

L c ]
2 JW I ° Q ;
b L ]
,,,JJ 'LJ' ! "&J' W YNNI -
1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80

2th (')

Process., 55(6), 2019, 1429-1441

Fig. 1. X-ray diffraction patterns of clinoptilolite and its modified forms: natural clinoptilolite (a), H-clinoptilolite
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Fig. 3. X-ray diffraction patterns of vermiculite and its modified forms: natural vermiculite (a), acid treated and

AlOs-pillared vermiculite (b), Fe-vermiculite (c)

observed that acid activation and intercalation with Al,O; considerably influenced the final structure of
vermiculite. The reflections at 7.6° and 8.9° disappeared completely, while a new one appeared at 6.0°.
The effect may have arisen from the ion-exchange of interlayer cations with hydronium ions during the
acid treatment. Additionally, another reflection can be assigned to ALOs pillars successfully introduced
into the interlayer space of vermiculite (Chmielarz et al., 2009). Other diffraction lines of vermiculite
remained unchanged after the modification. The reflection at about 26.7° is assigned to the presence of
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amorphous silica (Wu et al.,, 2009). After introduction of the active phase, new lines related to Fe,Oy
species appeared. The deposition of Fe did not result in any further structural changes of the modified
vermiculite.

3.1.2. FT-IR characterization

The FT-IR spectra of modified aluminosilicates with deposited iron are presented in Fig. 4.
The IR wavelength ranges of interest are O-H stretching vibrations (3800-3400 cm?), Si-O stretching
vibrations, Al-Me-OH bending vibrations, OH bending vibrations from H>O (1700-700 cm) and pseudo
lattice vibrations range (700-450 cm?).

For Fe-Clin, the broad bands at 3745 cm™ and 3720 cm! are assigned to Si-OH groups on external
surfaces and in lattice defects. The band in the range of 3680-3670 cm-! can be ascribed to the weakly
acidic, isolated Fe**-OH hydroxyls species, while the one at 3525 cm?® confirms the presence
of Si(O-H)Al groups in the sample. Typically for Fe-exchanged zeolites, the intensity of the band
at 3610 cm! associated with Si(OH)AI groups is very low (Doula, 2007). Additionally, the intense peak
at 1631 cm? confirms the presence of bending vibration of water molecules in the zeolite. The broad
band at 1048 cm is ascribed to the asymmetric O-Me-O stretching vibration (Me = Al3* or Si#*), while
the ones in the pseudo lattice vibrations range at 649 cm and 470 cm arise from the symmetric
stretching vibrations of the tetrahedral groups of AlO; and SiO,, respectively. The bands present
at 602 cm™ and 1202 cm? are related to the O-Al-O or O-5i-O bending and Al-O or Si-O asymmetric
stretching vibrations of the free tetrahedral groups. The peak of symmetric O-Al-O or O-5i-O stretching
vibrations can be observed at 734 cm?, whereas the band at 524 cm! confirms so called "pore opening"
vibration of the zeolite (Doula, 2003).

For the bentonite-based catalyst (Fe-Bent), three main absorption bands in -OH stretching region can
be distinguished. The sharp peaks at 3697 cm® and 3440 cm? are related to the presence of water
molecules in the interlayer space, whereas the one at 3655 cm! indicates the presence of Bronsted acid
sites in the clay. Similarly for Fe-Clin, the band at 1634 cm indicating the presence of bending vibrations
of interlayer water can be observed. Three intense bands registered at 875 cm?, 836 cm?* and 629 cm?!
are ascribed to hydroxyl bending vibration of AlFeOH, AIMgOH and the presence of quartz,
respectively. The broad band at 1035 cm™ and low-intensity peak at 461 cm! are assigned to the Si-O
stretching vibrations and symmetric stretching vibrations of the tetrahedral groups, respectively
(Zhirong et al., 2011; Hayati-Ashtiani, 2012). The FT-IR spectra of Fe-Verm exhibited two absorption
bands in the -OH vibration region: 3716 cm and 3436 cm. The first is assigned to the stretching
vibrations of O-H in MgsOH or Mg,FeOH groups in the vermiculite structure, while the second
corresponds to the stretching vibration of the interlayer water. The additional sharp band at 1636 cm?!
is related to the presence of bending vibration of H,O molecules. The peaks at 990 cm? and 685 cm?!
arise from the presence of strong and weak Si-O or Al-O stretching vibrations, respectively. Bending
vibrations of Al-O-Si and AIMgOH are confirmed by the bands at 746 cm! and 797 cm!, respectively.
Finally, the peaks at 1080 cm? and 460 cm? arise from bending and stretching vibrations of SiOy
tetrahedra, respectively (Huo et al., 2012).
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Fig. 4. FT-IR spectra of Fe-Clin (a), Fe-Bent (b), Fe-Verm (c) in a region of 4000 to 450 cm-!
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3.1.3. UV-Vis spectroscopy studies

The UV-Vis spectroscopy allowed to determine various forms of iron species deposited on the modified
supports. The observed bands are related to Fe3* «— O charge transfer and their position is determined
by coordination and aggregation of iron species. The spectra of the parent aluminosilicates and the
modified materials with Fe are presented in Fig. 5. The initial modifications and deposition of the active
phase significantly influenced the shape of the spectra as compared to the parent materials. Raw
clinoptilolite (a) and raw bentonite (c) did not exhibit any bands characteristic for metal species. On the
other hand, the band at about 260 nm, which was registered for raw vermiculite (e), suggests the
presence of isolated Fe3* cations in the octahedral coordination. The result is in good agreement with
the theory concerning the occurrence of these cations in the original vermiculite structure (Rey-Perez-
Caballero and Poncelet, 2000). The introduction of iron resulted in some significant changes in
absorption spectra obtained for all of the analyzed samples. The band at 214 nm, observed for Fe-Clin
and Fe-Bent, is assigned to well-dispersed Fe3* isolated cations in the tetrahedral coordination. The peak
at 260 nm detected for Fe-Bent suggests that a part of iron was built into the octahedral sheets. The
bands at 460 nm, 625 nm and 685 nm, observed for all materials, are due to the presence of bulky and
aggregated Fe;O; species deposited on the external surface. The most intense bands assigned to these
forms are detected for Fe-Verm. It is predicted that these species may affect the selectivity to Nz in the
NH;-SCR. The peak at 340 nm detected for Fe-Verm indicates the presence of small oligonuclear Fe,Oy
clusters located in the interlayer space or at the surface of the material (Chmielarz et al., 2010).
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Fig. 5. UV-Vis spectra of Clin (a), Fe-Clin (b), Bent (c), Fe-Bent (d), Verm (e), Fe-Verm (f)

3.2. NH3-SCR performance

The results of catalytic studies are summarized in Fig. 6a. and 6b. All of the analyzed materials exhibited
excellent activity, reaching at least ca. 85% of NO conversion at 250°C and ca. 100% at 300°C. The highest
activity at the lowest temperature (150°C) was detected for Fe-Bent, while the results obtained for Fe-
Verm and Fe-Clin were ca. twice lower and similar to each other. Above 350°C the catalytic activity of
Fe-Verm is considerably lower than that of the other tested catalysts. The selectivity to N> was
satisfactory for all of the analyzed catalysts, as the amount of emitted N>O did not exceed
30 ppm (the experimental error is ca. 30 ppm). The lowest concentration of the by-product was detected
for Fe-Clin, while the highest was exhibited by Fe-Bent.

4. Discussion

It was observed that the initial modifications of the raw aluminosilicates influenced differently on the
final structure of the supports. XRD analysis indicated that in case of natural zeolite, transformation
into H-form and co-precipitation of iron changed the structural properties of the zeolitic lattice.
Crystallinity of the sample was considerably lowered and some reflections characteristic for zeolite
structure disappeared. It is predicted that the damages may be related to the high temperature of
calcination. In contrast, in case of layered materials, most of the characteristic reflections remained un-
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Fig. 6. NH3-SCR catalytic performance of the studied samples: NO conversion (a), N2O formation (b)
(experimental conditions: [NO] = 800 ppm, [NH3] = 800 ppm, [O2] = 3.5 vol.%, balance He, total flow of the gas
mixture: 100 cm3-min-, mass of the catalyst: 200 mg)

changed upon calcination. Therefore, the materials are more preferable while SCR reaction is carried
out in the high temperature range (above 400°C).

Both the structure of the supports and the form of active phase reflect the results of catalytic tests.
The highest activity in NO conversion obtained for Fe-Bent is probably correlated with the presence of
various bulky Fe species deposited on the catalyst surface and high thermal stability of the material.
Additionally, the satisfactory catalytic performance was facilitated by the increased acidity and
enlarged interlayer distance provided by acid activation and intercalation, respectively. The results are
in full agreement with those obtained by Chmielarz et al. and Motak (Chmielarz et al., 2004; Motak,
2008). The lowest NO conversion among all of the tested catalysts was reached by Fe-Verm. The results
obtained for that sample are comparable to the other materials only in a narrow temperature range of
300-350°C. The high conversion of Fe-Verm in this region may have originated from the presence of
some amount of Fe in the octahedral sheets of the parent clay. Additionally, it is possible that the
intercalation procedure was not as successive as in case of Fe-Bent. As a consequence, the diffusion of
gas molecules to the active sites present in the interlayer space was limited. Similar results were
obtained by Chmielarz et al. (Chmielarz et al., 2008). Intermediate amount of N>O in the flue gas
detected for Fe-Verm can be related both to the lowest catalytic activity and co-existence of various Fe
species deposited upon ion-exchange. The highest amount of N>O was emitted by Fe-Bent. The effect
can be correlated with the considerable quantity of bulk FeOy species deposited in the interlayer space
and on the tetrahedral sheets of bentonite, confirmed by XRD and UV-Vis. On the other hand, the lowest
formation of the by-product was detected for Fe-Clin, mainly due to the presence of dispersed isolated
Fe3* cations. Additionally, well-developed pore system of the zeolite might facilitate the access of the
gas molecules to the active species on the support. Therefore, co-precipitation combined with the
appropriate modification of zeolite resulted in the formation of highly effective SCR catalytic system.

The catalytic performance of the obtained catalysts was compared to the selected materials reported
in the scientific literature. The results of the catalytic tests with the distinction for layered clays and
zeolites are presented in Table 2. Additionally, the catalytic performance was compared to the
commercial V-based catalyst.

As it is presented in Table 2, the catalytic performance of the prepared materials is similar or even
better than that for the catalysts reported in the cited literature. The commercial V-based system reaches
ca. 100% of NO conversion in the temperature range of 300-450°C, while the prepared aluminosilicate-
supported catalysts exhibit only negligibly lower activity, but at 300-350°C. Additionally, the formation
of N>O obtained for the prepared samples does not exceed 30 ppm. Thus, the selectivity is comparable
to the one of Vo05-WOs/TiO». Therefore, the materials may be used as effective and cheaper substitutes
of the commercial one. The catalytic performance of Fe-Clin is much better than in case of the one
reported by Gelves et al. (Gelves et al., 2019). It can be concluded that co-precipitation is more preferable
method than ion-exchange, while Fe is deposited on the zeolite surface. Considering catalytic
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performance of the layered clays, it was observed that NO conversion reached higher level at the lower
temperature range than in case of the results reported by Chmielarz et al. (Chmielarz et al., 2009). The
reason of such result may be determined by the efficiency of initial modifications or the procedure of
active phase deposition.

Table 2. Research results on several kinds of aluminosilicate-based SCR catalysts

Highest NO
Type of the Preparation . ) N:O formation or N
conversion . Reference
catalyst procedure selectivity
(temperature range)
. impregnation o o
- T 100% (300-450°C 1 h 1., 2011
V205-WO3/TiO, (calc. 500°C) ( ) 5 ppm N,O (Chen et al., 2011)
Fe-exchanged ion-exchange
85% (400-450°C 17 \ 1,201
natural zeolite (calc. 360°C) ( ) 0 ppm N:0 (Gelves et al, 2019)
. co-precipitation o
Fe-Cl 95% (300-350°C < -
e-Clin (calc. 450°C) o ) > ppm N0
Fe-doped ion-exchange .. .
90% (450°C % of 1 hmiel 1.2
montmorillonite (calc. 450°C) ( ) 93% of Ny selectivity ~ (Chmielarz et al. 2009)
impregnation o
Fe-B 98% (300-350°C 1 -
e-Bent (calc. 350°C) o ( ) 31 ppm N.O
Fe-doped ion-exchange 000 400.450°C)  96% of Na selectivity  (Chmielarz et al. 2009)
(J - (] \% Z .
vermiculite (calc. 450°C) 2 y
Ion-exchange o
Fe-Verm 96% (300-350°C) 25 ppm N,O -

(calc. 350°C)

5. Conclusions

Natural layered aluminosilicates (bentonite and vermiculite) and natural zeolite (clinoptilolite) were
modified, doped with iron and tested as NH3-SCR catalysts. The initial modification of the layered
materials included acid treatment and pillaring with Al,Os. The pretreatment of the natural zeolite
resulted in lowered crystallinity. XRD and UV-Vis proved successful introduction of Fe-active phase for
all of the materials. It was observed that the deposition of Fe influenced both the form of iron species
and the final structure of the support.

The catalytic performance in NH;-SCR was satisfactory for all of the analyzed samples. The highest
activity was obtained for Fe-Bent, where the NO conversion was ca. 50% at about 170°C (Tsp) and over
95% above 250°C. However, the concentration of N>O was the highest for this material. Therefore, the
best results were obtained for Fe-Clin that exhibited ca. 100% NO conversion at 300°C and less than
5 ppm of N>O in the flue gas in the whole temperature range. Additionally, only vermiculite-supported
material catalyzed the reaction of ammonia oxidation above 350°C.

The results obtained for the prepared samples were compared to the catalytic performance of
commercial V-based system and aluminosilicate-based catalysts reported in the scientific literature. The
natural aluminosilicates exhibited comparable activity in the satisfactory temperature range to the
reference materials. Therefore, they have a big potential to be the precursors of NH3-SCR catalysts. In
case of layered clays, despite the abundance in the environment and the low price, their application in
NH;-SCR demands more effort than in case of the natural clinoptilolite. The preparation procedure of
this zeolite-based catalyst is less complicated and cheaper. The material remains very active in NO
conversion and selective to N in spite of some structural changes caused by the initial modifications.
Consequently, considering the most important features of the effective substitute for the commercial
NH3-SCR catalyst, clinoptilolite-based system is the most promising among all of the discussed
materials.
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