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Abstract

Nitrogen oxides (NOy) emitted during combustion of fossil fuels are responsible for deterioration
of environment’s quality. Selective catalytic reduction with ammonia (NH3-SCR) is generally
considered as the leading technology used to abate excessive production of nitrogen oxides by stationary
and mobile sources. However, some problems related to the commercial vanadium-based catalyst limit
efficiency of the process, therefore, new solutions are continuously in search. Despite the interest in the
application of modified zeolites, only few studies have investigated natural clinoptilolite and
hierarchical layered MCM-22 as the substitutive catalysts of NH3-SCR.

Thereby, this study aimed to prepare two series of catalysts supported on natural clinoptilolite or
synthetic zeolite MCM-22 and test the materials in NH3;-SCR. Iron as an active phase was introduced
by co-precipitation, adsorption from the solution, or impregnation method in order to compare the
influence of the modification procedure on the physicochemical and catalytic properties of the zeolites.
Besides, two representatives of each series were promoted with copper or cerium. The catalysts were
characterized via ICP-OES, low-temperature N sorption, XRD, SEM, TEM, NHs-TPD, H,-TPR, TGA,
FT-IR, XPS, and UV-Vis. The catalytic tests on the fresh or SO,-poisined samples were conducted using
model gas mixture containing equal concentrations of nitrogen oxide and ammonia. Additionally, two
of the most active samples were tested in the presence of various concentrations of SO, in the gas
mixture.

It was found that clinoptilolite-supported catalysts exhibited superior high-temperature activity,
while the samples with MCM-22 were more active in low-temperature range. The effect was assigned
to the speciation of iron in two different zeolitic frameworks. Additionally, the influence of the
modification method on the physicochemical features was determined by the type of zeolite: the most
beneficial for clinoptilolite was co-precipitation (FeClin cop), while for MCM-22 it was adsorption from
the solution (FeMCM22 ads). Concentration of N,O generated during the reaction was considerably
lower for MCM-22-supported catalysts, which was most likely caused by high-temperature
decomposition of nitrous oxide over iron sites of higher nuclearity. In contrast, for clinoptilolite-

supported samples emission of the by-product increased linearly with the reaction temperature.
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Introduction of Cu shifted the temperature window of FeClin cop to lower values, however, it had
no remarkable effect on FeMCM22 ads. In contrast, modification with Ce limited NO reduction of both
Fe-zeolites as a consequence of the active phase clustering and promotion of the side reactions, such as
oxidation of NH; and generation of N,O.

The investigations on the influence of SO, on the catalytic performance of Cu-promoted Fe-
zeolites indicated that exposition of the materials on sulfur dioxide limited high-temperature activity.
Such result was linked with the formation of copper (1) and iron (I11) sulfates, thus pore- and active
centers-blockage. In general, comparing to FeCUMCM22 ads, FeCuClin cop was more resistant to the
poisoning with SO, probably due to its stronger acidic character. However, the emission of N2O for
SO,-poisoned FeCuClin cop was higher. Last, but not least, the inhibiting effect of sulfur dioxide was
more pronounced while SO, was present in the gas mixture during the reaction. Importantly, in such
conditions, FeCuUMCM22 ads showed slightly better activity than FeCuClin cop. Nevertheless,
generation of N.O for the former catalyst in the presence of SO, was remarkably higher. Moreover, it
was observed that the gradually increasing concentration of SO, from 200 to 800 ppm did not change

NO conversion noticeably, regardless the type of the support.
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Abstrakt w jezyku polskim

Emisja tlenkow azotu (NOx) podczas spalania paliw kopalnych wptywa na znaczne pogorszenie
si¢ jakosci srodowiska. Jedna z najlepszych dostgpnych technik wykorzystywanych w celu ograniczenia
produkcji NOy ze zrodet stacjonarnych i mobilnych jest selektywna redukcja katalityczna amoniakiem
(NH3-SCR). Niemniej jednak, pewne istotne problemy zwigzane z komercyjnym katalizatorem
wanadowym procesu znacznie ograniczaja jego efektywnos¢. Z uwagi na to, poszukuje sig
alternatywnych, lepszych katalizatorow przemystowych. Pomimo bardzo duzego zainteresowania
zastosowaniem modyfikowanych zeolitéw, naturalny klinoptylolit i hierarchiczny, warstwowy zeolit
MCM-22 wciaz nie zostaly szczegdtowo zbadane jako substytucyjne katalizatory NH3-SCR.

Wobec powyzszego, celem niniejszej pracy bylo przygotowanie dwoch serii katalizatorow,
wykorzystujac naturalny klinoptylolit lub syntetyczny zeolit MCM-22 i przetestowanie ich w reakcji
NHs-SCR. Aby zbada¢ wptyw metody nanoszenia fazy aktywnej na wiasciwosci fizykochemiczne
i katalityczne, zelazo zostato wprowadzone do zeolitbw poprzez wspotstracanie, adsorpcje z roztworu
lub metod¢ pierwszej wilgotnosci. Probki wykazujace najwyzsza konwersje NO zostaly dodatkowo
zmodyfikowane miedzig lub cerem. Otrzymane Kkatalizatory scharakteryzowano za pomoca metod
takich jak ICP-OES, niskotemperaturowa sorpcja N2, XRD, mikroskopia SEM i TEM, NH3-TPD, Hz-
TPR, TG, FT-IR, XPS oraz UV-Vis. Testy katalityczne przeprowadzono na $wiezych lub zatrutych SO
prébkach, z wykorzystaniem modelowej mieszanki gazowej zawierajacej rowne stezenia tlenku azotu
i amoniaku. Dodatkowo, dwie probki wykazujace najwyzsza aktywno$¢ katalityczng przetestowane
zostaty w obecnosci roznych stezen SO, W mieszance gazowe;j.

Zaobserwowano, ze katalizatory na no$niku w formie klinoptylolitu wykazaty zadowalajaca
aktywno$¢ w zakresie wysokotemperaturowym, natomiast probki zawierajace MCM-22 byly bardziej
aktywne w niskiej temperaturze procesu. Efekt ten spowodowany jest specjacja zelaza wprowadzonego
do dwoch réznych sieci zeolitowych. Metody modyfikacji zelazem miaty takze odmienny wplyw na
dany typ zeolitu: w przypadku klinoptylolitu najbardziej korzystna byta metoda wspotstracania (FeClin
cop), natomiast dla MCM-22 byta to adsorpcja z roztworu (FeMCM?22 ads). Stezenie N,O w gazie po

reakcji katalitycznej bylo znacznie nizsze w przypadku katalizatorow na nosniku MCM-22, co
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spowodowane bylo prawdopodobnym rozktadem tlenku azotu (I), katalizowanym w wysokiej
temperaturze przez oligomeryczne struktury zelazo-tlenowe. Z drugiej strony, w przypadku prébek
zawierajacych Klinoptylolit, produkcja NoO wzrastata liniowo wraz z temperaturg reakcji.

Wprowadzenie miedzi jako promotora przesunglo okno aktywnosci FeClin cop w Kkierunku
nizszej temperatury, natomiast nie miato znacznego wplywu na zdolnosci katalityczne FeMCM22 ads.
W przeciwienstwie do Cu, modyfikacja cerem zmniejszyta konwersje NO niezaleznie od typu nos$nika,
co byto konsekwencjg agregacji zelazowych centrow aktywnych i katalizowania reakcji ubocznych,
takich jak utlenianie NH3 czy produkcja N2O.

Badania wptywu SO> na aktywnos¢ katalityczng materiatdw promowanych miedzig wykazaty, ze
wstepne zatruwanie obniza aktywno$¢ probek w zakresie wysokiej temperatury. Spadek konwersji NO
niezaleznie od no$nika katalizatora spowodowany byt formowaniem si¢ siarczanu (VI) miedzi (II) lub
siarczanu (VI) zelaza (IIT) i blokowaniem poréw oraz centrow aktywnych. W poréwnaniu do
FeCuMCM22 ads, FeCuClin cop wykazat wyzszg odporno$¢ na zatruwanie przez SO, 0O spowodowane
bylo silniejszym charakterem kwasowym klinoptylolitu. Z drugiej jednak strony, emisja N.O dla
aktywniejszej probki byla wyzsza. Negatywny wplyw SO, na przebieg reakcji katalitycznej byt
silniejszy po bezposrednim wprowadzeniu tlenku siarki (IV) do mieszanki gazowej. Co istotne, w takich
warunkach FeCuMCM22 ads wykazal wyzsza aktywno$¢ od FeCuClin cop, z jednoczesnie wyzsza
produkcja N2O. Dodatkowo, zaobserwowano, ze Stopniowy wzrost stezenia SO, 0d 200 do 800 ppm nie

ma wplywu na konwersje NO, niezaleznie od typu nosnika.
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Chapter I: Literature review

1. The problem of nitrogen oxides emission
1.1 General information about nitrogen oxides emission

The last decades have witnessed a dynamic development of the industrial processes, which
increased the demand for energy production. Therefore, the rapid growth of urbanization resulted in the
extensive combustion of fossil fuels [1,2]. As presented in Figure 1, in 2022 the world primary
consumption of energy by source involved mainly coal, natural gas, and oil. Hence, one of the most

adverse consequences of the proceeding industrialization is the emission of hazardous air pollutants.
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Figure 1. World primary energy consumption by source in 2022 (reproduced image basing on [1])

The World Health Organization (WHO) defined “air pollution” as the chemical composition of
air, which may have a negative influence on the health of humans, animals, plants, and other components
of the environment (such as water, soil, climate) [3]. While the quantity of the gaseous or particulate
substances exceeds the background level, air can be considered as polluted [4]. The common
contamination produced during the incineration processes are carbon dioxide (CO-), carbon monoxide
(CO), unburned hydrocarbons (HC), particulate matter (PM), sulfur oxides (SOx), and nitrogen oxides

(NOy) [5]. Among them, nitrogen oxides exhibit alarmingly bad influence on the quality of air.
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Nitrogen oxides, regarded as “NOy” consist of nitric oxide (NO) and nitrogen dioxide (NO,).
Normally, the mixture of NOy in the combustion exhausts contains around 95-97% of NO and 3-5% of
NO- [6]. Due to the fact that NO present in the atmosphere is rapidly oxidized to NO, the environmental
protection regulations normally treat NOy as NO- [7]. Another adverse compound that belongs to the
group of nitrogen oxides is nitrous oxide (N20). In the opposite to NO, its lifetime in the atmosphere
can exceed even 100 years. Moreover, greenhouse effect of N2O is around 300 times higher than that of
carbon dioxide. However, the emission of nitrous oxide is significantly lower in comparison to the
mixture of NO and NO- [7,8].

The formation of nitrogen oxides during the incineration processes results from the introduction
of N together with O into the combustion zone. Alternatively, chemical groups containing nitrogen
can be present in the fuel [9]. The pathway of the conversion of atmospheric nitrogen to nitrogen oxides
is called “thermal” and was firstly described by Zeldovich, Frank-Kamenetskii, and Sadovnikov [7]. It

comprises of the chain reactions described by Equations (1-3) (where * corresponds to a radical):

N, + O* — NO + N* (1)
N* + 0, — NO + O* )
N* + OH* — NO + H* 3)

In the mechanism, the radicals of nitrogen and oxygen (N* and O*, respectively) are usually generated
at high temperature, thus the reaction takes place above 1400 °C [10]. The majority of NOy is formed
according to this mechanism, since the temperature is exceeded in the most of the combustion processes.
Additionally, the emission of thermal NOy increases exponentially at higher temperature. “Thermal”
nitrogen oxides are formed usually as the result of the combustion of fuels lean in nitrogen-containing
species [11].

On the other hand, the mechanism of the generation of “feed” or “fuel” NOy, derived from
nitrogen present in the fuel is not completely understood. However, there is a general agreement that it
depends on the characteristics of the fuel and its state of matter [9].

Furthermore, nitrogen oxides that are not produced according to Zeldovich mechanism and do

not belong to the group of “feed” NOy are known as “prompt” or “fast” NOy. This group is formed by
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the reaction of the fragments of fuel molecules with N, from the atmosphere. Typically, CH radicals
interact with N, to form HCN, which is quickly decomposed to NOx, CO>, and H>O. The mechanism
strongly depends on the flame profile and occurs predominantly during low-temperature combustion of
enriched gas mixtures. Additionally, it has usually the lowest contribution to the total emission of

nitrogen oxides [9,11].

1.2 Main sources of nitrogen oxides emission

The anthropogenic sources of global NOx emission can be divided into stationary and mobile.
Stationary sources are related to the combustion systems (boilers, engines) that provide energy
production for various purposes. There are two types of stationary NOx emitters: point sources and area
sources. The former ones are related to one emitter placed in the specific location, while the latter
correspond to the group of multiple emitters in a certain area. On the other side, mobile sources can be
categorized to on-road and non-road [12]. The complete picture of the global NOy emission categories

are presented in Figure 2.

Figure 2. Schematic representation of the main sources of global NOx emission [12]

As illustrated in Figure 3, the majority of anthropogenically-produced NOx comes from mobile
sources (58%), mainly trucks, passenger cars, motorcycles (on-road) or locomotives, marine vessels,
lawn, garden and snow equipment etc. (hon-road) [13,14]. Furthermore, combustion of various fuels in

stationary sources contributes to 29% of the global NOx emission. The greatest amount of nitrogen
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oxides is produced in power, chemical, manufacturing and cement plants, refineries, foundries and
others. Typically, NOy at these facilities are produced by certain fuel-burning systems, such as boilers,

burners, gas generators, kilns, furnaces, smelters, or incinerators [15].

Global emission of NO, by source

INDUSTRIAL PROCESSES
10%

STATIONARY FUEL
COMBUSTION
29%

MOBILE (ON ROAD, NON-ROAD)
58%

Figure 3. Global emission of NOx by source [12]

More specifically, the standard scopes of NOx concentration in the flue gas emitted by selected
stationary sources are presented in Table 1. One should note that the given values are indicative and
depend on many factors, such as the type of fuel, combustion conditions, construction of the combusting

unit, etc.

Table 1. Concentration of NOx emitted by the selected stationary sources [15]

Source of emission NOx concentration (mg - m™)

Power plant 300-1000 (depending on the fuel used)

Waste incinerator 200-500 (depending on the composition of wastes)
Sintering machines in steelmaking 200-350

Glass production 1200-3000

Spray-drying towers in ceramic powder industry 300-1000

According to the recent reports, China has the largest contribution into the global emission of
NOx which is on average 21 546 Gg per year. It was estimated that this amount is almost doubled in
relation to the annual production of nitrogen oxides by the United States (14 687 Gt) and European

Union (10 974 Gt) [16]. In fact, in 2010 the Chinese government obliged to reduce 10% of NOy emission
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during the “12" Five-Year Plan”. However, due to the intensive economic growth of the country, it was
almost impossible to fulfil the commitment [17]. The significant decrease of the Chinese emissions of
NOx was noted in 2020, due to the outbreak of COVID-19 pandemic. Only in the first quarter of 2020
the production of nitrogen oxides was lower by 28.1%, comparing to the same period in 2019 [18].
Limiting solely to the emission of nitrogen oxides in European Union and Poland, the newest
report on the development of EU-28 (28 Member States of European Union) emissions within 1990-
2019, showed that the emission of nitrogen oxides has been gradually decreasing since 2005. The year
is considered as the base and comparative for the emission reduction under National Emission reduction
Commitments (NEC) Directive [19]. The reproduced data of NOx emission from various EEA Sectors

between 2005 and 2019 for EU-28 and Poland are presented in Figure 4 and Figure 5, respectively.
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Figure 4. EU-28 NOy emission from various sectors between 2005 and 2019 (reproduced data of EEA)
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Figure 5. NOx emission in Poland from various sectors between 2005 and 2019 (reproduced data of EEA)

It can be noticed that both in EU-28 and in Poland, the majority of NOx is emitted from transport.
However, in the case of EU-28, there is a pronounced trend of the total emission reduction, which in
2019 reached about 42%, comparing to 2005. On the other hand, Poland managed to reduce only 23%
of the total NOy emission. Besides, the contribution of the energy sector in Poland is significantly greater
comparing to EU-28. The difference in the reported numbers can be explained by the combustion of

tons of fossil fuels to produce energy, which contributes to the increased generation of NOx.

1.3 Environmental consequences of nitrogen oxides emission

The presence of nitrogen oxides results in the deterioration of the quality of the environment and
above all, contributes to the formation of secondary pollution. First of all, NO can be very easily oxidized
to NO.. Subsequently, nitrogen dioxide reacts with H,O and forms nitric acid (HNO3), which is a
component of acid rain. As the very adverse environmental problem, acid rains poison agricultural crops,
damage plants and buildings, and cause corrosion [20]. Besides, nitrogen oxides contribute to the
destruction of ozone layer, which is a biological barrier for living organisms against harmful UV
radiation [21]. Additionally, NOx form particular matter (PM) in the reactions with other contamination
of air [22]. Another phenomena related to the presence of nitrogen oxides in the atmosphere is
photochemical, “Los Angeles” smog. Among others, it consists of nitric acid, ozone, aldehydes and

occurs while ultraviolet light reacts with NOy and unburnt hydrocarbons. Photochemical smog directly
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affects humans health, for instance by the growth of lung cancer [23]. Moreover, the photolysis of NO>
contributes to the formation of tropospheric ozone, considered as hazardous photochemical oxidant [24].

Despite the fact that nitrogen oxides have an adverse impact on the quality of the environment,
their direct influence on humans health still remains under intensive studies. According to the recent
literature reports, nitric oxide is less toxic than nitrogen dioxide. In general, NO can cause irritation of
eyes or throat. However, as a radical, it reacts rapidly with oxygen and forms NO,. On the contrary, the
long term exposure on nitrogen dioxide is associated with respiratory illnesses, such as asthma [25].
Moreover, there is a strong evidence that children chronically exposed on the impact of NO; have a
reduced function of lungs in adulthood [26]. Interestingly, the studies carried out by Wing et al. [27]

evidenced that NO emitted by road transport contributes to the increased level of cortisol [27].

1.4 Legal regulations of nitrogen oxides emission

Due to the detrimental influence of nitrogen oxides on the environment, the governments around
the world implemented stringent regulations to restrain their excessive emission. The first legislations,
implemented in Ventura County (California) in 1969, were related to the emission from the industrial
boilers [28]. Subsequently, the United States Clean Air Act of 1970 enacted for the first time the limits
for NOx emission from vehicles [29]. Since then, the majority of the developed countries around the
world started to realize their emission abatement policy.

The first measures for improving air quality in the countries of the European Union (EU) were
implemented parallelly to those of the United States. The majority involved purification of the fossil
fuels before combustion or the control of the pollution emission.

During the 1990s, the EU continued to compile and adopt a series of regulations on the
management and assessment of air quality. As a result, specific, binding targets were set in order to
abate the emission levels [30]. Nowadays, one of the most important act is the Directive (EU) 2016/2284
of the European Parliament and of the Council of 14 December 2016 on the reduction of national
emissions of certain atmospheric pollutants (amending Directive 2003/35/EC and repealing Directive
2001/81/EC). The document was a result of the long-term objective of the EU to significantly decline

the emission indicators. According to the Directive (EU) 2016/2284, the Member States have to limit
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the annual emissions (among others, NO) in accordance with the national commitments applicable from
2020 to 2029 and since 2030 onwards [31]. Another highly significant act is Directive 2010/75/EU of
the European Parliament and of the Council of 24 November 2010 on industrial emissions (integrated
pollution prevention and control) [19]. According to the document, the limits of NOx from stationary
sources can be different, depending on the type of incinerated fuel. In general, the EU Member States
committed to reduce 42% of NOx emission within 2020-2029 and 63% starting from 2030 (comparing
to 2005).

According to the publication of European Environment Agency (EEA) that reported the status of
National Emission reduction Commitments for 2020, the emission of the four main pollutants (NOx,
volatile organic compounds, NHs, and SO-) declared by the Member States were below the respective
ceilings since 2012 [32]. However, the progress made in that field is still insufficient to fulfill the
commitments imposed for 2020-2029 and 2030 onwards. Considering NOx emission, all Member States
are in compliance with the ceilings since 2016. Nonetheless, according to the 2020 Report from the
Commission of the European Parliament and the Council on the progress made on the implementation
of Directive (EU) 2016/2284 on the reduction of national emissions of certain atmospheric pollutants,
great majority of countries still does not meet the emission requirements for 2020-2030 [33,34]. What
is more, according to EEA publication on the measures to reduce emissions of air pollutants and
greenhouse gases, one of the major challenges for the Member States will be to reduce the emission of
NOx to the required level to 2030. In the case of the current EU regulations, the limits of industrial NOx
emissions depend on the boiler size and the age of the unit. The restrictions with the distinction of the

selected parameters are collected in Table 2.
Table 2. NOx emission limits for coal-fired boilers according to current European Union regulations [35]

NOx emission limit (mg - Nm-3)

Boiler size
Existing installations New installations
Large 150 85
Medium 180 100
Small 270 150
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In order to meet the restrictions set by the Directive, the EU Member States are required to follow
the specific operating conditions of the industrial processes. The supporting information is collected in
the reference “Best Available Techniques (BAT)” document (BREFs) [36]. Additionally, in 2018 the
European Commission presented a strategic vision called “A Clean Planet for all”, which helped to
develop a long-term strategy to meet the strict demands of the political regulations under the Paris
Agreement (2015) after 2020. Another supporting document that includes the solutions of air quality
improvement is “Masterplan for a Competitive Transformation of EU - Energy-intensive Industries
Enabling a Climate-neutral Circular Economy by 20507, prepared by the High-Level Group on Energy-
Intensive Industries [37].

Except the Directives [19,31], in Poland the emission of air pollutants (including nitrogen oxides)
is regulated by the “Act of 17 July 2009 on the system to manage the emissions of greenhouse gases and
other substances” (Journal of Laws of 2018, item 1271, as amended). Corresponding to the EEA
document on the National Emission reduction Commitments for 2020, Poland has been meeting the
strict legislations set by the EU Member States since 2016. Nevertheless, it still remains one of the
greatest emitters of NOy in EU. Besides, it does not fulfill the projected compliance for 2020-2030 and

onwards and is under very high risk of non-decreasing the emission to the required levels [33,34].

1.5 Methods of stationary NOx emission abatement

The abatement of nitrogen oxides emission from stationary sources can be realized by various
methods, belonging to two separated groups: primary (“pre-combustion”, “in-furnace”) or secondary
(“post-combustion”, “tail-end”) [6].

The aim of the “in-furnace” techniques is to prevent the formation of nitrogen oxides during
incineration process, for example by purification of the fuel from nitrogen, lowering excess of air,
temperature adjustment, fuel staging, or flue gas recirculation [38]. This group includes cheaper,
however, significantly less effective solutions that reduce NOx emission level by 30 - 70% [39].

In the group of “post-combustion” methods, wet and dry techniques can be distinguished. The
idea of wet techniques is to install a scrubber columns for NOy adsorption in alkaline solutions [40]. Dry

methods can be classified into selective catalytic reduction with ammonia (NHs-SCR) [41] or
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hydrocarbons (HC-SCR) [42], non-selective catalytic reduction (NSCR) [43], selective non-catalytic
reduction (SNCR) [44], adsorption [45], or electron beam irradiation (EB) [46]. The main drawback of
the adsorption method is storage of the removed nitrogen oxides in the adsorptive medium, thus
generation of secondary wastes. The other of the above mentioned methods aim to decompose NOy,
which is much more advantageous for industrial applications. Non-selective catalytic reduction is a
mature technique based on the reaction between nitrogen oxides with other components of the flue gas.
The major limiting factor of that technology is deactivation of the catalyst by its sintering and formation
of fly ash deposits [47]. Selective non-catalytic reduction method is based on the reaction between NOx
and the reducing agent in the absence of the catalyst. Thus, in this case, satisfactory conversion of
nitrogen oxides can be obtained only in very high temperature range (850 — 1100 °C) [48]. Similarly to
SNCR, electron beam irradiation does not demand the application of catalyst. However, in the case of
NOy-rich exhausts, industrial EB installations need to be very complex and expensive [49].

Currently, the most widespread method used for NOx emission abatement is selective catalytic
reduction with ammonia in the presence of oxygen [50]. The process exhibits highly satisfactory
efficiency and provides almost 90% of nitrogen oxides reduction. The main reaction of NH3-SCR
assumes the interaction between NO and the reducing agent and formation of N2 and H,O. The process
takes place on the surface of the catalyst, thus its apparent activation energy (Ea) is much lower in
comparison to SNCR [44]. Nowadays, selective catalytic reduction with ammonia plays a crucial role

in the majority of the industrial installations which contribute to NO, emissions.
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2. Selective catalytic reduction of nitrogen oxides (SCR)

2.1 Chemistry of selective catalytic reduction with ammonia (NH3-SCR)

Selective catalytic reduction of nitrogen oxides with ammonia (NHs-SCR) is the most widespread
technique used to comply the current NOx emission limits. The technology is relatively mature, since
the first catalytic systems appeared in the 1970s in Japan. Due to the high efficiency, SCR reactors were
systematically implemented on the international scale in electric power plants burning fossil fuel [51].

NHs-SCR is an “end-of-pipe” removal technique that involves the reaction between NOy and a
reducing agent, injected ahead of the catalytic bed. The principle of the process is the use of an
appropriate reductant, which reacts specifically with nitrogen oxides, instead of the excess of oxygen in
the exhaust gas [52]. The desired products of the reaction are molecular nitrogen and water vapor.
Preferably, the role of the reducing agents is played by N-containing chemical compounds, such as
ammonia [53], urea [54], ammonium carbonate [55], ammonium carbamate [56], or amines [57].
According to the present knowledge, hydrocarbons may be also used as alternative reducing agents in
SCR process [58,59]. Since ammonia is difficult and dangerous to store, in most of the practical
applications urea or ammonium salts are used. Due to that, the inceptive step of NH3-SCR is the injection
of the urea solution into the flue gas and its time- and space-determined stepwise thermal decomposition.
The chain reactions that produce ammonia from urea are described by Equations (4-6), while the overall

urea decomposition, given by Equation (7) corresponds to the sum of (1-3):

NH;2 — CO — NH; (aqueous) — NHz — CO — NH2 gmotten) + H20 (gas) 4)
NH, — CO — NH (motten) — NHs gas) + HNCO (gas) (5)
HNCO (gas) + H20 — NHs (gas) + CO2 (gas) (6)

NH2 — CO — NH; (aqueous) + H20 (gesy — 2 NHa (gas) + CO2 gas) ©)

The first step (1) involves evaporation of water from the urea solution, yielding molten urea.
Subsequently, (NH),CO is thermolyzed into the equimolar mixture of ammonia and isocyanic acid (2).
Finally, isocyanic acid undergoes hydrolysis on the surface of SCR catalyst to produce ammonia and

carbon dioxide (3) [52,60]. Thus, thermal decomposition of urea generates 2 moles of NH; from 1 mol
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of (NH).CO. As the typical molar ratio of NOx to NH3 in SCR reactions is 1 : 1, the stoichiometric
balance of NOy to the injected urea is maintained on the level of 1: 2.

In the case of NH3-SCR, the temperature of the total conversion of NOy is usually in range of 300
—400 °C [61]. It was reported that application of this technique can provide even up to 90% of nitrogen
oxides reduction [62]. However, it is strongly influenced by type of the catalyst used in the system.

In general, due to the fact that the mixture of NOy consists in 90% of NO, the key reaction of SCR

is described by Equation (8):

4 NHz;+ 4 NO + O, — 4 Na+ 6 H.0 (8)

The reaction is called as “standard” SCR and the presence of required amount of O, is vital to provide
appropriate course of the reaction. The very initial experiments over SCR process with isotopically
labeled reactants confirmed that oxygen vacancies are reoxidized more rapidly by O, than by NO, which
promotes the overall reaction rate [63]. Besides, the oxygen content in the exhausts should be strictly
controlled to avoid undesirable oxidation of ammonia, which decreases the catalytic activity by the
consumption of the reducing agent and yields secondary pollution, such as N,O [64].

Alternatively, while oxygen is not present in the gas mixture, the process is significantly slower

and follows the reaction represented by Equation (9):

4 NH3+ 6 NO — 5 Np+ 6 H,0 9)

What is more, so-called “fast” SCR reaction, described by Equation (10), has the lowest
activation energy and the highest rate below 200 °C [65]. It takes place when the feed gas contains

equimolar concentrations of NO and NO:

4 NH3z+2NO +2NO; — 4 N+ 6 H0O (10)

While the concentration of NO; exceeds NO, nitrogen dioxide can react with ammonia, as shown
by Equation (11):

8 NHs+ 6 NO; — 7 Np + 12 H,0 (11)
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The process is called “slow” SCR, however, according to the literature, it exhibits similar reaction rate
to the “standard” type of reaction [66,67].

Taken together, the reaction rate of NH3-SCR and its course is strongly determined by the
composition of the purified exhausts. One of the consequences of the interactions between NO, NO-,
O, NHj3, and H,0 is formation of many side-products. Most of the competing reactions do not influence
directly the conversion of nitrogen oxides, but may significantly affect the selectivity to nitrogen.
Considering the above mentioned, NH3-SCR process is characterized by complicated chemistry and its

mechanism in various conditions is still under discussion.

2.2 Parallel and competing reactions of NH3-SCR

Apart from the reactions represented by Equations (8-11), there is a number of undesired
interactions between the molecules taking part in NHs;-SCR. Despite the fact, that “selective” refers to
the reactivity of NOy with NHs instead of oxygen, there are some inevitable reactions in the system,

such as selective ammonia oxidation (SCO), described by Equation (12):

4 NH3+30,— 2N+ 6 H,O (12)

Alternatively, NO conversion can be significantly decreased due to the oxidation of NH3 to NO,

according to the reaction represented by Equation (13):

4 NHs+ 5 0, — 4 NO + 6 H,0 (13)

The occurrence of ammonia oxidation reaction is usually more pronounced in the high temperature
range and strongly depends on the type of the applied catalysts [68].

The term “selective” refers also to the products of the NH3-SCR reaction. Except the desired N
and HO, other nitrogen-containing species can be formed during the process. One of the most adverse
for the environment is N,O [69]. It was reported that formation of N,O occurs usually at intermediate

temperature of SCR (230 — 350 °C) [70], which is presented by Equations (14-16):

4 NHz+ 4 NO + 3 02— 4 N.O + 6 H.0 (14)
6 NH3 + 8 NO, — 7 N,O + 9 H,O (15)
4 NHz + 4 NO; + O, — 4 N.O + 6 H,0O (16)
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Moreover, nitrous oxide can be also produced directly from NO [71], according to Equations (17-18):
2NO — N0 +% 02 (17)
3NO — N;0 + NO; (18)

The analysis of N.O formation was investigated in the research performed by Zhu et al. [69]. The
temperature-programmed measurements with isotopically labeled (*¥0., H,®0, N0, and ND3)
indicated that formation of N2O involves one molecule of NH3 and one of NO. Besides, both NO and
gaseous O participate in the generation of nitrous oxide. The presented results indicated that the
abatement of N.O production can be provided exclusively by the control of flue gas composition.

Another side-reactions occurring during NHs-SCR on the industrial scale involve participation of
sulfur dioxide (SO.). One of the most undesired and challenging processes in the low temperature range
of SCR is attributed to the oxidation of SO, to sulfur trioxide (SO3). The subsequent interaction of SOs
with ammonia or ammonium species on the catalyst surface generates ammonium sulfates (NH4HSO.)

and ammonium bisulfates ((NH4)2SQa,), according to the reactions described by Equations (19-20):
SO3 + NH3 + H,0 — NH4HSO4 (19)
SO;3 + 2 NH3 + H,0 — (NH4)2SO4 (20)

Additionally, SO; can also react with H,O present in the exhausts, forming sulfuric acid upon reaction

presented by Equation (21):

SOz + H,O — H,S0, (21)

All of the products of reactions (19-21) can cause considerable damages of the equipment of the

catalytic system due to pressure drops within the monolith surface or strongly corrosive effect [72—74].

2.3 Mechanisms of NH3;-SCR

In recent decades, various possible mechanisms of NHs-SCR reaction have been proposed. The
very initial research on the process reported a number of pathways and even more factors influencing
the dynamic behavior of the reagents [75-78]. In general, NHs-SCR is a redox-type reaction in which
nitrogen oxide and ammonia participate in the reduction, while oxygen is required for the re-oxidation

of the active site [79]. The process follows Mars-van-Krevelen mechanism, which assumes electron

36



transfer between the adsorbed elements and the catalysts surface [80]. In situ UV-vis spectroscopy
studies conducted during NH3-SCR over V,0s-TiO; revealed that \V°* are predominant species. On the
other hand, the amount of VV** is negligible and appears only due to the reduction during the catalytic
reaction. Low amount of V4" was explained by quick re-oxidation of the species to V°* by molecular
oxygen [81,82]. Despite extensive research in the field of NH3-SCR pathway, there is a number of
unclear issues, such as the type of reaction mechanism, contribution of Bronsted and Lewis acid sites,

intermediates formed during the reaction, role of oxygen, or rate-determining steps of the process.

Eley-Rideal mechanism of NH3-SCR

There is a general consensus that the crucial step of the heterogeneous catalytic process is the
adsorption of the reacting molecules on the catalyst surface. In the case of NH3-SCR, there are two
mostly recognized reaction pathways, described in the scientific literature. The first one, reported in the
pioneer studies of Inomata et al. [76] assumes that NH; strongly adsorbs on Brénsted or Lewis acid site
and reacts with gaseous NO. The model is classified as Eley-Rideal (E-R) mechanism [83] and has been
confirmed by the great number of research on NH3-SCR over various catalysts [84-87]. Typical E-R
mechanism assumes formation of NH,* on Bronsted site or adsorbed ammonia species on Lewis site.

Inomata et al. [76] declared that the reaction is determined by strong adsorption of ammonia on

Bronsted acid site and the reaction pathway over V,Os is represented by Equations (22-26):

NHs + V5*-OH — V5*-ONH,* (22)

V5*_ONH4* + V5*=0OH © V5*-ONH3H*-0-V** (23)

V5" ONHsH*~O-V* + NO — N, + H0 + V*-OH + V/5*-OH (24)
2 V¥ OH — H;0 + V3 + V/*=OH (25)

02 +2 V3 -2 V=0 (26)

First step involves equilibration of NHs on V-OH groups, acting as Brinsted acid sites (Equation 22).
Afterwards, ammonia is activated on vanadyl species and forms active complex (Equation 23). Finally,
the active complex reacts with gaseous NO to form N, and H.O (Equation 24). The mechanism is

terminated by re-oxidation of the active site to the initial oxidation state (Equations 25-26). The
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proposed chain of reactions is in agreement with the assumption that N, molecule generated in NHs-
SCR is formed from one mole of NHs-derived and one mole of NO-derived nitrogen atom [88].

In contrast to Inomata and co-workers, Ramis et al. [88] proposed for the first time amide-
nitrosamide mechanism, claiming that ammonia is adsorbed on Lewis acid site. The reaction scheme on
V,0s as the exemplary active phase can be described by Equations (27-29), while Equations (30-31)

reflect re-oxidation of the active site:

NH;z + V5*=0 — V**-NH, + OH' 7)
V4_NH, + NO — V*-NH,NO (28)
V4-NH,NO — V* + N, + H,0 (29)
2 V¥ + 1% 0, — 2 V5 + 0% (30)

2 OH" — H,0 + O (31)

NH3-SCR on Lewis acid site according to E-R mechanism involves chemisorption and activation of
NH; to surface amide species (-NH), resulting in the reduction of metal active site (Equation 27).
Subsequently, amide moieties react with gas-phase NO to form nitrosamide intermediates (-NH2NO)
(Equation 28). Decomposition of -NH2NO generates N2 and H.O (Equation 29), while the active site
is re-oxidized by gas-phase oxygen (Equations 30-31).

Qu et al. [89] identified the reaction pathway of NH3-SCR over cerium-niobium catalysts and
postulated that when NO; is involved into the reaction cycle, fast SCR is likely to occur. In this case,
the reaction scheme, starting from the adsorption of NH; on Lewis acid site, can be described by

Equations (32-35) (where & is Lewis acid site and o is O adsorption site):

NHs + & — NHp-&5 + H* (32)

Y5 Oz (gas) + © — O-0 (33)

NO + 0-0 — 0-NO> (34)

2 NHp-& + NO + 0-NO2 — 2 N2 + 3 H20 (35)

One should note that regardless the type of acid site, Eley-Rideal mechanism is characteristic for the
catalysts showing excellent NHz adsorption capacity [90]. Most research confirmed that E-R dominates
for vanadia-based and zeolite-supported catalysts, as the result of weak interaction between the fully

oxidized catalyst surface and NO [91,92]. In the case of E-R mechanism, several side reactions can
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occur, such as non-selective reduction of NO to N,O and oxidation of NH; to NO or N2 [93]. Among
them, NH; oxidation becomes dominant at higher temperature, at which E-R mechanism takes place.
The generalized Eley-Rideal reaction pathway of NHs-SCR, with the formation of N> or N2O and H;0O,

is schematically depicted in Figure 6.

Eley-Rideal mechanism
NH, N, + H,0 N,O+H,0
NO NO
NH3 (a4) NH, NH
catalyst surface

Figure 6. Schematic representation of Eley-Rideal mechanism (considered as “acid circle)

Langmuir-Hinshelwood mechanism of NH3-SCR

In contrast to Inomata et al. [76] and Ramis et al. [88], Komatsu and co-workers [94] proposed
simultaneous adsorption of NO and NHs on the active centers during NHs-SCR. Generally, this reaction
pathway is preferable for the catalysts exhibiting high NO and O, adsorption capacity [90]. According
to the kinetic studies, the rate-determining step in this case is formation of oxidized N-containing species
on the catalyst surface, after chemisorption of NO and O.. This type of reaction mechanism is known as
Langmuir-Hinshelwood (L-H) [83]. The scheme of L-H includes mainly Lewis acid sites and follows

Equations (36-41) (where ¢ and e represent adsorption sites for NO and NHs) [95]:

0,+2¢ 240 (36)

NO + ¢ < ¢-NO; (37)

NH; + @ < o-NH;3 (38)

o-NH; + ¢-O — o-NH, + ¢-OH (39)
o-NH; + ¢-NO; — Nz + H,0 + o-¢ (40)
2 4-OH & H0 + -0 + ¢ (41)
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Qu et al. [89] analyzed the pathway of Langmuir-Hinshelwood mechanism and observed
formation of various surface nitrate species, presented schematically in Figure 7. The authors proposed

the reaction scheme represented by Equations (42-45) (where * is a metal active site):

NO (gag) + *=0 + % O, — *=0,=NO (42)

NO (g9 + 2¥=0 — *-0-(NO)-O-* (43)

NHs gag + *=(02)=NO — *=(03)=NO-NHs (44)
NHs (gas) + *-O-(NO)-O-* — *-O-(NO-NH3)-0-* (45)

The results showed that bidentate nitrate (produced via Equation 42) and bridging nitrate (produced via
Equation 43) are not involved in the reaction at 200 °C, due to their high thermal stability. However,
the presence of monodentate nitrates (*=0O-NO;) dramatically enhanced catalytic activity. The result

was ascribed to its affinity to ammonia and low thermal stability of ammonium nitrates.

(o) 0 (o) o) (o 0 o
L L 4 | | |
N N N N N
| | " / N\ /\
o o o o) 0 G 0O o
| Y L T N
Me Me Me Me Me Me Me
(a) monodentate {b) monodentate bridging (c) bidentate (d) bidentate bridging (e) bidentate chelating

Figure 7. Examples of nitrate species generated during NH3-SCR on metal sites of catalysts (based on [96]

Liu et al. [90] conducted in situ FT-IR studies of the adsorbed NOy species, generated by co-
adsorption of NO and O, on the surface of tube-shaped Mn-Ni-Ti solid solutions. Since NO interacts
mainly with Lewis active sites, the presence of Bronsted acidity allowed unhampered adsorption of NH3
molecules. Surface reactions between NO and NHs resulted in the formation of various intermediates,
such as monodentate nitrates, bidentate nitrates, bridging nitrates or free nitrate ions. Thus, it was
concluded that the reaction followed Langmuir-Hinshelwood mechanism. Likewise, Yang et al. [97]
postulated that surface interaction between NO and NHs; forms -NH.NO; intermediates in the
temperature range of 100-260 °C. These species were reported to produce N, and H,O according to two
pathways: reduction by gas-phase NO and decomposition to N2 and H.O (Equation 46) or surface
reaction with NO and NHjs, followed by the formation of NH4sNO; and its decomposition to N, and H,O

(Equations 47-48) (where * represents metal active site):
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*-NH4NO2 (ags) + NO+ 02 — 2 N2 + 3H,0 + 2 H* (46)

NO3™ (ads) + NO + & — 2 NO3™ (ads) (47)

NO2™ (ads) + NH4" (ags) OF NH3 (ags) + *— — NHaNO; (agsy) — N2 + H20 (48)
Langmuir-Hinshelwood mechanism was reported to occur mostly on supported Fe;Os;, CuO,
MnO,, or CeO; catalysts [89]. It is primarily due to the oxygen vacancies, which react with O, molecules
and elevate the concentration of surface oxygen species, responsible for oxidation of NO on the catalyst
surface. The schematic representation of Langmuir-Hinshelwood mechanism of NH3-SCR reaction is

showed in Figure 8.

Langmuir-Hinshelwood mechanism
NH, N2+ HZO NO+O2 N,O+ H,0 NH,
NH3 (a45) NH,NO, NO, NO; NH,NO; NH3 (a0)
catalyst surface

Figure 8. Schematic representation of Langmuir-Hinshelwood mechanism (considered as “redox cycle”)

Coexistence of Eley-Rideal and Langmuir-Hinshelwood mechanisms during NH3-SCR

Most of the studies, which aimed to analyze the respective contribution of E-R and L-H
mechanisms, agree that the reaction pathway depends on the temperature. In general, regardless the
type of the catalyst, above 200 °C, NH3-SCR follows Eley-Rideal mechanism. The effect is caused by
the activation of the adsorbed NHj3 species at high temperature [84]. On the other hand, below 200 °C,
Langmuir-Hinshelwood is reported to have a greater contribution. It is ascribed to the lower energy
barrier of the reaction [90]. Thus, it was found that L-H is more likely to occur, in comparison to E-R
[95]. However, various factors, such as concentration of substrates, products, and by-products can
dramatically change the mechanism [92].

In some cases, clear identification of the reaction mechanism is exceptionally complicated. For

example, Kijlstra et al. [98] proposed that NH.- species generated after NH3 adsorption can either react
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with gaseous NO (E-R mechanism) or form nitrate intermediates with the adsorbed NO (L-H

mechanism), as presented by Equations (49-55) (where * represents metal active site):

O, +2* > 2*-0 (49)

NH3 + * « *-NHjs (Lewis acid site) (50)

NO + *-O < *-O-NO (bridged and monodentate nitrite) (51)
*-0-NO + *-O — *-NOs + * (bridged nitrate) (52)

*_NH3 + *-O — *-NH, + *-OH (53)

*-NH; + NO — N3 + H,0 + * (E-R mechanism) (54)
*-NH; + *-O-NO — N; + H,0O + *-O + * (L-H mechanism) (55)
2*0H o H,0 +*-0 +* (56)

Therefore, coexistence of the two mechanisms, usually related to the nature of the catalyst, makes it

much more difficult to resolve the reaction pathway with high accuracy.

Dependence of NH3-SCR pathway on the type of acid sites

One of the key factors determining the mechanism of NH3-SCR is acidic character of the catalyst.
The studies performed so far confirmed strong relationship between the activity and acidity of NHs-
SCR catalysts [81,99,100]. However, the debate on the type of sites and intermediates formed during
the reaction is still opened.

Early studies in this area, conducted by Topsge et al. [78], proved that Bronsted sites are the most
important for NH3 adsorption and successful NO reduction over V;0s-TiO,. This conclusion was
supported by linear correlation between the amount of surface NH4* intermediates and the overall NH3-
SCR activity. Basing on the results of in situ FT-IR studies, the authors proposed NH3-SCR pathway on

Bronsted acid sites, following E-R mechanism, described by Equations (57-62):

V5*-OH + NHj (gag) <> V**-ONH, (57)

V5*-ONH, + V5*=0 > V5*-ONH3H*-0-V** (58)
V5*-ONHgH*—0-V* + NO — V5*-OH-NH,NO-H-0-V** (59)
V5%-OH - NH,NO - H-0-V# — N, + H,0 + V5-OH + V**-OH (60)
2 V#-OH — H,0 + V** + V5=0 (61)

2 V3 +0, -2 V=0 (62)
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First step of the reaction (Equation 57) involves exothermic adsorption of gaseous ammonia on surface
vanadyl groups (V°*-OH) and formation of tetrahedral NH,* adsorbate, without any energy barrier.
Transformation of the adsorbed ammonia involves participation of V>*=0 and the step is regarded as
“activation of ammonia”, before the reaction with NO (Equation 58). Subsequently, gaseous NO
approaches NH4* species to form -NH;NO intermediate (Equation 59). The intermediate decomposes
to form N and H,O with simultaneous generation of V**-OH and V**-OH (Equation 60). The reduced
vanadyl species, V#*-OH and V** are re-oxidized to redox sites, V3*=0 (Equations 61-62). Additionally,
it was found that the amount of Bronsted acid sites increases with the increasing content of the active
phase, while increasing temperature implies the decline of Bronsted acidity [100].

In contrast to the above mentioned, Ramis et al. [101] postulated that catalysts containing only
Lewis acidity exhibit satisfactory catalytic activity in NHs-SCR. Besides, in situ DRIFTS analysis
confirmed that the stability of Lewis centers remains constant, regardless temperature of the reaction.
The authors proposed that NH3-SCR on Lewis acidic centers consists of the steps described by

Equations (63-66):

[0=V5*03] + NHs (gas) — [0=V*O(—OH)(-NH,)] (63)
[0=V**O,(-OH)(-NH2)] + NO — [0=V*"O(~OH)(-NH2-NO)] (64)
[0=VV*O,(-OH)(-NH2-NO)] — N2+ H0 + [0=V*0,(-OH)] (65)
4 [0=V*0,(-OH)] + O, — 2 Hz0 + 4 [0=V5*03] (66)

It was postulated that gaseous ammonia adsorbs on Lewis acid site and forms surface -NH. species,
simultaneously reducing vanadia sites (Equation 63). The amide species subsequently react with gas-
phase NO and produce surface nitrosamide intermediates (NH2NO) (Equation 64), which decompose
to N2 and H,O (Equation 65). The catalytic cycle is completed by re-oxidation of the reduced vanadia
site by O, (Equation 66).

However, the study was based on the artificial generation of Lewis acidity under vacuum
conditions. Thus, it was impossible for the authors to analyze the contribution of NH4* species, removed
in the reaction conditions. More recent studies on the participation of Lewis acidity in NH3-SCR were
performed by Gruber et al. [102] and Marberger at al. [81]. They confirmed that Lewis acid sites have

significant contribution to the reaction mechanism. The findings on the significance of Lewis acidity in
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NH3-SCR are supported by Qu et al. [89] as well. The authors claimed that although both Brénsted and
Lewis sites contribute to the reaction, the number and thermal stability of the latter centers is
significantly higher. Additionally, it was declared that Lewis acid sites were responsible mainly for E-
R mechanism.

On the contrary, Zhu et al. [103] proposed that for V,0s-WOs-TiO. both types of acid sites
contribute to NH3-SCR activity. However, their relative population is determined by the content of the
active phase and temperature of the reaction. The authors have drawn the general conclusion that the
overall activity of the catalyst was determined by NH." adsorbed on Bronsted sites, however, NH3
coordinated to Lewis centers exhibited higher specific activity. Additionally, participation of both acidic
centers is correlated with other compounds present in the gas stream, such as H,O. The simplified
reaction mechanisms on Bronsted and Lewis acid sites on V205 as the exemplary active phase are

presented in Figure 9.
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Figure 9. Schematic NH3-SCR reaction pathway on Bronsted and Lewis acid site of VV,Os as the exemplary active
phase (based on [104])

2.4 Selective catalytic reduction of nitrogen oxides with hydrocarbons (HC-SCR)

The last decades have witnessed an increased interest in the application of various hydrocarbons

(HC) as the reducing agents of industrial SCR systems. The method is especially preferable for SCR
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installations which aim to purify exhausts from lean-burn engines working in an excess-oxygen
environment (diesel compression ignition, lean-burn gasoline direct injection) [105]. The pioneering
research on HC-SCR was published by Held et al. [106] and Iwamoto et al. [107] and concerned copper-
exchanged ZSM-5 as the efficient catalyst of the process.

Hydrocarbons, such as volatile organic compounds (VOCs) and polyacrylic aromatic
hydrocarbons (PAHS) are emitted to the atmosphere simultaneously with NOy. Therefore, the use of HC
in SCR is both practicable and cost-efficient, since they are already the part of the flue gas [108,109].
Presently, methane [110], propane [111], and propylene [112] are the most common HC reducing agents.
However, aromatic compounds are lately studied as well [109]. Normally, the specific hydrocarbon
determines temperature window and type of intermediates produced during the reaction [113,114].

Intensive studies on the suitable catalysts of HC-SCR distinguished various materials active in
the process. The most satisfactory catalytic performance was obtained for Cu, Co, Fe, Ni, Ag, and Pt,
supported on high-silica zeolites (FER, MFI, MOR) or metal oxide catalysts supported on Al,O3, TiO-,
Si0O,, and CeO, [108]. Besides, ceria-zirconia mixed oxides [109] or porous clay heterostructures
modified with Fe [112] ensured the highest conversion of NO and satisfactory selectivity to N-.

There are various mechanisms of HC-SCR described in the literature and the probability of each
of them depends on the reducing agent and reactivity of the catalytic system in the certain temperature
region. One of the proposed reaction pathways assumes adsorption of NO and HC, their dissociation on
the catalyst surface, and subsequent reaction. The produced intermediates, such as CHsNO, CH3;NO,,
CHsNON: are continuously decomposed, leading to the formation of N, [115]. Another mechanism of
HC-SCR presumes oxidation of the reducing agent adsorbed on the catalyst surface, its reaction with
gaseous NO,, and production of isocyanates (NCO’). NCO" species are transformed to NHs, thus, HC-
SCR mechanism is switched to NHs-SCR [116].

The HC-SCR reaction pathway over the mostly studied Cu-ZSM-5 catalyst was thoroughly
described by Li and Guan [114]. The authors conducted in situ DRIFTS studies of SCR reaction in the
excess of oxygen with propane and propene. The authors recognized different reaction pathways for the
reducing agents, caused by diversified oxidation activity and adsorption of the reactants on Bronsted

acidic sites. For propane (CsHs-SCR), the initial step of the reaction was adsorption of NO-O; and the
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nitrate species were the most abundant and active reaction intermediates. The competitive adsorption of
NO and propane precluded activation of C3Hs on the catalyst surface. Therefore, the schematic reaction

pathway (without real stoichiometry) of CsHs-SCR, described by Equations (67-71), have been

proposed:
NO (gas)+ O+ 2 H* — -NO* (ags) + H20 (67)
-NO* (ads) — Me™-NO* (as) (68)
Me™-NO* (ads) + O (ads) = Me™-NO3 (ags) (69)
-NO3 (ags) + CsHs (gasy — -H + C3H7-NOs (70)
CsH7-NOs + O3 (gas) — N2 + CO; + H,0 (71)

First step of the reaction (Equation 67) consists of the adsorption of NO and formation of -NO*
intermediate. Interaction of -NO* with the adjacent metal site results in the formation of Me™-NO** with
simultaneous charge transfer (Equation 68). Oxidation of the unstable -NOY* species to -NO; (Equation
69) and reaction of -NO3z with gaseous propane recovers the Bronsted center (Equation 70), while
oxidation of the produced CsH7-NOgsyields the mixture of N2, CO,, and H,O (Equation 71). Continuous
reduction of NO to N during the reaction is provided by constant formation of Me"™-NQOjz species on the
catalyst surface.

Alternate mechanism of NO reduction was proposed for propene. In this case, the first and the
most important step of the reaction involves adsorption and activation of CsHs on the Bronsted site of
metal cation. In the case of Cu-ZSM-5, propene adsorbed on the acidic center can be oxidized by the
neighborhood Cu?*, according to the reaction described by Equation (72):

Cu?* + -CsHs — Cu*-CyHy (72)

Re-oxidation of Cu* to Cu?*, according to Equation (73) is provided by the surface active oxygen:

CU™-CiHy + O (aag) — CUZ*+ -CyHy + H20 (73)

The most important intermediates of CsHs-SCR are adsorbed amine species, which react with NO or
NO:; to finally form N and H,O. The schematic mechanism of C3Hs-SCR (without true stoichiometry)
can be presented by Equations (74-82):

NO (gas) + O (ads) — NO2 (gas) (74)

C3H6 (gas) T 0 (ads) — ‘CxHy (ads) T H.0 (75)

46



'CxHy (ads) + NOZ (gas) — ‘CxHyoz (ads) +-NCO (76)

-NCO (as) + O (as) — N2 + CO, (77)
-NCO (s) + NO — N + CO; (78)
-NCOgss) + H20 — -NH; + CO; (79)
-NH2 (ags) + NO — N2 + H,O (80)
-NHz @) + NO2 — Nz + H20 (81)
-CxHyO; + Ogs) — CO2 + H,0 (82)

After adsorption of CsHg, the produced surface species (-CxHy) (Equation 75) are oxidized by an oxidant
(for example NO) to yield -CxH,O, (Equation 76). Reduction of NO; results in the formation of -NCO
species, which can generate N, and CO; (Equations 76-78) or hydrolyze to -NH, (Equation 79),
regarded as the most active reaction intermediates. Reaction between -NH; and NO or NO- results in
the formation of N, and H.O (Equations 80-81), while the adsorbed -CxH,O, species are further
oxidized to CO- and H,0 by the surface oxygen (Equation 82). Two possible reaction pathways over

metal-exchanged ZSM-5 with propane or propene are depicted in Figure 10.
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Figure 10. Schematic reaction pathways of SCR with propane (CsHs) or propene (CsHs) (based on [114])

The presented investigations proved that the key factors controlling the mechanisms of CsHg-SCR
and Cs-Hs-SCR is Bronsted acidity and oxidative features of the catalyst. Additionally, several studies
have shown that the Si/Al molar ratio and co-existence of CO or H; in the gas stream have a crucial

influence on the catalytic performance of Cu-ZSM-5 in HC-SCR [105,117].

2.5 Alternative reducing agents of SCR

Selective catalytic reduction with ammonia or with hydrocarbons enables to obtain high
conversion of NO,. However, there are some limitations of these methods, such as “ammonia slip” for

NHs-SCR or poor low-temperature activity of HC-SCR [118]. According to the present knowledge,
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ammonia (or its derivatives) and hydrocarbons can be replaced in SCR systems by alternative reducing
agents. A number of studies reported that H, and/or CO are suitable compounds to effectively remove
the majority of NOy from the exhausts [119]. The comprehensive description of the advances in H>-SCR
and CO-SCR was provided in the literature reviews of Hamada et al. [120] and Gholami et al. [121].
CO-SCR reaction was studied by Yan et al. [122] who performed DFT study over LaMnOs3
perovskite. The authors proposed the reaction pathway of N, formation consisting of three steps,

described by Equations (83-86):

2NO @iy — N202 (ags) (83)
N202 (ads) + CO (ads) — N20 (ads) + CO2 (aas) (84)
N20 (ads) — N2 (ads) (85)

CO @y + O @y — COz (86)

In the first step (Equation 83), the adsorbed NO undergoes bimolecular reaction to produce intermediate
N202, which is subsequently reduced by the adsorbed CO molecules to N.O (Equation 84). At least,
N0 is reduced to N», while CO is oxidized to CO, (Equations 85-86). Among various catalytic systems
investigated for CO-SCR, supported transition metal oxides, especially Cu-catalysts, exhibit the highest
activity [121].

Over the last years, the focus has also shifted to the application of hydrogen as the alternative
reducing agent of SCR [120,123,124]. Most of the catalytic systems for H,-SCR uses metals of platinum
group (for example Pt and Pd) supported on metal oxides, perovskites, or mesoporous silica [120].

There are two general reaction mechanisms of H,-SCR. The first one assumes simultaneous
adsorption and dissociation of NO, facilitated by the adsorbed H,. Appropriate concentration of O, in
the gas removes the excess of H, thus, hinders the undesirable formation of NHs. The second
mechanism is related to the oxidation-reduction mechanism with the formation of nitrate and NHs or
NH4* [125]. In this case, N is produced by the surface reaction between NH4* species and NO + O,
while NOs or NO-" species yield mainly N»O through the reaction with the adsorbed H, [118]. It was
confirmed that the mechanism of H,-SCR is determined by the chemical character of the catalyst
support: basic supports are capable to adsorb NO3z and NO,™ intermediates, while acidic ones stabilize
active phase and adsorb ammonia molecules [118]. Besides, H>-SCR reaction pathway is correlated with
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the temperature of the process. Komatrubara [126] conducted a study of H,-SCR over Pt-AIMCM-41
catalyst with the excess of oxygen and found that both mechanisms (NO surface dissociation and NH3
formation) participated in the reaction pathway. The authors recognized the following temperature
regions of the H,-SCR (1) 40-100 °C (Equations 87-88); (2) 77-177 °C (Equations 89-91); and (3)

177-377 °C (Equations 92-94):

(1) 40-100 °C — adsorption and dissociation of NO into N and O, formation of N2O upon the reaction
with the adsorbed NO, removal of O gs) upon the reaction with gaseous H:

2 NO — N2O + O () (87)
O (acs) + H2 — H20 (88)

(2) 77-177 °C — formation of intermediate NH3 upon the reaction between NO and Hz, NH3-SCR of
NOy with the formed NHa:

2 NO + 5 H, — 2 NHs + 2 H,0 (89)
4NO + 4 NH; + O, — 4 Nz + 6 H,0 (90)
4NO + 4 NH; + 3 0, — 4 N;0 + 6 H,0 (91)

(3) 177-377 °C — formation of intermediate NH3 upon the reaction between NO and H; (31) and its

selective oxidation to N2 or N,O:

2NO+5H; —» 2 NHz + 2 H,0O (92)
4NH;+30,—2N;+6H0 (93)
2 NH3z +2 0; — NoO + 3 H,0 (94)

Despite the fact that H, seems to be an attractive alternative for NH; or hydrocarbons, its
implementation still needs more investigations. Although the approach of the H, application is
interesting, the majority of H,-SCR catalysts is active in narrow temperature window and sensitive for
the poisoning with CO. Additionally, still more research is required to establish the participation of NHs-
SCR in the mechanism of H,-SCR and the influence of some gaseous impurities (SO, or H.O) on the

efficiency of H,-SCR.
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3. The commercial V20s-TiO2 catalyst and its limitations
3.1 Typical composition of the catalyst

The most common catalyst used in NHz-SCR installations in power plants supplied by fossil fuels
is vanadium-titanium-based system, V>,Os — TiO, promoted with tungsten or molybdenum (WQOs3, M0oOs,
respectively). In the most cases, the catalyst provides around 90% of NO conversion and satisfactory
selectivity to N, especially above 300 °C [127-129]. The support of the catalyst, TiO in a form of
anatase, exhibits relatively high specific surface area and well-developed pore system. The active phase
consisting of monolayer V,0s species delivers active centers for the catalytic reaction [130]. The
addition of WO; as a promoter facilitates the formation of Lewis and Bronsted acidity, improves SO,
resistance and durability of the catalyst [64,131]. Additionally, some of the industrial catalytic systems
contain small additions of SiO2, which was reported to enhance high-temperature stability and resistance

to the poisoning effect of SO, [132].

3.2 Operating problems of the commercial V>0s-TiO, catalyst

Despite the fact that the commercial vanadium-based catalyst exhibits relatively high NO
conversion in the temperature region of 300-450 °C, there are some issues, which limit its efficient work.
First of all, relatively fast deactivation of the system requires to change the catalytic layers every 2 - 3
years [133]. Avoiding the replacement of the old or spent catalysts may result in serious problems, such
as ammonia slip [134]. Since the catalyst accounts to 30-50% of the overall cost of industrial SCR
installations, it significantly increases the total expenses of the catalytic unit [135]. Results reported by
Kietltyka et al. [136] suggest that the activity of V20s-TiO,used in a coal-fired power plant with biomass
co-firing decreased by 10% after 2000 h of operation, while after 5000 h it reduces to 20%. In the case
of straw-fired boilers, the deactivation rate can reach even 1% per one day of work [137].

In general, the deactivation of the V>Os- TiO, system can be divided into mechanical, chemical,
and thermal [138]. Chemical deactivation concerns poisoning of the catalysts with chemical compounds,
usually present in the exhausts (alkali metals, sulfur trioxide). Mechanical deactivation concerns the
damage of the catalyst surface and its attrition upon uneven flue gas distribution and velocity [139]. At

least, thermal deactivation is related to the irreversible sintering of anatase into rutile. Since the latter
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exhibits significantly lower specific surface area, the phase transition is highly undesirable [140]. High
operating temperature can also result in volatilization of vanadium or tungsten (in the WOs-promoted
catalyst), and as a consequence, lower activity and narrower temperature window [141-143]

The operating obstacles related to the application of V,0s- TiO2 on the industrial scale are
described in detail in the research papers [129] and [134], while the following subsection is focused only
on the most important reasons of the chemical deactivation of V,0s- TiO.. All of the mentioned points
highlight the aspects that have to be taken into account to design chemical composition of the novel
NHs-SCR catalyst. The common deactivating factors and processes, together with the possible solutions

are illustrated in Figure 11.

Deactivation of the commercial NH,-SCR catalysts
DEACTIVATING FACTORS
e alkali and heavy metals o
SO, poisoning potassium, chlorium deactivation by H,0
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pathway of active nitrates shields of acidic character, protective shield
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trapping sites

Figure 11. The factors, processes, and possible solutions related to the deactivation of commercial catalysts of
NHs-SCR

3.2.1 Narrow temperature window

The significant drawback of the commercial vanadium-based system is its narrow temperature
window. The standard temperature of the industrial flue gas reaches maximum 300 °C, depending on
the work stability of the boiler. Therefore, the efficient NH3-SCR catalyst should exhibit satisfactory

activity in the range of 100-300 °C, which is below the optimum of V,0s-TiO, [144]. In order to provide

51



appropriate temperature window and avoid additional costs for the re-heating of the exhausts, the
catalyst is usually placed in so-called “high dust” configuration, before flue gas desulphurization unit
(FGD) and electrostatic precipitator (ESP) [145,146]. In the most of cases, this solution helps to increase
the reaction temperature. However, the catalyst is exposed to the harmful impact of sulfur oxides (SOx),
deactivation by alkali metals present in the fly ash, or non-metallic compounds, such as arsenic or lead

[99,147-149].

3.2.2 Poisoning and deactivation with sulfur oxides

Sulfur oxides belong to the group of strong poisons of NH3;-SCR catalysts, including the
commercial vanadium-based system [150]. The deactivating effect is caused by the interaction of SO,
with vanadium species at the temperature below 300 °C. It is due to the fact that VV,Os exhibits relatively
high catalytic activity in the oxidation of SO, to SO3 [151,152]. Early findings of Svachula et al. [153]
and Dunn et al. [154] on the influence of SO, on the conversion of NOx over honeycomb V>0s-TiO;
proved that NOx can facilitate oxidation of SO, to SOs. The effect is especially strong in the low-
temperature range, when NOx concentration is high. More recent studies carried out by Xu et al. [155]
proved that conversion of SO, to SOs increases linearly with the increasing reaction temperature.

In general, V20s-TiO; can be deactivated by sulfur compounds upon two pathways. The first one
assumes the reaction between SOs generated during catalytic oxidation and gaseous NHs and H-O. The
resulting ammonium bisulfates (ABS, NH:HSO.) and ammonium sulfates (AS, (NH4)2SO4) block the
pores of the catalytic material and hinder the diffusion of the reactants into the active centers [156].
Besides, the compounds form deposits in the cold equipment, downstream of the SCR reactor, lead to
corrosion. Ammonium sulphates and bisulphates can also accumulate in air-preheater and cause pressure
drops and its clogging [157-159]. All of these effects seriously affect economic and safe operations of
NH3-SCR units of fossil fuel-fired power plants. However, several studies have found that AS and/or
ABS can be decomposed under appropriate conditions [156,160,161]. Thus, this type of deactivation is
at least partially reversible.

The second route of deactivation with sulfur species concerns interaction with SO, and metallic

active centers to form thermally stable sulfates [162-164]. The species significantly affect redox
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properties of the catalyst, inhibiting the catalytic reaction. In-situ experimental investigation performed
by Guo et al. [165] proved that metal sulfate species are formed rather upon the interaction of SOz with
titania, than with vanadium. The study presented Du et al. [166] further corroborate with this hypothesis,
explaining the mechanism of metal sulphates formation. According to the authors, TiO, provides the
surface for SO adsorption, while vanadium monomers and dimers are responsible for SO, oxidation to
SOs. The temperature of metal sulfates decomposition is relatively high (in most cases, up to 500 °C)
[167]. Thus, regeneration of the catalyst by thermal treatment would result in the significant loss of the
active material. Therefore, poisoning of the catalytic systems by metal sulfates is irreversible and stands
as a considerable, unsolved problem.

What is interesting, some studies confirmed that exposition of the catalyst to small amounts of
SO, can have a positive impact on the catalytic performance [168,169]. Hence, the commercial catalyst
usually contains 0.5-1 wt.% of sulfur in order to generate SO4> species that act as a reservoir for the
adsorbed NHs; [170]. Therefore, the role of sulfate groups in the commercial NH3-SCR catalyst has
attracted a considerable attention in the recent years. Nevertheless, the beneficial influence of sulfation

is still unclear and remains under research.

3.2.3 Poisoning with particulate matter compounds

Apart from sulfation, high-dust-positioned catalyst is also susceptible to the deactivation by the
components of fly ash, such as alkali metals [148]. Large concentration of these compounds is
characteristic for the fly ash produced by coal-fired power plants. The amount is even higher while
renewable energy sources, like biomass are combusted [137]. Deactivation character of these
compounds is related to their basic character and affinity to the acidic sites. Interaction of the metals of
| or 11 group of periodic table with the V**-OH Bronsted acidic sites results in their consumption and
reduced NHs adsorption capacity of the catalyst. Most research on the deactivation of V,0s-TiO- by
basic compounds assumed the formation of alkali-vanadium compounds (NaVOs, KVOs, RbVO3) on
its surface. As a result, the catalyst undergoes irreversible chemical and structural changes and loss of
catalytic activity [137,147,171]. Additionally, Moradi et al. [172] postulated that the inhibiting effect

increases at the elevated reaction temperature. Besides, the latest investigation of Lei et al. [173] and
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Tang et al. [174] confirmed that the deactivation can be also related to the decreased reducibility and
hindered polymerization of vanadium species, caused by alkaline metals.

What is more, the catalyst placed before EP is exposed to other trace elements, for example lead
oxide (PbO) [149,175]. PbO is typically present in the exhaust gas emitted by the solid waste
incineration, rather than in the flue gas produced by the combustion of fossil fuel [169]. As a typical
heavy metal present in the flue gas, lead has a severely poisoning impact on NHs-SCR catalyst,
decreasing its activity even by 50% [176,177]. Jiang et al. [177] postulated that lead species accelerate
transformation of V°* species to V4" which results in the reduction of Bronsted acidity and denitrification
efficiency. Except of the acidic properties, the presence of PbO results in significant changes of redox
abilities of the vanadium species, disturbing the course of the catalytic reaction. Additionally, the lead
oxide particles adsorbed on the active sites of the catalyst are the barrier to the free diffusion of the
reagents through the porous structure [134,178].

Another trace element that causes deactivation of the commercial catalyst placed in the “high-
dust” position is arsenic (As), usually present in a form of oxide (Al.Os) or dimer (AlsO¢) [179]. Its
concentration in the industrial exhausts typically oscillates around 1 ug - m* — 10 mg - m™, depending
on the incinerated fuel [180]. Poisoning effect of arsenic involves reaction of As®* with the vanadium
oxide that results in the occupation of the active sites of the catalyst. Additionally, relatively small
molecules of Al,O3 can easily diffuse through the inner structure of the catalyst and clog the micropores
[180]. Kong et al. [181] presented two possible mechanisms of V.0s-TiO; poisoning with As: by the
formation of As,O3 and its oxidation to As,Os deposits (1) or generation of As®* isolated cations at the
expense of vanadium species, occupied by As;Os; or As;Os (2). Moreover, according to the authors,
transformation of As,Os to As,Os is promoted by pentavalent vanadium species that are reduced to V**.
Both routes of deactivation by As involve the participation of surface active oxygen, which is an
essential factor in the catalytic cycle of NHz-SCR [182].

The most recent developments, presented by Lu et al. [180] have led to the conclusion that
deactivation of V>0s-TiO- in coal-fired power plants strongly depends on the position of the catalyst in
the installation. The authors postulate that the catalyst placed in the “high dust” position suffers from

the poisoning of physical nature, while “tail end” placement results rather in chemical deactivation.
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3.2.4 Toxicity of the components

In the industrial conditions, vanadium and tungsten can be easily released to the environment by
volatilization. The effect is commonly observed in the case of mobile applications of the vanadium-
based catalytic system [183]. Vanadium is especially dangerous for human health due to its carcinogenic
character, confirmed by International Agency for Research on Cancer [184]. Thus, the Occupational
Safety and Health Administration (OSHA) set the ceiling limits of the exposure for the respirable dust
and fumes of V,0s to 0.5 mg - m= and 0.1 mg - m?, respectively [163]. On the other hand, the
investigation of the carcinogenic or mutagenic effect of tungsten is still in progress. However, the
element was included by the US Environmental Protection Agency (EPA) to the Priority Testing List,
which collects compounds that are potentially toxic [185]. Therefore, the design of the novel NH;-SCR
catalysts should include substitution of the active phase and the promoters with non-toxic chemical

compounds.
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4. Review of the novel catalysts for NH3-SCR

All of the complications related to the application of V,0s-TiO2 on the industrial scale are the
motivation for the research and development of new catalytic systems or improvement of the existing
ones. Considering the problems described in subsection 3.2, the vanadium-based system should be
replaced with better one, free from all the mentioned drawbacks. It is especially required for the new

catalyst to:

» be active in NH3-SCR process under oxidizing atmosphere and insensitive to the changes of O
concentration in the flue gas,

be selective to N, and non-selective to the greenhouse N,O,

have a stable structure, regardless the operating conditions,

be inactive in the reaction of catalytic ammonia oxidation,

have wide temperature window,

be resistant to deactivation with SO, alkali metals, and other contamination of flue gas,

YV VvV YV VvV VY V¥V

be resistant to deactivation with H.O [86].

Therefore, in the recent years the studies have shifted to the application of alternative materials,
potentially active in NH3-SCR process. The great effort made in this field resulted in the progressing
development of the substitutive catalytic systems. The special focus was directed into supported metal
oxides which are deprived of the drawbacks exhibited by the commercial catalyst. In their systematic
literature review, Han et al. [186] and Liu et al. [65] described comprehensively the materials that
recently have attracted the biggest attention. The following section involves the examples of promising

alternative catalysts, which can be potentially implemented on the commercial scale.

4.1 Modified layered aluminosilicates

In recent decades, natural layered aluminosilicates have received a growing interest as the
materials important for the industry. The representatives of the cationic minerals can be used as
adsorbents [187] or elements of composites [188]. Normally, natural clay minerals are composed of
ultrathin aluminosilicate layers of around 1 nm thickness. Each layer consists of one or two (for 1:1 and

2:1 type, respectively) O-Si- O tetrahedral sheets and one O- Al (Mg)-O octahedral sheet, of around
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100 x 100 nm in width and length, respectively [188]. The layered structure is stabilized by hydrogen
bonds and electrostatic forces. Isomorphous replacement of AI** by Mg?* ions in the octahedral sheets
results in the negative charge, which is compensated by various interlayer cations, such as Na* or Ca?
[189,190]. The peculiar layered structure of natural cationic clays provides considerable ion exchange
capacity. Specific surface area of the materials can be easily increased using mineral acids [191,192].
The significant advantages of natural clays are abundance in the environment and non-toxicity. What is
more, their unique structural features allow to tailor materials for various catalytic applications
[189,193], including NH3-SCR [194]. Schematic structure of the of natural layered clay minerals is

depicted in Figure 12.
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Figure 12. Schematic molecular structure of layered clays on the example of montmorillonite (based on [195])

The great contribution to the research on the catalytic activity of modified clays in NH3-SCR was
made by the group of Chmielarz and co-workers [190,196-198]. The authors pointed out that the
catalytic properties of layered clays can be enhanced upon acid treatment [197] or intercalation with
various metal oxides [198]. The first method is based on the ion-exchange of interlayer charge-balancing
cations for hydrogen cation at the boiling point of the acid [199]. The resulting clay exhibits higher
specific surface area, enhanced porosity, and more acid centers [187]. Additionally, acid treatment can
increase NHs-SCR potential of some clays, which contain catalytically active species in octahedral

sheets [200,201]. Chmielarz et al. [197] concluded that the treatment of vermiculite with mineral acids,
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such as HCI and H,SO4 resulted in leaching of AI¥*, Mg?*, and Fe®* cations on the external surface of
the clay. Consequently, various forms of Fe3* sites became easily accessible active sites for NH3-SCR
reaction. Besides, the authors reported that the specific surface area of the clay can increase even 20-30
times upon acid treatment, depending on the applied acid.

The second essential method of modification is intercalation (pillaring) provided by ion-exchange
properties of the layered clays [202]. The procedure is based on the exchange of the charge-
compensating cations for bigger metal polyoxocations (oligocations). Introduction of the polyoxocations
is preceded by the swelling of the clay with water molecules, to extend the interlayer distance.
Calcination of the intercalated clay results in the formation of thermally stable metal oxide pillars [203].
The obtained materials, called “pillared interlayer clays (PILCs)” exhibit specific surface areas of 150-
350 m? - gt and mainly microporous structure. What is more, the presence of specific pillars has a direct
influence on the catalytic performance, since they can deliver additional acid sites. In general, the most
common pillars are Al,Os, TiO,, ZrO;, or Fe203 [196,204,205]. Chmielarz et al. [198] compared DeNOx
activity of montmorillonite pillared with SiO,, SiO-—Al;O3, and SiO,-TiO,. According to the study,
SiO,-TiO, facilitated formation of well-dispersed isolated Cu?* and Fe** cations, which improved
catalytic activity in NH;-SCR, especially below 300 °C. One of the disadvantages of PILCs is that their
structure is stable only to 400-450 °C. The limited thermal stability can lead to the collapse of the pillared
layers at higher temperature and deactivation of the modified clay [203].

Preparation of more stable pillars is possible trough more complex routes, for example surfactant-
directed methods, reported for the first time in 1995 [206]. The resulting materials, called
porous clay heterostructures (PCHs) exhibit surface areas up to 1000 m? - g, micro-mesoporosity, and
considerable acidity. However, the final features of PCHs strongly depend on the specification of the
parent clay [207]. Preparation procedure of PCHs starts from the ion-exchange of cationic
alkylammonium surfactants and alkylamine co-surfactants with the interlayer cations. In the next steps,
the source of silica is introduced into the solution, hydrolyzed, and condensed around organic template.
Calcination or extraction results in the removal of the template and formation of silica pillars [208]. The

structure of PCHs is reported to be more thermally stable than that of PILCs [209].
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4.2 Modified activated carbon

Carbon-based materials were reported to be promising precursors of NHs-SCR catalysts [210-
213]. Activated carbon (AC) is regarded as very advantageous for denitration processes, due to the high
adsorption capacity facilitated by well-developed pore system and high specific surface area [214].
Moreover, the existence of surface oxygen-rich groups can potentially contribute to the increased SO.-
poisoning resistance [215,216]. The schematic porous structure of activated carbon is schematically

showed in Figure 13.
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Figure 13. The graphical structure of activated carbon with specific types of pores (based on [217])

The structure and surface chemistry of carbonaceous materials is complicated and depends on
many factors. Thus, the issue has become a central point in the scientific investigations. The great
number of research on the application of activated carbon and carbon-derived materials in NHz-SCR is
related to structural modifications [213,218,219]. Most of them involve introduction of heteroatoms,
such as oxygen (O), nitrogen (N), phosphorous (P), sulfur (S), or boron (B) [213,218,220]. In general,
such modifications enable to tailor the electron donor-acceptor features of the carbonous matrix. Oxygen
is one of the common heteroatoms present on the edges of carbonic layers. The catalytic performance
of activated carbon in NO conversion strongly depends on the number and kind of O-groups. This
correlation is ascribed to the fact that oxygen groups play a role of adsorption sites for NO and NH3
molecules. Guo et al. [221] oxidized activated carbon with nitric acid and investigated the chemistry of
the formed functional groups. The analysis revealed that generation of the type of oxygen groups was
strongly determined by the pretreatment temperature. The performed NHs-SCR catalytic tests indicated
that carboxyl, anhydrite, and phenol groups had a promoting effect on catalytic activity. On the other

hand, several studies have found nitrogen species to enhance NH3-SCR performance of activated carbon
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[151,213,222,223]. The promotional effect takes place due to the increased surface basicity and creation
of extra-delocalized electrons that facilitate adsorption of NO and O and formation of NO,. Recently,
Li et al. [222] modified activated carbon with the solution of NH3 - H2O or nitric acid (HNOs) in order
to enhance its catalytic activity in NH3-SCR. On the basis of X-ray photoelectron spectroscopy (XPS),
performed before and after catalytic reaction, the authors postulated that the introduced pyridine and
pyrrole groups, and quaternary oxygen participated in the surface reaction. Yao et al. [223] explained
that these structures supplied the material with unpaired electrons, crucial for the adsorption and
oxidation of NO during NHs-SCR. Saad et al. [213] performed a double modification of activated carbon
using nitric acid (HNOs) to increase specific surface area and urea to introduce N-groups. Besides, Ce
was used as the active phase of the catalyst. The reported outcomes proved that the highest concentration
of HNOs resulted in the development of new pore systems, while introduction of Ce increased NO
conversion, comparing to the samples impregnated only with urea.

In fact, deposition of chemical surface groups can increase catalytic potential of activated carbon
in NH3-SCR. However, it can be even more enhanced by the introduction of transition metals, such as
iron (Fe) [224], manganese (Mn) or cerium (Ce) [211,223,225]. However, in some cases introduction
of transition metals can result in the formation of carbon-metal deposits, which hinder diffusion of the
gas molecules through the pores.

The activated carbon-based materials also attracted a growing attention as the catalysts for
simultaneous removal of NOx and SO, [216,226,227]. According to Guo et al. [228], the presence of
NO facilitates adsorption and elimination of SO,. However, higher SO./NO ratio restricts the adsorption
of NO and decreases the efficiency of NH3-SCR. Furthermore, Saad et al. [212] analyzed NH3-SCR
catalytic performance of Cu-modified activated carbon poisoned with SO,. The authors suggested that
deactivating effect was mainly caused by the formation of thermally-resistant CuSO,. Additionally, the
catalytic activity of around 90% exhibited by the fresh Cu-AC was significantly limited after poisoning
with SO, and regeneration.

Despite the promising performance of AC-based materials in NHs-SCR, still, they are not free
from some drawbacks. The work by Ren et al. [229] indicated that HNOs-treated activated carbon

modified with Mn and Ce were completely and irreversibly deactivated by KCI and Al,O3z. Moreover,
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Su et al. [230] observed severe deactivation of Mn-Ce-AC catalyst by PbO. Both authors ascribed the
deactivating effect to the pore clogging and deposition of the poisoning compounds on the functional
surface groups of activated carbon. In some aspects modification with strongly oxidizing agents can
result in the formation of catalytically inactive groups [221] or excessive weight loss of the carbonous
precursor. Additionally, carbonous support can be preferentially decomposed in the high temperature
range of the reaction, which affects stability of the catalyst. This inhibiting effect can be suppressed by
its mixing with binders and shaping. However, such procedures negatively affect adsorption capability

of activated carbon [231].

4.3 Metal oxide catalysts

The interest in the application of metal oxide catalysts is related to their satisfactory activity in
the low-temperature range of NH;-SCR. Metal oxide catalyst can act as catalysts itself (single metal
oxide catalysts), be mixed with other metal oxides (multi metal oxide catalysts) or be supported on other
metal oxide (supported metal oxide catalysts) [232]. According to the literature, the oxides of transition

metals show the highest catalytic activity in NH3-SCR [233-235].

Single metal oxide catalysts

One of the very promising metal oxide that can be applied in NO reduction process is iron oxide
(Fe203). The most advantageous feature of Fe,Os catalyst is its low activation energy (Ea) of 28.32 kJ -
mol[236], therefore competitive to V,0s-TiO2, which is 85 kJ - mol* [237]. Besides, Fe,03 exhibits
high specific surface area and crystallinity [238]. Due to the fact that iron is a multivalent atom, it can
form various stable oxides, such as a-Fe,Os; (haematite), y-Fe,Os (maghemite) or FesO. (magnetite)
[239]. Results reported in the literature suggest that the certain surface of iron oxide determines its
catalytic performance in NO reduction. Liu et al. [240] provided a thorough comparison of a-Fe>O3 and
v-Fe 05 activity in NH3-SCR. It was observed that y-Fe,Oz was more active (95% NO conversion) than
a-Fe,03 (85% NO conversion) at 250 °C. The authors ascribed this effect to the abundance of hydroxyls
and defect oxides available on the surface of y-Fe;Os. Additionally, Yao et al. [241] demonstrated that

Fes04 shows very poor catalytic activity of around 15% at 400 °C.

61



Among single metal oxide catalysts, manganese oxide (MnOy) was found to be promising in NHs-
SCR as well. Similarly to iron oxide, the activity-determining features in this case are Mn oxidation
state, specific surface area, and crystallinity [242]. Considering various oxidation states of manganese,
it was reported that MnO, and MnO; are the most active in NO reduction, while the lowest NO
conversion is obtained for MnO. The effect is directly related to the amount of surface-active oxygen
species that are essential in the mechanism of NH3;-SCR. Likewise Fe;0s;, Mn2O; can be present in
various phases, such as o or f [95]. Tang et al. [243] compared NO conversion and N>O production for
a-Mn;03 and B-Mn;0O; during NHs-SCR at 150 °C. Basing on the obtained outcomes, the authors
postulated that despite higher NO conversion obtained for 5-Mn.Os, the material was more selective to
N2O. This effect was assigned to higher NHz adsorption capacity of f-Mn.Qs, resulting in the abundance

of adsorbed N-species, actively reacting with gaseous NO to form nitrous oxide.

Multi-metal oxide catalysts

Multi-metal oxide catalysts (or composite catalysts) have gained a growing attention mainly due
to synergistic effect of various metals on the activity and selectivity in the catalytic reactions. In this
case, typically one metal modifies electronic and structural features of the another.

The studies have shown that Fe;Os- and CeO»-based catalysts exhibit unusual catalytic
performance in NHs-SCR reaction. The fact can be explained by the combination of high oxygen storage
capacity of CeO; and very good redox ability of Fe,Os. Liu et al. [244] postulated that due to smaller
radius of Fe, it can form solid solution with CeO, with the improved redox properties. However, there
is a general agreement that the performance of the catalysts is strictly determined by the preparation
procedure. Ma et al. [245] analyzed the influence of the synthesis method on the catalytic and
physicochemical properties of FeOx-CeO, mixed oxides. It was found that the highest NO conversion
was obtained by the materials prepared by microemulsion method (MM) and sol-gel method (SG). The
authors ascribed this effect to the highest specific surface area of the (MM) sample and enhanced redox
and oxidizing properties of (SG) sample. Due to that, besides satisfactory denitration ability, the

catalysts were regarded as active in direct oxidation of NH3 to N2O.
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Side reactions during NH3-SCR over y-Fe,Os-containing catalysts were motivation to find a path
to increase selectivity to N> and avoid unnecessary consumption of the reducing agent. For example.
Yang et al. [246] declared that Fe,Os-TiO. mixed oxide shows declined redox activity of the active
species and facilitates high-temperature performance. Several studies proved that Fe;O3-WO3; mixed
oxides exhibit very good denitration performances, especially because of structurally- and chemically-
promoting impact of tungsten on iron oxide [235,247].

Except of bimetallic oxides, the catalyst can also consist of more components. The good example
of multi-metal oxide catalysts was presented by Stahl et al. [248]. The authors observed synergistic
effect of Fe, W, and Ce oxides as the constituents of NH3;-SCR catalyst. It was postulated that
combination of Ce and W can promote dispersion of Ce*" ions and improved chemisorption of oxygen
during the catalytic reaction. The multi-metallic oxide Fe-W-Ce catalyst exhibited broad temperature
window of 250-500 °C. Thus, after the addition of W and Ce, the activation energy decreased and NO
to NO oxidation was improved. Besides, the material showed satisfactory resistance to SO, and/or H.O
in the gas stream. After elimination of the inhibiting agents, the catalytic activity was almost totally

restored.
Layered double hydroxides

The catalytic potential and physicochemical character of metal oxides depend on the preparation
procedure. This fact is especially pronounced for the catalysts derived from layered double hydroxides
(LDHs), known also as anionic clays. LDHs are a type of materials in which the positively charged,
stacked layers are balanced by the interlayer anions. The general chemical formula of LDHs is described
by Formula (95):

Me2*, Me3* (OH),]** (AE' ) -y H,0 (95)

n

where Me?* corresponds to divalent metal cations (for example Mg?*, Ni®*, Cu?*, Co%, Zn?*), while Me**
is attributed to trivalent metal cations (such as AI**, Mn®*, Fe**, Ga®*"), and A™ is an organic or inorganic

anion (for instance Cl, COs*, NOs, CH;COQ") [145,249]. One of the most widespread LDHs is
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hydrotalcite (HT). The material reflects brucite structure, however, it exhibits positive charge due to the
partial substitution of Mg?* with AI®*. Therefore, HT consists of edge-sharing Mg(OH)s and Al(OH)s
octahedra. The positive charge of the layers, resulting from the isomorphous substitution of Mg?* with
AIP* is balanced by anions, typically COs%. Calcination at high temperature transforms LDHs to the
solid solution of mixed metal oxides and spinels [250,251]. Schematic structure of layered double

hydroxides, on the example of hydrotalcite, is illustrated in Figure 14.
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Figure 14. Schematic representation of the formation of hydrotalcite from brucite (based on [251])

Recently, LDHs have attracted a growing attention as the precursors of novel NH3-SCR catalysts,
due to three major reasons. First of all, atomic scale dispersion and reduced particle size of the active
species improves catalytic activity. Secondly, the ions are mutually bounded, which results in high
thermal stability. Thirdly, wide range of possible compositions of LDHs opens many new paths to
prepare catalysts with the desired features. For example, Wang et al. [252] analyzed FeNi mixed oxides
derived after calcination of LDHs at various temperatures (400, 500, 600 °C). It was observed that LDHs
treated at 500 °C exhibited superior catalytic performance and the widest temperature window of 210-
360 °C. The effect was due to the formation of well-dispersed FeOx-NiOy species, beneficial for low-
temperature activity and NiFe.O, phase, active in high-temperature range. Wierzbicki et al. [145]
prepared Cu-Co-Mn LDHs by co-precipitation method and obtained mixed metal oxides after
calcination at 500 °C. Alternatively, manganese was introduced into the LDHs precursor by ion-
exchange with Mn-EDTA solution. The results indicated that both the content of Mn and the method of
its introduction determined the catalytic performance, especially in the case of selectivity. It was noted

that introduction of manganese by ion-exchange resulted in the formation of well-dispersed metal
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cations, contributing to the low emission of NO. On the contrary, the sample with the highest
concentration of the active phase, prepared by co-precipitation method was the most active, however, it

suffered from poor selectivity to N».

4.4 Metal-organic frameworks

Metal-organic frameworks (MOFs) are a class of hybrid, crystalline and porous materials, which
consist of metal ions (or metal-containing clusters) coordinated to organic ligands. The crystalline MOFs
share some properties with zeolites, such as large internal surface area or uniform pore size.
Additionally, the framework and pore structures, as well as crystallinity nature of MOFs can be easily
tailored by the introduction of various metals and organic linkers [253,254]. The fascination in the
application of MOFs in the number of processes is related to their advantageous structural features. High
specific surface area of MOFs is usually abundant in the easily available active centers, while uniform
porosity provides shape-selectivity. Besides, the co-existence of well-developed texture and
homogeneous dispersion of metal ions and organic linkers enhances catalytic potential of MOFs in many
reactions [254]. The preparation procedures involve mainly solvothermal, hydrothermal, or seeded-
growth method, microwave irradiation, and sonication synthesis [254]. The synthesis method has a
crucial impact on the morphology of MOFs. In general, the unlimited combinations of metals and
organics lead to the numerous of various MOFs structures. The schematic unit cells of the selected

MOFs (MOF-5, MIL-53, HKUST-1, BTC, and UiO-67) are presented in Figure 15 [65].

HKUST-1

MOF-5 MIL-53

Figure 15. Structures of unit cells of selected MOFs: MOF-5, MIL-53, and HKUST-1 (yellow and orange spheres
represent pore volume, oxygen atoms — red bullets, carbon atoms — black bullets, hydrogen — white bullets, metal

atoms — blue bullets, tetrahedrons — functional linkers) [255-257]
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Since investigations on the application of MOFs in NH3-SCR started quite latterly, there are only
few papers describing their catalytic performance in the process. Predominantly, MOFs-based NH;-SCR
catalysts can be divided into three groups: single metal MOFs (1), hybrid MOFs (2), and MOFs used as
the catalyst support (3) [65]. Li et al. [258] has provided the first analysis of the catalytic performance
of Cu-BTC in NH3-SCR. The authors reported satisfactory activity of the material in NO reduction
between 220-280 °C. The result was assigned to the structure abundant in unsaturated Cu sites. In spite
of this result, the catalyst had low thermal stability, which affected the MOFs structure already at 300
°C. Similar results, related to the temperature window and thermal stability were obtained by Wang et
al. for Cu-MOF [259]. Unsatisfactory heat resistance was a motivation for more in-depth research over
more stable MOFs. Sun et al. [260] claimed that the thermal stability of Ni-MOF maintained up to 440
°C, thus, in low- and high-temperature range of NH3;-SCR. As a matter of fact, Ni-MOF exhibited almost
90% of NO conversion between 200-400 °C. However, according to the research, such result can be
obtained only after thermal pre-treatment at strictly controlled conditions.

Preparation of bimetallic MOFs is more rare, comparing to single metal-MOFs. However, the
presence of two active metals can provide synergistic catalytic properties. In general, introduction of
more than one metal results in different features and usually, improves catalytic performance and
stability. Smolders et al. [261] incorporated Ce or the mixture of Ce and Zr into the frameworks of
MOFs, UiO-66, and CAU-24. Application of bimetallic active phase resulted in the formation of ZrsCe
metal clusters, which enhanced redox properties and thermal stability. Nevertheless, the authors
observed hindered re-oxidation of the prepared MOFs-based catalysts, ascribed to the lack of oxygen
vacancies on their surface. Wang et al. [262] proposed that ceria nanoparticles can be encapsulated in
the structure of MIL-100(Fe). According to the study, introduction of CeO, expanded the temperature
window during NH3-SCR to 196-300 °C. The effect was ascribed to the elevated amount of surface
active oxygen, which facilitated the formation of NO, and promoted fast mode of NHs-SCR.

Ultimately, MOFs were reported to be highly porous supports of NH3-SCR catalysts. Especially,
Mn-modified metal-organic frameworks attracted considerable attention [263,264]. In their 2017 study,
Zhang et al. [263] compared Mn deposited on UiO-66 by wet impregnation or mechanical mixing. The

investigation revealed that the former method had a beneficial influence on the distribution of
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manganese sites within UiO-66 framework. It was declared stable operation of the catalyst and structure
retention, even in the presence of SO, and H.O. However, one should note that the authors focused only
on the low-temperature range of NH3-SCR. Sun et al. [264] investigated the potential of MIL-125(T1)
as the support for Mn in NH3-SCR. According to their research, the unique structure of the support was
beneficial for uniform dispersion of Mn** species. Additionally, it facilitated Mn*/Mn** redox cycle
and hindered oxidative properties of MnOy aggregates. Since MIL-125(Ti) doped with Mn showed
around 90% of NO conversion within 175-425 °C, it seems to be one of the most promising MOFs-
based catalysts of NH3-SCR.

On the other side, MOFs-based catalysts are not deprived of some significant drawbacks that can
considerably limit their application in NH3-SCR on the industrial scale. First of all, usually, the synthesis
of MOFs is expensive, especially comparing to zeolite-supported catalysts [265]. One of the biggest
disadvantages of MOFs is their limited thermal stability. Harsh conditions of industrial processes, such
as high temperature or the presence of poisoning agents leads to the irreversible structural destructions,
migration of the metal species from the accessible surface, and rapid deactivation above 300 °C [264].
In fact, the tunable pore structure provides high specific surface area, abundance in the active sites, and
size selectivity. However, the inherent microporosity of MOFs can hinder efficient mass transfer during
the catalytic reaction [254]. Therefore, the present knowledge and progress in the application of MOFs

in NH3-SCR still demands more in-depth research.

5. Zeolites
5.1 Structure of zeolites

Zeolites are well-known crystalline solids that established a “gold standard” in many important
industrial catalytic processes, such as separation, adsorption, and catalysis [266-268]. Up to date, 255
zeolitic framework structures, with the unique three-letters codes were accepted by the Structural
Commission of the International Zeolite Association [269]. However, according to the literature,
theoretically, the number of possible zeolitic frameworks is practically unlimited [270].

Zeolites are crystalline materials consisting of [AlO4]> and [SiOs]* tetrahedrons. These

tetrahedrons, with Si or Al located centrally are known as the “primary building units” (PBU). The
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tetrahedrons can be also arranged into larger structures, so-called “secondary building units” (SBU).
The adjacent [SiO4]* and [AlO.]* tetrahedrons are bonded by oxygen atoms located in the corners [271].
Specific orientation of oxygen in the framework determines development of voids and pores, which
form channels and cages between the Si- and Al-blocks, as presented in Figure 16(a). The type of zeolite
can be determined by the pore size opening and the pores can be divided into small (8-membered ring),
medium (10-membered ring), large (12-membered ring) and extra-large (>12-membered ring) [272].
The consequence of the formation of internal structure is the development of internal and external
surface area. In the case when each tetrahedron of the framework contains silicon as the central atom,
the overall structure is neutrally charged, as depicted in Figure 16(b). On the other hand, zeolite
frameworks can also exhibit negative charge, due to the presence of cations of the valency lower than
4+, such as APt or Fe®*. Thus, zeolites can accommodate the compensating extra-framework cations in
ion-exchange positions, for example NH4*, H*, Na*, K*, Ca?*, Mg?* [273]. The schematic structure of

low-silica zeolite, accommodating Na* cations is presented in Figure 16(c).
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Figure 16. Typical structure of zeolite with three-dimensional cages and channels (a), three-dimensional

representation of a tetrahedron with centrally located silicon or aluminium atom (c)

Considering the presence of charge-balancing metal cations and Si and Al tetrahedrons, the

zeolites can be generally described by the Formula (96):

Mez/no * Al203 'XSI:OZ ‘szo (96)

where Me is an alkaline or alkali earth atom, n is the charge of Me atom, x is the number of Si
tetrahedrons, and y is the number of water molecules. Furthermore, the structure of zeolite, based on the

crystal unit cell (with SiO, and Al,Os as variables) is represented by the Formula (97):
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Meg/n (AlO2)q (Si02)p - ¢ Hy0 (97)

where a and b are total numbers of Al and Si tetrahedra, respectively, per unit cell, while c is the number
of water molecules per unit cell [274].

As above mentioned, zeolites can accommodate not only cations and water molecules, but also
small organic compounds. The zeolitic lattice is exceptionally stable, providing almost unlimited ion-
exchange properties and reversible dehydration of the structure [273]. The ions and molecules in the
cages are loosely bonded. Therefore, introduction of catalytically active species into zeolites by ion-
exchange is relatively easy. What is more, the presence of microporosity within the tetrahedral
frameworks provides the same order of pore size as the kinetic diameters of small molecules. Thus,
zeolites are called as “molecular sieves”, useful in separation and filtration processes [275,276]. Shape-
selectivity of zeolites is beneficial for many catalytic applications as well [203,277]. Nevertheless,
taking into consideration narrow diameters of micropores, usefulness of specific zeolite in the catalytic
reaction is evaluated basing on the pore size.

All in all, the unique zeolitic structure provides fascinating properties of the materials. However,
the specific features of the materials are determined also by their chemical composition and may vary
according to their origin. High sorption capacity depends on the void volume and size of the pore
openings, while ion-exchange properties are influenced by the number and nature of exchangeable
extraframework cations. Additionally, the dimension of the channel system and pore openings determine
catalytic performance of specific zeolite in a catalytic reaction. Thus, although more than 250 zeolite
structures have been discovered so far, less than 20 of them were commercialized. Some of the most
common are BEA, CHA, FAU, FER, MFI, and MOR. Additionally, there is still a little agreement if

natural of synthetic zeolites have better potential to be used on the large scale.

5.2 Acidity of zeolites

Acidity is one of the most important features of zeolites. The investigations on this feature started
at the end of the 1950s and it was described in the literature in 1964, after enacting the patent for a

zeolite-based catalyst of selective cracking [278].
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Generally, there are two types of acidic sites: Bronsted and Lewis. The Bronsted theory assumes
an acid as a donor of proton, while a base as an acceptor of proton. According to the theory, during
acid-base reaction a proton is transferred to a base with the formation of so-called conjugate base,
according to Equation (98):

A-H+B & A +B-H (98)
acid + base < conjugate base + acid
More comprehensive theory on the acidic properties of substances was proposed by Lewis, who
postulated that any compound with a vacant orbital, able to accept a pair of electrons, can be classified
as an acid. On the contrary, a base has an unshared pair of electrons. In line with Lewis theory, acid-
base reaction involves formation of the covalent bond between the electron pair of base and the vacant

orbital of acid, according to Equation (99) (the upper band represents an electron pair):

A+ B AB (99)

Therefore, it can be concluded that a Bronsted acid is not a Lewis acid, since the accepted proton from
Bronsted acid bonds to the base, releasing basic species. However, a Bronsted base is also a Lewis base,
due to its capability to donate unshared electron pair to a proton [279]. Some of the possible acid sites
on the surface of zeolites are showed in Figure 17.

Considering the presence of SiO4 and AlO, tetrahedra and charge-balancing cations, the presence
of acid sites in zeolites can be explained as it follows:

» proton, as a charge-balancing cation binds itself to bridge oxygen connected to Al and forms

hydroxyl group (OH"), acting as a proton donor, thus Bronsted acid site,

» compensation cations and extraframework Al atoms with at least one free valence, such as

AI(OH)?*, AI(OH),*, AlO*, (Al,0.0H)*, (Al,0)*, AIOOH, or Al(OH); can act as acceptors of

the electron pair, thus Lewis acid site [279].
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Figure 17. Schematic representation of the selected possible acid sites present in zeolites (based on [277])

Additionally, new Bronsted and Lewis acid sites in zeolites can be also generated, according to various
methods listed in Table 3. One should note that introduction of Lewis acid sites usually affects the

amount of Bronsted sites, for example during mild steaming of zeolite.

Table 3. Possible methods to generate Brénsted and Lewis acid sites in zeolites [279]

Generation of Bronsted acid sites Generation of Lewis acid sites

(1) ion-exchange of H* with charge-balancing metal (1) dehydration at high temperature

cation

(2) ion-exchange of NH4* with charge-balancing metal =~ (2) mild steaming with the dislodge of Al from regular

cation followed by calcination framework positions

(3) reduction of metal cations to lower oxidation state,

generating surface protons

(4) ion-exchange with polyvalent cations, which generate protons through partial hydrolysis of water molecules

Crystalline nature of zeolites facilitates dispersion of acid sites, which are especially strong in
high-silica variants (Si/Al > 10) [280]. Typically, zeolites possess both Bronsted and Lewis acidity and
sometimes their identification is complicated. It is caused mainly by their interconversion, for example
by dihydroxylation of Bronsted site, leading to the formation of Lewis site, involving Si and Al in three-
fold coordination [279]. Both types of acid centers can be located inside the pores or on the external

surface of a zeolite [281]. Practically, Bronsted acid sites are easier to determine, comparing to Lewis
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centers. Typically, a comprehensive characterization of acidic properties of zeolites can be performed

using three procedures:

> spectroscopic techniques (FT-IR, *H or 2’ Al MAS-NMR) — evaluation of the strength of O-H bonds
in hydroxyl groups,

» calorimetry, temperature programmed desorption — quantification of the interaction between basic
probe molecules and the acid site,

»  catalytic test reactions, which require specific strength and density of acid sites [277,279].

However, none of the above mentioned techniques is able to provide information about the strength,
number, density and accessibility of the active sites itself. Currently, only combination of various

methods allows to characterize acidic features of zeolites in detail.

5.3 Natural zeolites

Natural zeolites are formed at relatively low temperature, in many kinds of geological
environments, such as lake sediments, alkaline deserts, ash ponds, or marine sediments. The minerals
can be also generated over the years, as crystals in small cavities of metamorphic rocks, or as volcanic
glass or tuffs, altered by the reactions with saline waters. In 1950s, it was discovered that zeolitic crystals
deposited in volcanic tuffs are filled with water, which can be easily removed by heating. Furthermore,
the dehydrated crystals possessed the structure of honeycombs, consisting of 2-10 A pores, of the order

of few atoms [273]. The general formula of natural zeolites is depicted by the formula (100):

(Li,Na,K), (Mg,Ca,St,Ba)q [Alp12¢)Sin-(p+2q)02n - m H,0 (100)

where p is the number of monovalent metal ions, g is the number of divalent metal ions, n is the half of
the number of oxygen atoms and m is the number of water molecules [282].

Natural zeolite-rich rocks, which contain more than 50% of the pure zeolitic phase are usually
used on industrial scale. Price of the materials depends on the content of pristine zeolite in the rock and
its physicochemical properties, such as particle size, specific surface area, or surface character. Besides,
natural zeolites can also contain catalytically active species or chemical character desired for the specific

process [274,283]. The U.S. Geological Survey reported in 2021 that the price of zeolite-rich rocks per
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ton was in range of $50-$300 in the last five years, while the world production of natural zeolites in
2020 was estimated to ca. 1.1 million tons [284]. Among natural zeolites, clinoptilolite and chabazite
are among the most widely used, especially for water treatment or agricultural applications [285].

Despite the number of advantages of natural zeolites, the materials are not deprived of some
drawbacks. One of the major downsides is contamination, commonly present in the zeolite-rich rocks.
In some cases, it is almost impossible to remove the admixtures of other minerals and completely isolate
pure zeolitic phase from the deposit. Moreover, the type of contamination depends on the source and
origin of the parent rock. Thus, it is hard to determine accurate composition of the isolated zeolite.
Besides, the presence of quartz or amorphous glass precludes application of naturally-derived zeolites
in the processes which require purity and uniformity of the materials [282].

Information about zeolite origin and framework type is sufficient to determine its structural and
chemical properties, which have a direct impact on its characteristics. In order to systematize the natural
zeolite minerals, they have been classified into families. The examples of the natural zeolite frameworks

and their visualizations are presented in Table 4 and Figure 18, respectively.

Table 4. Selected industrially important natural zeolites and their structural parameters [269]

Zeolite ) Accessible Idealized cell Channel
. Chemical formula . ]
family volume (%) data (A) dimensions (A)
; Trigonal;
Chabazite ’
| Cas(H20)40 w13 _
(CHA) [AlSinOra] s 17.27 a=13.7 3.8x3.38
c=14.8
Faujasite | (Ca, Mg, Naz)2s(H20)240 | Cubic;
(FAU) [AlssSi15:0554] 27.42 a=243 74%x74
Monoclinic;
Heulandite a=137 R
Cas(H20)24 | [AlgSizsO 9.42 3.6 x4.6
(HEU) | Cas(H20)24 | [AlgSizsO72] b=176
28 x4.7
c=14.8
Orthorhombic;
Mordenite a=188 6.5x7.0
(MOR) | Nas(Hzo)24 | [A|38I40096] 12.27 b =205 2.6 x5.7

c=75
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Orthorhombic;

R 3.8x3.8
Phillipsite | Ka(Ca, Naz)s H20)24 |12 989 a=99 30x43
(PHI) [Al12Si20064] 112 ' b=14.1 . .

3.2x33
c=14.0

MOR PHI
viewed along (001) viewed along (100)

Figure 18. Schematic visualization of selected frameworks of natural zeolites [269]

5.4 Clinoptilolite as the representative of natural zeolites

The outstanding and unique properties of natural zeolites make them very useful materials in the
number of industrial and environmental applications. One of the representatives of this group is
clinoptilolite (CL), belonging to the heulandite (HEU) class of zeolites [286]. It is estimated that more
than 90% of the world’s production of zeolites is clinoptilolite. Both heulandite and clinoptilolite are
three-dimensional zeolites, exhibiting microporosity and containing water molecules and cations in ion-
exchange positions [287]. X-ray diffraction (XRD) analysis indicated that the unit cell parameters of CL
and HEU are very similar [287]. HEU-type framework consists of the T1002 SBU, illustrated
schematically in Figure 19. The SBU are connected and form long chains along (102) plane. The (102)
chains are laterally linked and generate dense (010) silicate layers. The parallel layers are joined and
form two-dimensional structure with three systems of channels: tetrahedron, 10-MR, 8-MR along (001),

and 8-MR along (100), with the extraframework population and pores of approximately 7 A [288].

74



Heulandite series were divided by the Subcommittee on Zeolites of the International Mineralogical
Association into species based on the dominant cation present in the channel. Thus, HEU-Ca, HEU-Na,
HEU-K, HEU-Sr, and HEU-Ba can be distinguished and their occurrence depends on the environmental
conditions [286].

One should note that although CL and HEU have isomorphic framework structure, their chemical
formula is different: (Na, K, Caos)i0 (Al10Si2s072) - 24 H2O (with Si/Al ca. 2.6) for HEU and (Na, K,
Caos)s.a (Als4Sizs072) - 20 H.O (with Si/Al ca. 5.7) for CL. Besides, the molar ratio of Si to Al is <4
for heulandite, while clinoptilolite exhibits Si/Al > 4. Since the materials exhibit various Si/Al ratio and
the content of different ions, the spectroscopic properties and unit-cell parameters of the materials are
not identical [286,289]. Besides, clinoptilolite and heulandite show different thermal stability. It was
observed, that the structure of CL was not destroyed even after 12 h-lasting heating at 750 °C, while the
phase transitions of heulandite takes place already at 250-300 °C [290]. Due to the fact that thermal
stability is a crucial factor, which decides about industrial applications of the materials, clinoptilolite

seems to be much more attractive candidate for the commercial use, comparing to heulandite.

V‘ ol \V‘\_ \V‘ﬂ_ Y,

(a) (b) (c)

Figure 19. Characteristic for heulandite, two corner-sharing TigHzo units (a) and HEU-type framework viewed
down: (100) (b) and (001) (c) (reproduced basing on [286])

Clinoptilolite (CL) is among the most abundant zeolites occurring in nature, especially in altered
volcanic tuffs and saline or in alkaline-lake deposits [291]. On the average, parent rocks contain around
50-80% of the clinoptilolite phase [289,292]. Clinoptilolite can be found in various areas around the
world, for example in China, Iran, Ukraine, Slovakia, Greece, Russia, New Zealand, Argentina,
Colombia, and the United States. Thus, chemical composition of clinoptilolite is correlated with its

origin, as presented in Table 5.
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Table 5. Chemical composition (wt.%) of selected clinoptilolite fractions derived from various regions of the

world

Origin SiO2 Al2Os CaO K20 Na20 Fe203 MgO LOI* Reference
Australia 68.26  12.99 1.37 4.11 0.64 1.37 0.83 10.43 [293]
China 75.71 13.66 0.33 1.70 6.82 1.11 0.58 0.09 [294]
Colombia 63.31  14.90 5.48 1.98 - 4,51 1.30 8.52 [295]
Iran 68.17 11.05 3.93 111 0.64 0.53 0.62 13.95 [287]
Greece 68.25 13.19 0.76 1.66 4.12 141 1.14 9.47 [296]
Slovakia 64.97 9.88 1.39 2.93 2.49 1.44 0.32 16.58 [297]
Ukraine 67.29 12.32 3.01 2.76 0.66 1.26 0.29 12.41 [298]
United 76.18 13.66 0.31 1.65 6.52 1.12 0.54 0.02 [294]
States

*LOI — loss of ignition

Natural clinoptilolite is present in a form of microscopic crystals of 2-20 um in size and its
network consists of all kinds of pore sizes. The primary porosity of CL is determined by the cavities and
channels, while the secondary porosity results from meso- and macropores [289]. Formation of
mesopores in clinoptilolite is due to the splitting of CL crystallites, while macroporosity is generated by
the voids between the crystals and various grains of minerals present in the parent rock [299].
Mesoporosity of clinoptilolite is especially attractive for practical applications, since it provides
transporting channels, active sites for catalytic reactions, and adsorption centers for larger molecules.
The illustration of clinoptilolite framework with the polyhedrons and the channel systems are presented

in Figure 20.

1/ 4 l/~ 314
. ion-exchange ion-exchange K’ 75 A
= = o Position
) 8MR [100] 8MR [001] 10MR [001]
(a) (b) (c) (d)

Figure 20. Schematic framework of clinoptilolite (a) and its channels: 8-member rings (b) and (c), 10-member
rings (d) (based on [289,300])
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From the following considerations, it can be concluded that porous structure of clinoptilolite
exhibits heterogeneous nature. On the basis of N. adsorption-desorption measurements at 77 K,
Mansouri et al. [287] suggested that clinoptilolite contains mainly microporosity represented by
nanotubic system. In the mesoporous range, the authors detected slot pores of ca. 2.3 nm. Similarly to
the chemical composition, the specific surface area of clinoptilolite depends on the origin and formation
conditions. For the natural, non-modified zeolite it oscillates around 14-30 m? - g1 [296,298]. As already
mentioned, one of the most important features of clinoptilolite, which provides an opportunity of its
application in many industrially important processes is high thermal stability. Apart from that, the
resistance of the zeolite to mechanical crush is above 7 MPa [300]. Besides, high ion-exchange capacity
of CL not only enables to use the material in the elimination of toxic compounds, but also allows to
introduce active species while the zeolite is used as a support of a catalyst. Another great advantage of
clinoptilolite is its high acidity, desired in many reactions. Therefore, clinoptilolite was recognized as
an advantageous support for the catalysts of p-nitrophenol hydrogenation [301], synthesis of
acetylsalicylic acid [289], or as an adsorbent for the elimination of radioactive compounds [300,302].

Although clinoptilolite exhibits attractive structural properties, in the majority of cases its
satisfactory performance in adsorption and catalytic depends on the initial modifications. Commonly,
CL is pretreated with acid, base, or surfactants [303]. The pretreatment procedures are usually applied
to dissolve some natural contamination and enhance the physicochemical properties or to remove pore-
blocking impurities. As a result, the zeolite is more useful for the purification processes, due to the
increased specific surface area and improved pore size distribution. The substitutive name of acid or
base treatment is “activation”, since interaction between the aluminosilicate surface and the solution of
the certain chemical character results in the generation of new centers, useful in specific process. For
instance, pretreatment with acid was confirmed not only to enhance textural properties of zeolite, but
also to decrease the content of Al [304]. Besides, the controlled dealumination of clinoptilolite generates
new sub-micropores (with the diameter of 0.7-2 nm) and mesopores [305]. On the contrary, modification
with alkaline medium results in the preferential extraction of Si from the zeolitic framework, hence,
increase of aluminum content and the acidic character [306]. Kussainova et al. [307] investigated the

efficiency of Pb?* adsorption on the raw and acid-modified clinoptilolite. The authors reported that after
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pretreatment with 85% phosphoric acid (HsPOa,), ions such as K*, Ca?*, Mg?*, and AI** were exchanged
with H* cations and OH" groups. Thus, acidic character of the material was significantly improved.
Additionally, it was observed that the size of voids and channels and the specific surface area increased
after modification with HsPO., which enhanced molecular sieve properties of the zeolite and its
adsorption capacity. Castro de Souza and co-workers [304] used NaOH for the pretreatment of
clinoptilolite under various conditions, with regard to time of contact, temperature and concentration of
the sodium hydroxide solution. The authors found that the modification with NaOH only slightly
changed the specific surface area of clinoptilolite, however, it increased the secondary mesoporosity in
the selected samples. Additionally, too high concentration of the alkaline solution can lead to the
decreased crystallinity or even total collapse of the zeolitic framework. According to the literature, apart
from acids and bases, clinoptilolite can be modified with salts. However, according to Stocker et al.
[308] in contrast to NaCl, both HCI and NaOH significantly influenced Si/Al molar ratio and increased
the specific surface area of the material.

Alternative method to change the properties of natural zeolites, which brings about much less
structural damages and crystallinity loses is ammonium exchange-calcination procedure. The aim of the
method is to transform zeolite into NH,4*- form at mildly acidic conditions. Thermal treatment of the
ammonium-zeolite at around 450-500 °C results in the decomposition of NH4™ groups and formation of
the protonated zeolite of acidic character [306]. Clinoptilolite modified by ammonium exchange-
calcination method was confirmed to be an effective catalyst of selective catalytic reduction with
propane [309] or ammonia [295] and cracking of oilsands bitumen [310].

Except of the treatment with inorganic substances, clinoptilolite can be modified with organic
compounds, including cationic surfactants [311] or polymers [312]. Generally, this kind of modification
forms bilayer-like structure, which alters the charge of zeolitic surface from negative to positive.
Therefore, adsorption of anions is provided by the positive charge, while non-polar organic compounds
can be sorbed by the organic-rich layer [313]. One of the most commonly used organic agents for
clinoptilolite modification is hexadecyltrimethylammonium ion (HDTMA) [292]. It was found that
surfactant-modified clinoptilolite effectively removes chromate, nitrite, selenite, or sulfate anions.

Besides, the framework of these materials remain stable even at extreme values of pH [313,314]. Except
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of HDTMA, other surfactants, such as N-cetylpyridinium or cetyltrimethylammonium ion (CTMA)

were used as modifying agents of clinoptilolite [303]. The advantageous alternative of surfactants to

broaden the practical applications of clinoptilolite are polymers, such as polyethylenimine [315],

polyaniline [316], polypyrrole [317], or chitostan [312]. It was confirmed, that the coexistence of

multiple-functional polymeric groups and clinoptilolite in such materials facilitates removal of dyes

from aqueous solutions, improves adsorption capacity of radioactive species, and elimination of heavy

metal cations from wastewater [292].

Taken together, physicochemical parameters of natural clinoptilolite which determine its potential

to be used on an industrial scale are correlated both with its origin and with the performed modifications.

The selected commercial applications of natural clinoptilolite pretreated by various methods are

summarized in Table 6.

Table 6 Exemplary application of modified clinoptilolite in the environmentally significant processes

Process Form of clinoptilolite/modification method Reference
Photodegradation of oil
refinery wastewater nanoparticles of SnS,-ZnS/clinoptilolite composite [318]
treatment
Removal of Cu?*, Cr¥*,
Fe®*, from wastewater non-modified [319]
from graphic industry
.
5\/2;2?!3:&:0':‘]; L0 micro- or nanopowders modified with dimethylglyoxime [320]
Removal of Pb?* from non-modified [307]
acidic medium acid-activated
activated in alkali media, homogenized under ultrasonic [321]
Removal of NH4* ions irradiation, reduced in the extract of green tea
from water solutions
non-modified [322]
Removal of radioactive non-modified [323]
compounds
Electr_oc_hem!cal sensor Fe**-exchanged clinoptilolite mixed with graphite and casted on
of amitriptyline [324]
q L the surface of glassy carbon electrode
etection in wastewater
Drug delivery surfactant-modified [325]
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Detoxification of the

organisms surfactant-modified [326]
Selective catalytic - H-clinoptilolite [309]
reduction of NOx with S . ) )

hydrocarbons clinoptilolite modified with MnxOy nanoparticles [111]
Selective catalytic

reduction of NO, with Fe3*-modified clinoptilolite [295,327,328]

ammonia

5.5 Synthetic zeolites

In contrast to the majority of natural zeolites, synthetic zeolites possess uniform chemical
composition, highly crystal lattice structure, and determined pore size. One of the great advantages of
synthetic zeolites over natural zeolites is that their properties can be adapted on the synthesis level. The
first known synthetic zeolite, Levynite, was obtained in 1862 by Charles Sainte-Claire de Ville [329].
Since then, the attention of scientists was directed not only to the synthesis of the analogues of natural
zeolites, but also to the development of new zeolitic phases, characterized by various structures and
chemical compositions. Nowadays, the number of methods are used for the preparation of zeolites, for
example:

»  hydrothermal synthesis (at normal or higher pressure) [330],
» fusion method [331],
» alkali activation [332],

» microwave-assisted synthesis [333].

Among the above mentioned, hydrothermal synthesis is the most commonly used, since it reflects the
natural conditions of zeolites formation. In general, the method is conducted in the temperature range
of 80-350 °C, it requires Si and Al precursors, and alkaline solution of pH > 8.5. As prepared synthesis
pot is transported to autoclaves and aged for the certain time. Aging involves a series of physicochemical
changes of the mixture of precursors, such as dissolution, condensation, gelatinization, and finally,
crystallization [334]. Type of the formed zeolitic framework is determined by the following factors:

»  synthesis temperature,

»  pressure,
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concentration of the reagents in the synthesis pot,
chemical character of the synthesis pot (pH),
activation process,

application of organic templates,

time of ageing,

YV Vv Y VvV VYV V¥V

content of Si and Al in the slurry of their precursors [273].

Strict control of these factors enables to obtain well-known zeolitic phases. It was reported that
high temperature and elevated pressure results in the formation of the mixture of analcime, zeolite P,
and hydroxysodalite in various proportions. The phases formed below 100 °C involve mainly zeolite X,
while high proportion of Al (Si/Al < 1) in the synthesis pot yields zeolite A. What is more, temperature
has a crucial influence on the crystal size. In general, at lower temperature, smaller and not fully
developed crystals are formed. Porosity of the synthetic zeolites can be regulated by the addition of
organic templates, which act as structure directing agents. Removal of organic molecules during thermal
treatment generates the desired shape of framework and opened zeolitic structure [334,335].

Another very important factor is the molar ratio of silica to alumina in zeolites (Si/Al). The
increase of Si/Al (from 0.5 to infinity) induces significant changes of other parameters, for example it
improves the resistance to acids, thermal stability, and hydrophobicity. However, other features, such as
hydrophilicity, cation concentration, and density of the acidic sites declines with the increasing Si/Al
parameter. In relation to the content of Si, zeolites can be classified as:

»  “high silica” with Si/Al molar ratio higher than 10,

> “intermediate silica” with Si/Al molar ratio between 1.5 and 10,

»  “low silica” with Si/Al molar ratio of approximately 1 [274].

Normally, according to the rule of Loewenstein, the amount of [SiO4]* tetrahedra in the zeolite structure
should be lower than [AlO4]*> [271]. Additionally, in some of the zeolitic frameworks, Al can be
isomorphously substituted by other elements, for instance Ti, Zr, or B. There are also purely silicious

zeolites (Si/Al = o) [336].
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Preparation of zeolites requires the substrates of high purity, special equipment, and high
temperature. Moreover, synthetic zeolites are usually suitable for the certain commercial end users.
Therefore, in this case, the production cost is considerably higher than the processing of their natural
counterparts [334]. Thus, the worldwide value of the sale of synthetic zeolites oscillates around tens of
billions of dollars [337].

Due to the high expenses of zeolites production, currently, the research is focused on the
development of methods in which low-cost substrates can be used to obtained the desired products.
Additionally, some of the novel ideas involve the replacement of pure chemicals by the natural silica
sources, such as kaoline, haloisite, perlite, or pumice [334]. Alternatively, over the last years the focus
has shifted to the recycling of waste materials. For example, in their 2021 review paper, Szerement et
al. [271] offered a comprehensive overview of the contemporary applications of zeolites produced from
fly ash in agriculture and environmental protection. On the whole, over 15 types of zeolite framework
types can be synthesized from the coal fly ash. The type of the obtained framework is strongly correlated
with the chemical and mineralogical composition of the fly ash. Additionally, one of the most valuable
zeolite, ZSM-5 can be obtained from rice husk ash or municipal solid waste incineration [303]. It was
reported that clay minerals can be easily dissolved in alkaline solutions and form zeolite frameworks
[303]. Furthermore, Garcia-Villén et al. [330] postulated that zeolites can be successfully produced from
sanitary ware waste by hydrothermal method. The authors observed that formation of various zeolitic
phases was correlated with time and temperature of the synthesis. The assemblage of the minerals
produced at 100 °C included mainly zeolite P, Na-Faujasite, and sodalite, while natrolite and zeolite A
were metastable phases, detected only for the synthesis pots aged for a longer time. For higher aging
temperatures (150 and 200 °C) analcime and cancrinite were crystallized. Therefore, one of the
limitations of the production of zeolites from wastes is their uncertain initial composition and the form
of the final product. In fact, the use of waste materials is in agreement with the assumptions of circular
economy, thus, seems to be an effective way to reduce the landfills size. However, one should note that
wastes can contain some toxic elements, which limit their application in industry, especially in

environmental processes [274].

82



Despite some disadvantages related to the price of synthetic zeolites, they are much more
advantageous, comparing to the natural ones. It was confirmed that the adsorption capacity of zeolites
A and X for the removal of heavy metal ions (for example Zn?* or Cd?*) is significantly higher than that
of natural clinoptilolite [338]. Another superiority of synthetic zeolites are wider pores, which allow the
adsorption of larger molecules and prevent pore blockage during catalytic reactions [335]. Moreover,
chemical properties of synthetic zeolites can be easily controlled by the optimization of the Si/Al molar
ratio. For example, low Si/Al value results in high polarity, sorption capacity, and acidic character [339].
On the contrary, highly-siliceous zeolites are preferred for reactions with a risk of water poisoning [334].

The commercial, laboratory-scale synthesis of zeolites from pure chemicals started in 1954 from
the production of Linde “A” zeolite. The extensive research over the preparation procedure of synthetic
zeolites resulted in obtaining polymorphic, large-pore and high-silica zeolite beta by G. T. Kerr and co-
workers in the laboratories of Mobil Oil Corporation in 1967. It was demonstrated that zeolite beta can
be used as an effective support of the catalysts of many important industrial processes, such as cracking,
hydrocracking, isomerisation, or biomass conversion [340]. Since Si/Al molar ratio of zeolite beta was
about three times of that of natural mordenite, the further investigations were focused on the
development of novel, highly silicious materials [269]. The intensive investigations resulted in the reveal
of numerous types of zeolitic frameworks denoted by the International Zeolite Association (1ZA).
Schematic frameworks of the selected synthetic zeolites are presented in Figure 21, while the examples

of their possible commercial application are listed in Table 7.
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Figure 21. Schematic visualization of selected frameworks of synthetic zeolites [269]

Table 7. Selected types of synthetic zeolites and their possible commercial applications

Zeolite family Possible commercial application References
alkylation reactions 341
Zeolite beta (BEA) Y ) [341]
NH3-SCR reaction [342]
oxidation reactions (e.g. CO or NHjs) [343]
SSZ-13 (CHA) N,O decomposition [344]

SAPO-34 (CHA)

MCM-22 (MWW)

MCM-36 (MWW)

ITQ-2 (MWW)

NH3-SCR reaction

production of light olefins
N>O decomposition
NHs-SCR reaction

catalytic cracking
dehydration reactions
NHs-SCR reaction

methanol oxidation
dehydration reactions
NH3-SCR reaction

methanol-to-olefin conversion
removal of elemental mercury from exhausts
NH3-SCR reaction
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[345], [346]

[347]
[344]
[348]

[349]
[350,351]
[352,353]

[354]
[351]
[353,355]

[356]
[357]
[353]



catalytic cracking [358,359]

ZSM-5 (MFI) aromatization reactions [360]
NHs-SCR reaction [361,362]

Zeolite A (LTA) oxidation of methanol [363]
NH3-SCR reaction [364,365]

CO; methanation 366

Zeolite X (FAU) ? ' [366]

purification of biogas [367]

5.6 Layered zeolites of MWW topology as the representatives of synthetic zeolites

Zeolites characterized by various types of frameworks belong currently to the major sources of
innovations and breakthroughs in sorption and catalysis. The porous structures of these materials can
be realized in two (2D zeolites) or three (3D zeolites) dimensions. The representative form of the group
of 2D zeolites is MWW (Mobil-tWenty-tWo) family.

The materials of MWW group are classified as zeolites, but they exhibit some unconventional
physicochemical properties. Normally, zeolites are purely microporous, thus, their application in many
catalytic reactions including bulk molecules is limited. First of all, both the access to the active centers
and diffusion through narrow zeolitic channels is hindered. Secondly, even if the product of the reaction
is formed, its residence time is increased due to the limited space for escape from the zeolite channel.
Therefore, the molecules undergo secondary reactions or form deposits, deactivating the catalyst. On
the contrary, MWW materials combine microporosity, characteristic for zeolites, and mesoporosity
formed by pillaring or delamination. Due to that, they are categorized as hierarchical materials with
superior structural features. In 2009, Perez-Ramirez et al. [368] introduced a concept of hierarchical
factor (HF) and defined it as “the product of the relative micropore volume (Vmicro/ Viora) @and the relative
mesopore surface area (Smeso/Sget)”’. According to this definition, HF increases with the increasing
mesopore surface area, without altering the volume of micropores. In general, layered zeolites are
characterized by high values of HF, which is beneficial for many catalytic reactions. Thus, the increased
mesopore volume and total surface area of MWW zeolites provide good access to the active centers.

Discovery of 2D zeolites is related to the synthesis of a framework related to MCM-22 zeolite

with medium size of pores and internal supercages [369]. Furthermore, by adjusting the synthesis
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conditions, it is possible to obtain 3D layered zeolites or 2D precursors. The former procedure results in
the formation of 3D zeolite, MCM-49. Interruption of the crystallization of MCM-49 implies formation
of MCM-56 phase with disordered agglomeration of MWW layers. On the contrary, the latter pathway
involves synthesis of two-dimensional MCM-22 (P), which is the precursor used to prepare other MWW

materials [370].
2D layered precursor MCM-22 (P)

MCM-22 (P) can be obtained by hydrothermal treatment of aluminosilicate gel of the desired
composition, containing hexamethyleneimine (HMI) as the structure-directing agent. The synthesis is
typically carried out in alkaline medium, with Na* used as the charge balancing cation. Highly crystalline
precursor can be obtained for Si/Al between 15 and 17. While Si/Al in the synthesis pot exceeds the
value of 70, MFI phase impurities can be formed. Hydrothermal crystallization proceeds at 135-150 °C
and usually lasts 7-12 days (depending on Si/Al) [371]. Normally, the synthesis pot is aged in agitation
conditions, since static crystallization results in the simultaneous formation of FER or MOR phases
[372]. MCM-22 (P) consists of ordered, parallel zeolitic MWW monolayers of 2.5 nm thickness,
disposed perpendicularly to axis c. The structure contains 2D 10-MR pore system, defined as
“intralayer” with 5.5 x 4.0 A sinusoidal channels. The intralayer channels in the precursor can be

diagnosed in XRD pattern by the presence of (002) reflection, as presented in Figure 22 [335,373,374].

inter-layer inter-layer mixed
(hko) (hki)
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Figure 22. XRD pattern of the diagnostic region of MCM-22 (P) with the (002) reflection (based on [374])
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Since the sheets are only electrostatically bonded by weak Van der Waals forces, it is possible to
design various opened structures from only one precursor [375]. The topology of MCM-22 (P) is

schematically illustrated in Figure 23.
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MWW layer

Figure 23. Schematic illustration of the topology of MCM-22 (P) (based on [335])

3D layered zeolite MCM-22

The first zeolite produced from the layered precursor was 3-dimensional MCM-22 [369,376].
Formation of the 3D framework of MCM-22 results from covalent condensation of the adjacent silanol
groups (Si-OH) during thermal decomposition of the organic template. The collapse of the layers
generates interlayer 12 MR pore system, with the windows of 5.1 x 4.0 A, connecting large supercages

of 18.2 x 7.1 A [377]. Two independent pore systems of MCM-22 zeolite are presented in Figure 24.
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Figure 24. Schematic illustration of two independent pore systems of MCM-22 (based on [369])

Calcination of the precursor significantly changes physicochemical parameters of the material.
First of all, condensation of 2D to 3D decreases the value of ¢ cell parameter, form ca. 26.7 to 25.1 A.
Due to that, diffraction maxima with Miller index | # 0 and the (002) reflection move to higher range of
26. Additionally, calcination causes partial removal of aluminum from the framework. Thus, MCM-22
usually exhibits strongly acidic character, induced by the remaining hydroxyl groups [376]. Therefore,
the material has been recognized as a promising catalyst for many important processes, such as Fischer-
Tropsch synthesis [378], Friedel-Crafts alkylation of benzene [379], oxidation of organic compounds
[380], dehydration of alcohols [351], or the capture of elemental mercury from the flue gas [381,382].
Additionally, recent studies on MCM-22 proved that modification with transition metals can
considerably enhance its catalytic performance in NH3;-SCR [352,353] or HC-SCR [383].

Apart from MCM-22, other materials derived from 2D layered precursor have been intensively
studied and described in the literature. The representatives of this group are MCM-36 (pillared zeolite),
and ITQ-2 (swollen and delaminated precursor) [335,384]. The advantageous accessibility of the

external surface resulted in the growing interest in the pillared and delaminated MWW zeolites.
Pillared layered zeolite MCM-36

MCM-36 is the first intercalated (pillared) zeolite, exhibiting both micro- and mesoporosity. The

first step to prepare MCM-36 is swelling of MCM-22 (P) by the cationic exchange of the organic
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surfactant molecules (typically C1sTMA*OH), introduced into the interlayer space. Swelling process is
determined by some important factors, especially chemical character of the solution. Positive result of
swelling is obtained if pH of 10-13 is maintained during the procedure. High pH induces deprotonation
of the surface silanols, thus, surfactant molecules can be easily attached to the MWW layers. The
importance of basic character of the swelling solution is explained by low silanol density on MWW
layers. Thus, at lower pH, the surfactant molecules would lay on the layers horizontally, causing little
expansion of the structure. On the other side, the increased pH creates new SiO- surface groups, which
have strong affinity to the surfactant molecules [277]. Coulomb interactions between the long surfactant
chains and surface SiO™ defects result in vertical alignment of the swelling agent molecules and
expansion of the interlayer distance [384]. Normally, tetrapropylammonium hydroxide (TPAOH) is
used as the auxiliary substance to maintain the required basicity of the swelling mixture. Successful
swelling of the precursor can be confirmed by XRD patterns, due to the disappearance of the
characteristic (002) reflection. On the contrary, the intense diffraction maximum, appearing in low-
angles, indicates the increase of the interlayer distance, caused by the presence of CisTMA* molecules.
Separation of the adjacent MWW layers during the swelling step enables pillaring of the precursor.
Intercalation is performed in an inert atmosphere, using tetraethyl orthosilicate (TEOS) as silica
precursor. Subsequent hydrolysis and calcination results in the formation of stable SiO; pillars in the
interlayer space [335,384]. The steps of MCM-36 synthesis and the final pillared structure of the zeolite

are presented in Figure 25.
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Figure 25. Scheme of the formation of MCM-36 structure (based on [385])
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As illustrated in Figure 25, the 10MR channels in MWW layers of the precursor remain
unchanged after swelling and pillaring. In contrast, 12MR supercages are absent, since the adjacent
layers are not linked, as in the case of MCM-22. However, the effective pillaring with SiO, implies
generation of mesopores with the diameter of 25-30 A. The pore size facilitates accessibility to the
internal acid sites of the materials, thus it is exceptionally advantageous for the number of catalytic
processes. Barakov et al. [370] declared that among MCM-22, MCM-36, MCM-49, MCM-56, MCM-
41 and beta zeolite, micro-mesoporous MCM-36 exhibited the highest selectivity in Prins-Friedel-Crafts
reaction. Additionally, titanosilicate-pillared MCM-36 showed outstanding activity in epoxidation of
olefins [386,387]. Nevertheless, in some cases SiO; can block the active centers of metal-modified
MCM-36 and hinder the proceeding reaction. The problem can be solved by introduction of other
pillaring oxides. Therefore, apart from silica, other metal oxide pillars were deposited in the interlayer
space of MCM-36, for example TiO;[355], or the mixtures of Al.Os; with MgO, BaO, or SiO, [388,389].
Introduction of Al,Os as pillars can generate Lewis or Bronsted acidity, due to the formation of silica-
alumina clusters in the interlayer space. On the other hand, intercalation with alkaline oxides, such as
MgO or BaO creates base properties. Thus, depending on the modification pathway, MCM-36 can be

considered as acid-base bifunctional material.
Delaminated layered zeolite ITQ-2

Another important derivative of MCM-22 (P) is ITQ-2, the first exfoliated zeolite [390]. There
are also other delaminated zeolites of MWW family, for example MCM-56 obtained in single-step [391].
Additionally, exfoliation of swollen precursors has been applied not only to MWW frameworks. For
example, delamination of NSI-type materials results in the formation of ITQ-18 [392]. The term
“exfoliation” is often used equivalently to “delamination” and both mean dispersion of the loose zeolitic
layers in a liquid medium solution [277]. The idea of delaminated materials represents a concept of
maximized accessibility and exposure of the zeolite layers to the reactants.

ITQ-2 consists of thin layers of ca. 0.25 A thickness and possesses well-defined and high specific
surface area of even 700 m? - m in well-prepared samples [393]. In opposition to MCM-36, the sheets

are disordered, forming so-called “house-0f-cards” arrangement. Random stacking of the layers creates
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mesoporosity, enabling the access of large molecules to the active sites, while ITQ-2 is used as a catalyst.
The structure of ITQ-2 possesses zeolite characteristics with 10MR channels, running around so-called
“cups”. They have a size of ca. 7 A deep and penetrate the MWW sheets from both sides. The cups are
formed by 12MR apertures of ca. 7 A and meet with each other at the center of each MWW layer,
forming double 6MR window. 6MR window connects the cups bottom to bottom, generating smooth

10MR channel system inside the MWW sheets. ITQ-2 structure is schematically showed in Figure 26.
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Figure 26. Schematic illustration of ITQ-2 structure (based on [335,390])

Preparation procedure of ITQ-2 starts from swelling, analogously to the synthesis of MCM-36.
Typically, swelling solution contains alkylammonium molecules: CTMA*OH- or tetrabutylammonium
(TBA*OH). In the case of ITQ-2 synthesis, it is crucial to control temperature and pH of the swelling
process. Corma et al. [393] mentioned that pH lower than 12.5 and temperature below 50 °C prevents
delamination. For higher values, the undesired formation of amorphous M41S materials occurs. During
delamination process, the zeolitic layers of the swollen precursor are randomly separated. Usually, the
step requires ultrasonic techniques to disorder MWW layers. Finally, pH of the slurry is decreased to
around 2 by the addition of HCI and the material is centrifuged multiple times. Calcination of as-
prepared zeolite at 540 °C removes the residual molecules of organic structure directing agents [335].
Both swelling and delamination processes can be followed by XRD technique, due to some remarkable
changes occurring in the patterns of the modified zeolite. It is established that low-angle diffraction

maxima in XRD patterns of MWW materials correspond to the ordering of layers and interlayer space.

91



Thus, during successful swelling, the distance between MWW sheets increases from 27 to 45 A.
Furthermore, the delaminated zeolite does not exhibit (001) and (002) reflections, characteristic for
regular distribution of MWW layers, ordered perpendicularly to axis ¢ [335]. ITQ-2 synthesis procedure

with the corresponding XRD patterns of the intermediate phases are presented in Figure 27.
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Figure 27. Schematic procedure of the synthesis of delaminated zeolite ITQ-2 (based on [335,390])

ITQ-2 has many uses in the field of catalysis, for example in biomass pyrolysis vapors [394—-396].
Naqgvi and Naqvi [397] compared the catalytic activity of various zeolites in deoxygenation of the vapors
derived from biomass pyrolysis. The authors reported that ITQ-2, as the highly acidic and medium-pore
size zeolite, exhibits high selectivity to aromatic compounds. Furthermore, Kweon et al. [398] compared
Ni-MCM-22 and Ni-1TQ-2 as the catalyst of CO;reforming to methane. Delaminated structure and high
external surface area of 1TQ-2 facilitated dispersion of nickel cations, resulting in higher activity of Ni-
ITQ-2 in the process. Apart from that, ITQ-2 was tested as the catalyst of cracking [399] or
dehydroaromatization reaction [400]. Additionally, Rutkowska et al. [353] tested ITQ-2 as the
representative of delaminated MWW zeolites in NH3-SCR. Besides, Moreno-Gonzalez et al. [401]
investigated interaction of Cu?* and alkanes on Cu-ITQ-2 during HC-SCR. However, application of

ITQ-2 in SCR reaction has not been so far explored in depth.
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Zeolites of MWW family - summary

The extensive research on MWW materials proved that the wide range of structural modifications
enables to precisely tailor their properties. Chemical and mechanical stability, distribution of the active
sites or concentration and strength of the acid sites can be easily adjusted to the desired level [277]. All
of the factors are determined by the assembly of the MWW layers. Furthermore, the arrangement of the
zeolitic sheets is correlated with the treatment of 2D precursor. The products of thermal treatment
(MCM-22), pillaring (MCM-36) and delamination (ITQ-2) exhibit various physicochemical features,
however all of them combine hierarchical pore structure and high density of acidic sites. In their review
paper, Roth et al. [374] presented tabular classification of 3D zeolite frameworks with MWW topology.

Reproduction of the proposed systematics, including the synthesis steps is presented in Figure 28.
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Figure 28. The pathways of the preparation of MWW zeolites (based on [335,374])
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6. Zeolite-supported NH3-SCR catalysts

Zeolites, as materials with ordered framework structures and high specific surface areas ensure
dispersibility of the active components and promote the diffusion of the reactants. Distribution of the
active phase in zeolites can be adjusted by the regulation of Si (in silicon-containing aluminophosphate
zeolites) or Al (in aluminosilicate zeolites) content by the electrostatic stabilization effect [402]. Thus,
modified zeolites are widely recognized as the precursors of active and selective catalysts of NH3-SCR
process [186,403]. The catalytic potential of zeolites results from their wide operation temperature
range, surface acidity, and non-toxicity [404]. Therefore, ion-exchanged zeolites are among commonly
investigated materials for vehicle NH3-SCR applications, as the substitutes for three way catalytic
converter, or industrial vanadia-based catalysts, used in stationary emission sources [405].

Development of zeolite-supported catalysts of NH3;-SCR started from the discovery of lwamoto
et al. [406]. In 1986, the authors recognized that ZSM-5 containing Cu?* promotes catalytic
decomposition of NO into N2 and O,. Soon after that, in 1990s, it was found that metal-exchanged ZSM-
5 can selectively reduce NO to N using hydrocarbons as reductants [407]. Successively, the studies on
the application of zeolites in NH3-SCR were focused on the catalytic potential of modified BEA [408]
or FAU [409]. In fact, initially, the catalytic performance of these systems in NO reduction was limited.
It was mainly caused by insufficient low-temperature activity, hydrocarbons fouling, low stability, and
excessive NHs storage capacity. However, it was found that these problems can be overcame by the
adjustment of pore sizes, simultaneously limiting the access of non-desired compounds to zeolite cages
and their active centers. As ZSM-5 and BEA or FAU contain 10 and 12 oxygen atoms in the window,
respectively, they are considered to be medium-pore materials. This type of pore opening enables the
access of larger hydrocarbon molecules to the inner structure, implicating gradual deactivation of the
catalyst. Hence, both modifications of the materials and the development of small-pore zeolites with 8
or less oxygen atoms in the window has become a hotspot of the future research.

Intensive studies on various zeolites led to the findings that the zeolite SSZ-13 and its
silicoaluminophosphate structural analogue, SAPO-34, have a great potential in NH3-SCR. Both of the

zeolites are isostructural to CHA framework and their synthesis was reported for the first time in 1980s
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[410,411]. Originally, the materials were designed for methanol to olefins process. However, in 2010
Kwak et al. [412] reported that Cu-SSZ-13 exhibits satisfactory NO conversion and great hydrothermal
stability, combined with the resistance to poisoning with hydrocarbons. Furthermore, in 2011, Fickel et
al. [413] recognized that Cu-SAPO-34 shows similar catalytic performance and hydrothermal stability
to Cu-SSZ-13. As a result, both Cu-SSZ-13 and Cu-SAPO were commercialized in 2010 and are
currently the typical choice for SCR catalysts in vehicle applications. The scheme of the chronological
development of zeolitic materials used in commercial DeNOjy systems, including NH3z-SCR is presented

in Figure 29.
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Figure 29. Scheme of chronological development of zeolitic materials applied for DeNOy industrial systems

Due to the complexity of the zeolitic structure and the diversity of the possible introduced metals,
it is difficult to understand the active sites or mechanisms of NH3-SCR in the zeolitic catalyst. Besides,
the major challenge for the practical application of metal-exchanged zeolites in NH3-SCR are their SO;
tolerance and hydrothermal stability. Most current research is therefore aimed at overcoming these
obstacles.. According to the large number of studies, among many catalysts supported on zeolites, Fe-

and Cu-based catalysts show the best features, applicable in NH3-SCR reaction [85,353,414].
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7. Catalytic performance of Fe-zeolites in NH3-SCR

Over the last ten years, the focus on new, zeolite-supported catalysts for NH3-SCR has shifted to
the application of iron-exchanged materials. The extensive investigations were motivated by
environmentally-benign characteristics of iron, its low price, and prominent thermal stability.
Additionally, as NH3-SCR catalysts, the compounds of iron show excellent medium and high
temperature activity and advantageous selectivity to N.. Another advantage of Fe-zeolite catalysts is
high oxygen storage capacity and oxygen mobility, caused by the facile redox equilibrium, Fe3* < FesO4
<> Fe?* [415]. Besides, the materials are resistant to the poisoning influence of H,O and SO, at low
temperature [416].

Great majority of the research has been focused on iron species incorporated into ZSM-5
structure, after the precursory work of lwamoto et al. [406] on Cu-ZSM-5. It was found that Fe-ZSM-5
is much more active, exhibiting 100% of NO conversion in a broad temperature window of 350-500 °C.
Besides, Fe-ZSM-5 is more selective to N> and more hydrothermally stable, comparing to Cu-ZSM-5
[417]. Nevertheless, application of Fe-ZSM-5 on industrial scale is limited by its inferior low-
temperature activity, caused by high energy barrier of the reduction of iron species incorporated into the
zeolite [85].

Except ZSM-5, other Fe-modified zeolite structures were tested in NH3-SCR. Jabtonska et al.
[418] compared catalytic characteristics of Fe-BEA catalysts prepared by ion-exchange or post-
synthesis replacement of Al with Fe atoms. The authors declared that both of the materials exhibited
satisfactory NO conversion, which was influenced by the speciation of iron. Besides, the results
confirmed that Fe-BEA prepared by ion-exchange shows enhanced activity in NoO decomposition above
450 °C. Generally, Fe-BEA are considered as more active and stable than Fe-ZSM-5. However, the
materials do not maintain high activity and durability at hydrothermal conditions. According to Shwan
and co-workers [419], hydrothermal aging of Fe-BEA results in declined NO conversion in the
temperature range of 100-300 °C, while at higher temperature, the activity remains high. The authors
ascribed this effect to the diminished NH;s storage capacity and increased oxidation state of Fe, which

enhanced the activity in non-selective oxidation of NO and ammonia. Nedyalkova et al. [420] postulated
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that the problem of low hydrothermal stability of Fe-BEA could be partially solved by H-pretreatment
of the catalyst. However, it was observed that the proposed procedure is limited by irreversible
dealumination of the zeolite during hydrothermal aging.

Apart from ZSM-5 and BEA, other different synthetic and natural zeolites, such as clinoptilolite
or chabazite have been investigated [421]. It occurred that modified clinoptilolite showed excellent
performance in selective catalytic reduction of nitrogen oxides, similar to that of modified ZSM-5 [422].
The advantage of clinoptilolite, guaranteeing selective abatement of NOx emission is its pore diameter
of approximately 7 A, thus, bigger than the estimated kinetic diameters of the reacting molecules [288].
One of the primary studies on the application of clinoptilolite in NH;-SCR was conducted by Mishima
et al. [423] in 1998. The authors prepared the anchored pellet catalyst using Zeo 3S (consisting mainly
of clinoptilolite) by ion-exchange with HNO;3; to produce H-zeolite, followed by impregnation with
vanadium cations. The pore diameter and the presence of vanadium cations facilitated the access of NH3
and NO to the inner space of the zeolite and adsorption on Bronsted acid sites, respectively.
Subsequently, the focus on the modification of clinoptilolite was directed into substitution of vanadium
by other metals active in NH3-SCR. In 2002, Long and Yang [424] compared the catalytic performance
of Fe-modified mordenite, heulandite, beta, ferrierite, and chabazite zeolites. It was found that Fe-MOR
and Fe-HEU exhibit the highest activity among the tested materials, exceeding that of the commercial
vanadium-based system: NO conversion for these catalysts reached the value of 95-98% within 400-
450 °C. The authors also observed that SO, and the mixture of SO, and H,O enhanced NHs-SCR activity
of the catalysts. Furthermore, it was proposed that NO reduction over Fe-HEU involves the reaction
between NO; and a pair of NH4" ions, generation of active intermediates and reaction of the produced
species with gas-phase NO. According to the analysis, the rate-determining step of the reaction was
oxidation of NO to NO,. Additionally, the presence of well-dispersed Fe®* species deposited in the
framework and extraframework sites provided adsorption of NO, N2Os, NO, and nitrate intermediates,
while ammonia molecules were bonded to Bronsted acid sites. The catalytic potential of clinoptilolite
in NH3-SCR was also examined by Moreno-Tost et al. [425,426]. Their work published in 2004
concerned application of Cu-zeolite in NH3-SCR. The catalyst exhibited significantly lower resistance

to SO, poisoning, comparing to that with Fe. Afterwards, in 2005, the authors exceeded their studies
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over metal-modified clinoptilolite and tested the zeolite with Ag and Zn. However, the metals were
found to be almost inactive in NO conversion. As a result, further research over application of
clinoptilolite in the process involved mainly Fe-clinoptilolite. In his 2007 study, Ates [421] modified
three fractions of natural clinoptilolite with iron by ion-exchange method and tested the materials as
catalysts of N-O reduction with NHs. The transition experiments indicated that the presence of active
oxygen is related only to the deposited Fe species, while oxygen storage capacity depends on the type
of iron sites, rather than on Fe loading. According to the results, only Fe* were responsible for oxygen
storage capacity during the reaction. Additionally, NHs-TPD measurements indicated that iron species
are introduced instead of the charge-balancing Na* cations. Thus, the activity in the selective reduction
of N>O was provided mainly by isolated species in extraframework positions. Besides, it was found that
modification with Fe enhances specific surface area and the total acidity of the material, due to the
removal of impurities and exchange of charge-balancing cations with NH.", respectively. One of the
recent studies related to the application of Fe-clinoptilolite in NH3;-SCR was conducted by Gelves and
co-workers [295]. The catalyst was tested under lean and hydrothermal conditions of NH3-SCR in its
natural, protonated, and Fe?*- or Fe**-form. The authors postulated that the overall reaction mechanism
was controlled by the presence of NO2, produced by the oxidation of NO on Fe?* sites. Besides, the
activity of Fe®* was superior in comparison to Fe?*. However, due to the competitive adsorption of H.O
molecules and NO, the reaction was hindered in the presence of water. On the other hand, 5% mol of
H0O in the inlet stream improved the adsorption of NO; on the catalyst surface. Nevertheless, interaction
with water resulted in the formation and adsorption of nitrous (HNO,) and nitric acid (HNO3) on the
catalyst surface and further oxidation of NO. The results of the catalytic tests under hydrothermal
conditions indicated that NO conversion decreases significantly only at 500 °C, after 30 h of the reaction.
The effect was a combined result of dealumination, contraction of zeolite channels, and declined acidity
and crystallinity of the material. Comparison of clinoptilolite modified with iron to other natural
aluminosilicates was provided by the work published by Szymaszek et al. [327]. The authors tested iron-
doped bentonite, vermiculite, and clinoptilolite in NH3-SCR and found that the best candidate for the
efficient catalyst is Fe-clinoptilolite. The results of the catalytic reaction performed over non-modified

clinoptilolite were in line with that obtained by Gelves et al. [295] and proved that iron naturally present

98



in the zeolite can moderately reduce NO in the high-temperature region. What is interesting, the
emission of N»O, which is by-product of the reaction was below the detection limit in the whole tested
temperature range. The result was supported by the work of Saramok et al. [328], which revealed that
below 450 °C the ratio of inlet to outlet N2O concentration is lower than 1. Thus, the material is active
not only in DeNOy, but also in DeN2O process. As described above, clinoptilolite exhibits a promising
potential as the catalyst of NH3-SCR. However, despite the outstanding activity, comparable to the
commercial synthetic zeolites, in some cases commercialization of natural clinoptilolite is still limited
by the costs of homogenization and purification of zeolite-bearing tuffs. Nevertheless, the abundance in
environment and low price are the premises why the material is a promising candidate for the new,
substitutive commercial catalyst of NH3-SCR process.

Simultaneously to the works carried out on medium-pore zeolites, intensive studies were
conducted on small-pore SSZ-13 and SAPO-34. Motivation of the investigations on Fe-SSZ-13 and Fe-
SAPO-34 was caused by commercialization of these zeolites doped with Cu as novel NH3-SCR catalysts
of diesel exhausts purification. One of the first research on Fe-SSZ-13 and Fe-SAPO as NH3-SCR
catalysts was published in 2012 by Ye et al. [427] and concerned comparison of the catalytic
performance and resistance of the materials to hydrocarbon poisoning. The catalytic potential of small-
pore Fe-CHA zeolites in NH3-SCR was also intensively investigated by the group of Corma and co-
workers [428,429]. Martin et al. [429] postulated that large cavities of the crystalline CHA structure can
favor stabilization of iron cations. Moreover, small windows of 3.8 A, which connect the cavities,
preclude sintering of metal species, thus improve hydrothermal stability. The authors observed that Fe-
CHA obtained by one-pot synthesis under alkaline conditions exhibited high NO conversion, dependent
on Si/Al molar ratio. Additionally, excellent catalytic activity of Fe-SAPO-34 was confirmed by
Andonova et al. [348], who found that NO conversion for this catalyst exceeds 80% in the temperature
range of 300-600 °C. Consequently, the material was patented in 2015 as SCR catalyst for the reduction
of NOy from vehicle engine exhausts [430]. Additionally, Zhao et al. [431] reported that the addition of
the controlled amount of Fe promotes the catalytic activity of Cu-SAPO-34 in NH3-SCR. The authors
found that 1 wt.% of Fe resulted in the reduction of bulk CuO surface species, thus, decreased NH;

oxidation rate above 350 °C. What is more, the presence of isolated Fe®* species enhanced high
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temperature activity of the catalyst. On the other hand, introduction of 1.5 wt.% of iron implied the
replacement of isolated Cu?* with Fe** ions and aggregation of both species to CuOy and FexOy clusters.
As aresult, high temperature activity of the material was reduced by the lower amount of isolated copper
species and enhanced activity in NHs oxidation.

Application of CHA-type materials was undoubtedly a breakthrough in the improvement of
hydrothermal stability and high activity of Fe-catalysts supported on zeolites. However, despite the fact
that small-pore zeolites promote the formation of important intermediates (for example NH4" pairs,
acting as Bronsted acid sites), they can also decrease diffusion rate of the molecules, affecting the
catalytic activity. Thus, the works on new, potentially active in NH3-SCR materials were recently
expanded to large-pore zeolites, such as MSE. Ryu et al. [432] synthesized UZM-35 zeolite with the
pore system formed by one 12MR and two 10MR channels, belonging to MSE family. The authors
modified the material with iron and compared its catalytic performance in NH3-SCR to Fe-beta, Fe-
LTA, and Fe-SSZ-13. It was observed that the fresh Fe-UZM-35 showed the highest conversion of NO
among all tested materials in the entire tested temperature range. The effect was ascribed to the
abundance of intrazeolitic isolated iron cations, contributing to low-temperature activity.

Several studies have found that large pore, layered zeolites of MWW topology have an excellent
catalytic potential in NH3-SCR. The first reported research on the application of these materials in
selective catalytic reduction of NO with ammonia was reported in 1997 by Wu et al. [433]. According
to the study, incorporation of iron into the framework of MCM-22 resulted in the formation of Si(OH)Fe
species, thus, Bronsted sites of weak acidity. Despite low acidic character, it was remarked that below
350 °C the material showed higher NO conversion than that of Fe-MFI zeolites. Besides, in contrast to
Fe-MFI, Fe-MCM-22 did not exhibit activity in non-selective NH; oxidation, due to the lack of
aggregated iron oxide species. The next approach to the application of MWW zeolites in NH3-SCR was
reported only in 2015 by Rutkowska et al. [353]. The authors compared physicochemical and catalytic
features of MCM-22, MCM-36, and 1TQ-2 modified with iron or copper and tested the materials in
NH3-SCR. It was concluded that among the different arrangement of layers, the ordered micro-
mesoporous structure and variety of iron species of Fe-MCM-22 contributed to the best catalytic

performance. Additionally, Fe-ITQ-2 contained almost exclusively isolated Fe3* cations, thus, its
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delaminated structure was confirmed to promote incorporation of well-dispersed framework iron
species. However, the authors declared that the presence of mononuclear Fe cations in Fe-1TQ-2 was
responsible for significant decrease of NO conversion above 450 °C. The study by Grzybek and co-
workers [434] offered an analysis of the catalytic performance of Fe-modified MCM-56, the
representative of MWW zeolites with disordered layers. The authors claimed that acid treatment of the
material will partially remove Al from the framework, thus, generate vacancies, which can be filled with
heteroatoms, acting as Lewis acid sites. The results of NH3-SCR tests indicated that HNOs- or NH4F/HF-
treated MCM-56 modified with iron exhibited minimum 92% of NO conversion and more than 99%
selectivity to N, above 400 °C. Such catalytic behavior was ascribed to the presence of monomeric iron
cations and small aggregates of iron oxide, which limited ammonia oxidation in the tested temperature
region. In 2020, Chen et al. [352] published their research on the catalytic activity of MCM-22 modified
with iron by various methods. The authors obtained very good results of catalytic tests in low-
temperature range for the material with iron introduced to the synthesis pot.

Therefore, the above-mentioned studies demonstrate that well-prepared and Fe-modified zeolites
have a great catalytic potential in selective catalytic reduction of NOx with ammonia. The summarized

NH3-SCR activities of Fe-catalysts supported on zeolites with various topologies are listed in Table 8.

Table 8. NH3-SCR activity of the representative Fe-zeolite catalysts

Catalyst i Temp.
Y Channel  Synthesis o -, Reaction conditions window NOx Ref.
(topology) system method °C) conv.
1000 ppm NO, 1000 ppm NHs
Fe-ZSM-5 10 vol.% Oz, 5 vol.% H20
10MR IE? 5 480-650 > 80% [435]
(MFI) balance of N2
GHSV =52,000 ht
Fe-beta 2500 ppm NO, 2500 ppm NH3
12MR IMP ® 4 2.5 vo0l.% Oz, balance of He 230-530 >80% [436]
(BEA) WHSV = 24,000 cm? - h - gt
350 ppm NO, 350 ppm NHs
Fe-SSZ-13 14 vol.% 02, 2.5 vol.% H20
S8MR IE 1.37 320-550 > 80% [437]
(CHA) balance of N2

GHSV = 200,000 h
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350 ppm NO, 350 ppm NHs3
8MR OPS ¢ 1 14 vol.% O3, 5 vol.% CO> 230-650 60-65% | [348]
5 vol.% H20, balance of Ar

Fe-SAPO-34

(CHA)

500 ppm NO, 500 ppm NHs

5 vol.% O3, 10 vol.% H20
Fe-UZM-35 12MR IE 1.9 250-570 > 90% [438]
balance of N2

GHSV = 100,000 h**

400 ppm NO, 45 ppm NO2, 400

. ppm NHs, 8 vol.% O3, 0-5%
Fe-Clin® 10MR Exf 3.2 ] 325-475 | >80% [295]
H-0, balance if Ar GHSV =

30,000 h't

500 ppm NO, 500 ppm NHs
Fe-MCM-22 10MR OPS 4.8 5 vol.% Oz, balance of N2 190-490 > 80% [352]
GHSV = 60,000 h*!

2500 ppm NO, 2500 ppm NHs
Fe-1TQ-2 12MR IE 0.9 2.5 vol.% O, balance of He 280-480 > 80% [353]
T9=373g-h-mol?

a: jon exchange, ®: wet impregnation, ¢: one pot synthesis, ¢ : space time of NO, ¢ : clinoptilolite, * : extraction

7.1 Metal active sites in Fe-zeolites

The evaluation of the type, amount, and distribution of the active sites is a vital issue for better
understanding of NH3-SCR reaction mechanism over metal-exchanged zeolites. According to the
present knowledge, the activity of Fe-zeolites in NO reduction is determined by the form of metal
species in the catalyst [352,439]. It is generally accepted that iron can be present in zeolites in a form of
isolated Fe?* and Fe®" cations (either isomorphously substituted in framework positions or in cationic
positions in zeolite channels), binuclear or oligonuclear FexOy(OH), clusters, nanoparticles of iron
oxide, or bulk particles of iron oxide, located at the surface of the zeolite crystals [440]. Different forms

of iron deposited in zeolitic structure, on the example of Fe-ZSM-5, are presented in Figure 30.
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Isolated species Dimeric species Oligomeric species Particles
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Figure 30. Schematic representation of various Fe species identified in the structure of Fe-ZSM-5: isomorphously

substituted isolated cations in framework positions (a) isolated cations in cationic positions in zeolite channels (b),
binuclear (or oligonuclear iron complexes in extraframework positions (c), iron oxide nanoparticles (<2 nm) (d),
large particles of iron oxide (< 25 nm) located at the zeolite surface (d) (based on [440])

Catalytic activity of various forms of iron in zeolites was intensively investigated in the recent
years. In 2010, Brandenberger et al. [439] correlated the quantity of monomeric and clustered forms of
iron with catalytic performance of Fe-ZSM-5 in NH3-SCR. The results confirmed that various forms of
active sites determine the overall activity of the catalyst and their behavior is correlated with temperature
of the reaction. In general, in low-temperature region (below 300 °C) NO conversion was taking place
mainly on the dispersed isolated Fe** cations and monomeric [Fe(OH).]*, while activity in the region of
300-500 °C was determined by dimeric [HO-Fe-O-Fe-OH]?*, oligomeric, and partially uncoordinated
iron sites on the surface of aggregated Fe,Os clusters. When the temperature exceeded 500 °C, Fe;Os
particles promoted NH3-SCR reaction. The differences in the catalytic activity of iron sites was ascribed
to different activation energies of the species. Basing on the estimation of the apparent activation
energies (Ea) from Arrhenius plot, it was found that for the monomeric species Ea = 36.3 kJ - mol?,
while for dimeric species Ea = 77.0 kJ - mol™. Besides, the authors analyzed the relationship between
nuclearity of iron moieties and NHs oxidation activity. Monomeric iron sites were not active in the

reaction up to 500 °C, while the oligomers oxidized ammonia from 350 °C. The activity pattern of
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different iron species with the turnover frequencies (TOF - number of converted NO molecules per

second per iron atom) proposed by Krécher and Brandenberger [440] is presented in Table 9.

Table 9. Turnover frequencies (TOF) of various iron species (reproduced basing on [440]

TOF (sY)

Temperature Isolated species Dimeric species  Oligomeric species I;c;r:tci);ieie
200 °C 7+05 <1° - -

250 °C 15+0.5 2+1° - -
300°C 28+2 8+5 - -

350 °C 45+2¢% 27 +£10 - -

400 °C 74+4¢% 58 +13 active -

450 °C 153+ 8¢ 270 +£80° active 27

2 Extrapolated from an Arrhenius plot at 200, 250, and 300 °C
b Extrapolated from an Arrhenius plot at 300, 350, and 400 °C

In general, generation of N, and H,O from nitrate species during NH3-SCR is promoted by the
reduction of Fe** to Fe?* or the oligonuclear FexO, to Fe,Os. For example, Shi et al. [441] prepared Fe-
beta catalyst and obtained high catalytic activity in the broad temperature window of 250-500 °C. The
authors assigned this result to the formation of Fe?*-NH intermediates, which reacted with gaseous NO
to form Nz and H2O.

The research on the nature of the iron sites was expanded by Gao et al. [442], who analyzed the
effect of iron loading on the formation of iron species and catalytic activity. Similarly to Brandenberger
et al. [439], the authors concluded that various forms of iron are active in particular temperature regions.
Additionally, it was observed that for the analyzed iron contents (0.27-1.20 wt.%) the apparent activation
energy did not change, thus, all of the samples contained the same forms of iron.

The coordination environment of iron active sites in zeolites have been intensively studied as
well. According to the general agreement, the coordination number of Fe in zeolites used in NHs;-SCR
is 4 and it can increase to 5 after adsorption of NO by the formation of [Fe?*-OH-N=0] complexes [443].

What is more, the form of iron sites in zeolites is strongly correlated with the preparation procedure of
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the catalyst [352,429,436]. Boron et al. [436] modified beta zeolite by two-step post-synthesis, ion-
exchange, and wet impregnation method. On the basis of Mdssbauer spectroscopy, it was found that Fe-
BEA zeolites contained mainly pseudo-tetrahedral Fe** species, =Fe (I11)-O(H)-Si=. Besides, the ion-
exchanged and impregnated samples were the most active, due to the co-existence of pseudo-tetrahedral
sites with strongly acidic =Al(111)-O(H)-Si=.

Another important issue related to the iron species concerns its spatial distribution in the zeolitic
structure. Ellmers et al. [444], investigated the location of Fe in the framework of ZSM-5 and proved
that it has a crucial impact on catalytic activity in NH3-SCR. Their analysis confirmed that the isolated
Fe®* species in 10MR, so-called « sites, are active in standard conditions of NH3-SCR, while Fe* in so-
called g and y positions in 6MR and 5MR, respectively, enhance the activity of fast NHz;-SCR.

The proceeding developments in Fe-exchanged zeolites confirmed that iron species change the
acidic characteristics of the materials. NHs-TPD studies conducted by Brandenberger et al. [435] on Fe-
ZSM-5 proved that introduction of iron significantly reduced the amount of Bronsted acid sites. The
effect was explained by the replacement of H* by Fe atoms. What is interesting, this phenomena was
observed only for the samples in which Fe/Al was below 0.4. On the other hand, for higher Fe/Al ratios,
the majority of iron is present in a form of more aggregated particles. The dependence of the
concentration of various acid sites on the deposition of various loadings of Fe was also observed by
Jabtonska et al. [418] for BEA zeolite. In line with Brandenberger et al. [435], it was confirmed that

introduction of Fe reduced Bronsted acidity, in favor of the population of Lewis sites.

7.2 Preparation procedures of Fe-zeolite catalysts for NHs;-SCR

One of the crucial factors, regulating distribution of the active sites and determining the catalytic
performance of metal-exchanged zeolites in catalytic reactions, including NH3-SCR, is preparation
procedure. In the case of iron, two main groups of methods have been reported in the literature: post-
synthesis treatment and isomorphous substitution (one-pot synthesis) [352]. The preparation methods of
Fe-zeolite catalysts with the corresponding iron precursors and the synthesis conditions are presented in

Table 10.
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Table 10. NH3-SCR activity of representative Fe-zeolite catalysts

Catalyst

Fe-MCM-22

Fe-HBEA

Fe-ZSM-5

Fe-ZSM-5

Fe-ZSM-5

Fe-MCM-22

Fe-SSZ-13

Fe loading

(wt.%)

1.0

1.0-4.0

3.5

0.29-0.78

0.67

4.8

6.25

Preparation
procedure

wet ion-exchange

incipient wetness

impregnation

solid-state ion

exchange

chemical vapour

deposition

steaming

extraction

one-pot synthesis

one-pot synthesis

Fe
source

FeSO4

FB(NO3)3

FeC|3

FEC|3

FE(NO3)3

FE(N03)3

FeSO,
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Conditions of Fe introduction

Stirring in a solution of FeSO, at
85 °C for 6 h, washing with distilled
water, calcination at 550 °C for 6 h

Fe(NO3); was dropped onto HBEA and
the mixture was stirred at room
temperature for 24 h, then the
suspension was stirred in evaporator at
80 °C for 2 h until water was completely

removed

Mixing of H-ZSM-5 with a suitable
amount of anhydrous FeCls in a ball mill
for 1 h, heating at 600 °C in a flow of N>
for 2 h, washing with alkali solution to
neutralize HCI, washing with deionized
water, calcination at 550 °C in air

Mechanical mixing of H-ZSM-5 with
FeCls in a glove box, heating at 650 °C
in N2 atmosphere for 2.5 h, cooling to
room temperature, washing with
deionized water, calcination at 650 °C
for 5 hin a flow of 20% O in N

Fe-ZSM-5 zeolite with isomorphously
substituted Fe®* species was calcined at
550 °C for 10 h, converted into H-form,
steamed at ambient pressure in a flow of
N, followed by the exposure to a
mixture of H,O in N at 600 °C for 5 h

Fe(NOs); was added as the precursor of
iron into the synthesis gel, which was

subsequently hydrothermally treated

FeSO, was added as the precursor of
iron into the synthesis gel, which was

subsequently hydrothermally treated

Ref.

[353]

[436]

[445]

[446]

[447]

[352]

[448]



The most important post-synthesis methods are wet ion-exchange [353], incipient wetness
impregnation (or impregnation) [436], solid-state ion exchange [344], chemical vapour deposition
(CVD) [446], or steaming extraction of isomorphously substituted Fe-zeolite [447]. Typically, in order
to avoid oxidation of Fe?* to Fe** and undesired oligomerization of the species, it is necessary to perform
the modification of Fe-zeolite catalysts under N, atmosphere [429]. Apart from the formation of
oligomers, the oxidized Fe** ions tend to agglomerate into bulk clusters, leading to pore clogging.
Besides, multiple treatments are required to efficiently utilize ion-exchange capacity of the zeolite. The
highest rates of ion-exchange combined with the formation of isolated extraframework iron cations are
obtained while well-soluble iron precursors are used, such as iron nitrate, iron sulfate, or iron chloride.

Avoiding of the above-mentioned complications related to wet-ion exchange can be realized by
the application of alternative methods. The problem of uncontrolled amount of iron introduced by wet
ion-exchange can be solved by the use of incipient wetness impregnation, which guarantees the precise
loading of the active phase. On the other hand, in this case, it is impossible to avoid agglomeration of
iron species and formation of bigger particles on the external surface of the zeolite. Alternatively,
chemical vapor deposition of volatile precursors of Fe (for example FeCls) was reported to achieve
successful deposition of isolated metal species on acidic sites of the zeolite. Iwasaki et al. [446] observed
that Fe-ZSM-5 prepared by CVD method contained high amount of well-dispersed iron cations and
successful substitution of the framework Bronsted protons with Fe*. On the contrary, Schwidder et al.
[449] observed that in the case of CVD, formation of isolated iron species is possible only for low iron
loadings, not exceeding 0.3 wt.%.

Solid-state ion exchange (SSIE) is based on physical mixing of H- or NHs-zeolite powder with a
metal salt (usually chloride). The uniform mixtures are obtained by ball milling or crushing with agate
mortar. Solid state interaction, accompanied by the evolution of HCIl and NH4ClI, occurs during thermal
treatment in air, inert atmosphere, or vacuum. Rauscher et al. [450] prepared Fe-ZSM-5 using SSIE and
calcined the material either in aerobic (oven) or anaerobic (vacuum) conditions. In general, the materials
calcined in vacuum exhibited higher concentration of Bronsted acid sites and activity toward N.O
decomposition. The biggest advantages of SSIE are the control of metal loading and crystal size and

reproducibility of the modification procedure [451].
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Active metal centers can be also incorporated into framework or extraframework positions of the
zeolite structures on the level of hydrothermal synthesis. This type of modification is known as one-pot
synthesis. The method ensures homogeneous metal dispersion within the zeolitic structure, which is
especially important for the materials with high Si/Al ratios, for which metal cations can be poorly
charge-balanced [429]. Additionally, direct hydrothermal synthesis of metal-zeolites eliminates the need
for post-synthetic modifications, thus reduces the number of modification steps. One-pot synthesis of
The Fe-zeolites, such as MCM-22, SAPO-34, ZSM-5, or BEA, were recently studied by several research
groups [352,429,452,453].

The preparation procedure is strictly correlated with the NH3-SCR catalytic activity of iron
zeolites. lwasaki et al. [446] identified the quantity of Fe active sites introduced into ZSM-5 by
impregnation, SSIE, and CVD with various loadings of the metal. It was found that the most effective
technique to obtain satisfactory NO conversion was chemical vapor deposition, due to the highest rate
of the substitution of Bronsted sites by Fe** and abundance of iron monomers, dimers, and oligocations.
In their two papers concerning the catalytic behavior of Fe-BEA in NH3-SCR, Boron et al. [436,454]
compared the efficiency of wet ion-exchange, incipient wetness impregnation, and two-step post
synthesis methods for Fe deposition. Higher catalytic activity was observed for the materials modified
by impregnation and ion-exchange and the authors assigned this result to the presence of acidic
framework sites, which were almost absent in the structure of acid-treated sample. Analogous post-
synthesis procedure was adopted by Jablonska et al. [418], who additionally observed increased
production of N2O for the material modified with HNO3 in comparison to ion-exchanged Fe-BEA. The
effect of preparation strategies for Fe-MCM-22 was also examined by Chen et al. [352]. The authors
comprehensively compared the factors influencing catalytic activity of one-pot synthesized, ion-
exchanged, impregnated, solid state ion-exchanged, and mechanical mixed Fe-zeolite. The highest NO
conversion in the temperature range of 200-500 °C, together with almost 100% selectivity to N, was
obtained for one-pot synthesized sample. At the same time, the other materials exhibited typical behavior
for iron-exchanged zeolites, showing increased activity in the reaction above 250 °C.

Apart from the preparation method, conditions of the synthesis also affect the activity of Fe-

exchanged zeolites, for example calcination temperature or synthesis atmosphere. Liu et al. [455]
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prepared Fe-SSZ-12 and analyzed the influence of the calcination temperature on NH3-SCR activity of
the catalyst. It was found that calcination below 550 °C results in the formation of more isolated Fe**
species and acid sites, thus, higher catalytic activity in low-temperature region and better NHs adsorption
capacity. Calcination above 500 °C implied gathering of the isolated forms of iron and formation of
dimeric and oligomeric clusters, active in the high-temperature range. Another factor influencing the
catalytic behavior of zeolites is synthesis atmosphere. According to the general agreement, N
atmosphere facilitates the formation of highly reducible Fe** species, active in the low- and medium

temperature range of NH3-SCR [456].

7.3 Mechanism of NHs-SCR on Fe-zeolites

Fundamental understanding of the mechanism of NH3-SCR on Fe-zeolite catalysts have been in
scope of the research for many years. The main difficulty in the explanation of the reaction mechanism
results from the dynamic changes of multiple types of iron species. Despite the consensus on the active
sites participating in NH3-SCR reaction, there are still some discussions on the reaction pathway on
various catalysts. As described in subchapter 2.3, selective catalytic reduction of NO with ammonia
follows Langmuir-Hinshelwood or Eley-Rideal mechanism, in low- and high- temperature range,
respectively [402].

Since the active intermediates of L-H and E-R are different, identification of the particular
mechanism can be realized by recognition of the transition states of the reacting molecules. Hence,
considerable effort has been devoted to monitor the mechanism of NH3-SCR over Fe-exchanged zeolites
using operando techniques, such as applied electrical impedance spectroscopy (IS) and diffuse reflection
infrared Fourier transformation spectroscopy (in situ IS-DRIFTS) [457-459].

The reaction pathway of standard and fast NHs-SCR over Fe-zeolites was proposed in the work

by Jiang and Lobo [460]. The scheme, summarizing this analysis, is presented in Figure 31.
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Figure 31. Schematic representation of the mechanism of standard and fast NH3-SCR reaction over Fe-zeolites
proposed by Jiang and Lobo [460]

The authors based their study on the fact that Fe forms strong complexes with NO and weak
complexes with NHs, which corresponds to Langmuir-Hinshelwood mechanism. Besides, it was
assumed that iron is strongly coordinated with the framework oxygen of zeolites. Therefore, the structure
and composition of zeolite can alter the ability of Fe sites to coordinate with other ligands. The possible
intermediate complexes formed during NH3-SCR on Fe-zeolites, included in the further considerations

are presented in Figure 32.
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Figure 32 Intermediate complexes formed on iron-based zeolites during NH3-SCR

NH3-SCR over Fe-zeolites starts from the generation of dimeric complex: [Fe"O(NO*)-
(NO*)OFe'"]?* (showed in Figure 32a) with two nitrosyl groups, bridging with two Fe sites. Production
of the complex is provided by the redox reaction between gas-phase NO and active sites, [Fe'"O]* or
[Fe"'(OH),]* (reaction 1ain Figure 31). Subsequently, nucleophilic reaction between the nitrosyl group
(NO") of [Fe""O(NO*)-(NO*)OFe'"]?* complexes and electron-rich NH; generates [Fe"O(N(OH))-NH,]*
intermediates (presented in Figure 32b), as depicted by reaction 2 in Figure 31. Afterwards, H*
attached to the oxygen atom of nitrosyl group is transferred to the oxygen bonded to iron and forms
[Fe"'(OH)]*. As a result, nitrosamide (NH,NO) is eliminated from the complex and it decomposes
thermally into N2 and HO. Alternatively, the decomposition can occur on Bronsted site, as presented
by reaction 3 in Figure 31.

Regeneration of the [Fe'"'O]* active center or the intermediate [FeO(NO*)]* can proceed according
to several pathways, dependent on the gas composition and reaction temperature. Below 250 °C,
[Fe'"'O]* can be restored through the formation of nitrosyl bridged dimeric Fe complexes, generated by
the reaction between [Fe""O-NOJ* complexes with gas-phase O, as presented by reaction -1 in Figure
32. This kind of mechanism is suggested due to the common formation of bridged dimeric complexes
of iron, since the process is 4-electron redox reaction, unlikely to occur on one iron center. The

regeneration of [Fe'""O]* centers, marked in Figure 31 as (-1) is presented in detail in Figure 33.
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Figure 33. Elementary steps of regeneration of [FeO]* with the release of NO, proposed by Jiang and Lobo [460]

Typically, the regeneration pathway starts from the reaction between O, with the dimeric
complex, [Fe"O(NO*)-(NO*)OFe']?>* and consequent formation of an intermediate peroxynitrite,
(N(O)Oy, FeO-N(0)Oy) (Figure 33a). The intermediate reacts with nitrosyl group and generates a dimer
with unstable N-O-O-N linkage by the transfer of two electrons of nitrogen atoms to oxygen atoms from
N-O-O-N. As a consequence, the oxidation state of nitrogen atoms in nitrosyl groups is changed to 4+
oxidation state (Figure 33b). Afterwards, O-O bond cleaves and two Fe' are oxidized to Fe'!, and two
electrons are transferred to oxygen atoms by nitrogen atoms in nitrosyl groups (Figure 33c).
Subsequently, two molecules of NO- are eliminated from the complex (Figure 33d). In general, in
standard NHs-SCR reaction, regeneration of Fe'"' involves the participation of O, and depends on the
reaction temperature. Below 250 °C, the dominant pathway of Fe'' regeneration is based on the
oxidation of dimeric [Fe"O(NO*)]* to two [Fe"'O]*. Therefore, Fe-zeolites which contain or form
dimeric Fe species are easily regenerated below 250 °C, thus, exhibit higher reaction rates in this
temperature range. In contrast, above 250 °C, the monomeric [Fe(OH)]* species are the dominant
moieties. Hence, oxidation of [Fe(OH)]* to [Fe"'O]* is considered as the main regeneration reaction in
this temperature region.

Low-temperature activity of NH3-SCR catalysts is among the most important issues for the
practical applications of the catalysts. Since Fe-zeolites exhibit high NO conversion in medium and high

temperature region, various methods are studied to enhance their low-temperature activity. The efficient
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way to improve catalytic performance of these materials below 300 °C is to increase NO2/NO molar
ratio to 0.5, to induce the occurrence of fast SCR reaction [457]. This effect was assigned to the altering
of reaction paths by coordinating of NO, with Fe centers, which causes significant changes in the
concentration of reacting intermediates [460].

As presented in Figure 31, under fast NH3-SCR conditions, [Fe''OH]* species can react with NO
or NO; to form [FeO(NO*)]* or regenerate [Fe''O]* species (reactions 1b and -1, respectively). In the
case of fast NH3-SCR, below 250 °C, NO and NO; are bond to divalent [Fe''(OH)]* to form [FeO-NO]J*
(reaction 1 in Figure 31). Afterwards, [Fe'(OH)]* reacts with NH; to directly generate N2 and HO.
Above 250 °C, [Fe''OH]* is proposed to be oxidized by NO; in the presence of ammonia (reaction 4b

in Figure 31). The elementary steps of the reaction are given in Figure 34.

_—NO,
[Fe'-(OH)]* —=—— [Fe'-0 o) —
| N
OH N*
H
H;\\ H N | /H
0 N
N
7N
N, + H,0 fel—0 o
H +
H\\ ,,/H ‘ /"/H
[Fe"-0]*+ H,0 + NH,NO «— —— \
2 2 N
F"—0 0

Figure 34. Elementary steps of the reaction of regeneration of [FeO]* by NO- in the presence of NH3 proposed by
Jiang and Lobo [460]

First step of the pathway illustrated in Figure 34 involves coordination of NO, with [Fe''(OH)]*
to form [Fe(OH)-NO:]*, in which Fe is oxidized to +3, while nitrogen is reduced to +3. Afterwards,
[Fe(OH)-NO_]* interacts with NH; to form [Fe(OH)-NO2-NHs]*, which decomposes to [Fe'O]*, N,
and H.O. Therefore, NO- can fasten NH3-SCR process by the rapid regeneration of the active [Fe"'O]*
species. The reactions described above and presented schematically in Figures 31-33 are listed in the

Equations (101-115).
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Reaction (1a) [Fe"'O]" + NO — [Fe'"O(NOM)]* (101)
Reaction (-1) 2[Fe"O(NO")]* — [Fe"O-(NO*).]** (102)
[Fe"O-(NO*) ]2 + 0z — [Fe"202(N204)x(02):]?* (103)

[Fe",02(N204)x(02)x]%* — 2 [Fe!'O]* + 2 NO, (104)

Reaction (1b) 2 [Fe"(OH)]* + NO + NO, — 2 [Fe"O]* + 2 NO, (105)
Reaction (2) [Fe"O(NO"]* + NH3 — [Fe!'(OH)NONH_]* (106)
Reaction (3) [Fe"'(OH)NONH:]* — [Fe'(OH)]* + NH.NO (107)
NHzNO — N + H,0 (108)

Reaction (4a) 4 [Fe''(OH)]* + O2 — 4 [Fe"'O]" + 2 H,0 (109)
Reaction (4b) [Fe'(OH)]* + NO, — [Fe"'(OH)(NO2)]* (110)
[Fe"'(OH)(NO2)]* + NHz — [Fe'"(OH)NONH3]* (111)

[Fe"'(OH)NO.NHs]* — [Fe'"(H.0)(0)(NONH.)]* (112)
[Fe'"'(H,0)(O)(NONH,)]* — [Fe"'O]* + NH.NO + H,0 (113)

NHzNO — N + H,0 (114)

Reaction (5) 2 [Fe""O]" — [Fe20.]** — FexOy — Fex0s3 (115)

One of the characteristic phenomena of fast NH3-SCR over Fe-zeolites is formation of N.O [461].
In general, nitrous oxide can be formed by iron-zeolite catalysts when NO2/NOy radio exceeds 0.5.
Typically, when NH3z and NO, adsorbed on the catalyst surface interact with each other to form NH4NOs,
NO conversion is inhibited by the pore blockage. Further decomposition of ammonium nitrate species

around 200 °C results in the formation of N,O, as presented by Equations (116-117):

2 NHs + 2 NO, — Np + NHsNO;s + Hz0 (116)
NHsNO; — N,O + 2 H,0 (117)

According to the general agreement, Bronsted acid sites (Si-(OH)-Al) in zeolites are very
important for the formation of NH4*, which interact with surface nitrates and nitrites [457]. However,
Brandenberger et al. [435] observed that Bronsted acid sites are not required for the adsorption and
activation of ammonia and NHj is rather coordinated to Lewis acid sites: Fe** and AI**. Furthermore, as
already mentioned, Li et al. [462] proposed that Bronsted acid sites in Fe-zeolites participate only in the

acid-catalyzed decomposition of NHsNO- to N2 and H,0.
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On the other hand, the formation of NH," intermediates on Fe-zeolites, related to the interaction
between NH3 and NO, was regarded as the key factor to understand mechanistically NHs;-SCR reaction
over these materials [457—-459]. Chen et al. [458] used in situ electrical impedance spectroscopy (1S)
and diffuse reflectance infrared Fourier transform spectroscopy (in situ IS-DRIFTS) to investigate
surface processes occurring on Fe-ZSM-5 during NHs-SCR. The authors claimed that the activity of the
catalyst between 175 and 250 °C is related to the formation of highly mobile and reactive NH4*
intermediates. Additionally, higher reducibility of Fe species by the interaction between NHs; and NO
resulted in the formation of higher amount of NH4*, which promoted the reaction rate. The schematic
pathway of the formation of NH,* intermediate on iron sites, resulting in the formation of N, and H2O

is presented in Figure 35.

N,+H,0

) Fe3*+_ [\
NO + 0,
ez‘“-NH r Fe3+ NH,

\\ /'I

ik \\ /‘ .NO

~, K 4
\j Fe2+'H+ N,+H,0

Figure 35. Schematic pathway of NH4* formation in standard NH3-SCR over Fe-ZSM-5 (based on [458])

In summary, NHs-SCR over Fe-zeolites is a complicated process, influenced by various factors,
such as reaction temperature, composition of the gas, and the produced intermediate species. The studies
on the intermediates, representing different pathways of the reaction can help to evaluate the rate-

determining steps of the reaction and promote the catalytic performance of Fe-zeolites in NH;-SCR.

7.4 SO, poisoning of Fe-zeolites during NH3-SCR

As described in detail in subchapter 3.2, sulfur oxides are among the most poisoning or even
deactivating agents of NHs-SCR catalysts working under the real operation conditions. Therefore, sulfur
tolerance of metal-exchanged zeolite catalysts attracted much attention of the scientists [463—-465]. In
the case of zeolitic catalysts, it is commonly known that the systems with Cu are significantly less

resistant to deactivation, comparing to Fe-zeolite catalysts [463,466,467].
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In general, SO, can cause reversible and irreversible poisoning of metal-exchanged zeolite
catalysts. The mechanism of poisoning with SO- is related to the reaction temperature, however, it is
most prominent below 300 °C [85]. Additionally, it depends on the type of sulfur complexes formed
during the interaction with the zeolitic framework or metal active sites [465]. Therefore, the
identification of the active sites, which respond to the poisoning effect under real conditions is difficult.
However, according to the general agreement, SO, changes the chemistry of metal active centers,
simultaneously inhibiting adsorption and activation of NHs or NO. The types of poisoning with SO, are

schematically presented in Figure 36.

{ Adsorption of SO, or SO; on the active sites ]l:>[ Decreased activity in NH;-SCR ]

\ t<300°C

e

zeolites by SO, the active sites

Deactivation of metal-exchanged w [ Adsorption of SO, on J:>{ Raverable }[ Iirevarsiiie J

Adsorption of SO; on the active

[ > 3007 H
I

sites and chemical reaction with
{ Mechanism determined by the type of SO, J SO, the active phase

Figure 36. Possible pathways of metal-exchanged zeolites deactivation by SOy

The strength of poisoning is also influenced by the chemistry of the zeolite. Ma et al. [468] proved
that there is a significant influence of Si/(Fe + Al) molar ratio on the response to SO, present in the gas
and zeolites of higher acidity are more resistant to the poisoning by SO.. Additionally, lower activity
resulted from the competitive adsorption of NO and SO, on the active centers. In general, in the presence
of SO, low temperature activity is decreased by the deposition of surface ammonium sulfites and
sulfates. In high temperature region, corresponding to the decomposition temperature of the sulfate
species, the activity of the materials increases. Therefore, Fe-zeolites are reversibly poisoned with SO.
The increased NO conversion in high temperature region was explained in 2000 by Long et al. [469] on
the example of Fe-ZSM-5. The authors pre-treated the catalyst with the mixture of SO, and O in He
and noticed oxidation reaction of sulfur dioxide to SOs. Consequent formation of iron sulfates on the

catalyst surface resulted in the generation of S=O covalent bond with strong affinity to electrons.
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Therefore, Lewis acidity of sulfated iron species enhanced the strength of Lewis acid sites. What is
more, adsorption of H.O on Lewis sites led to the formation of Bronsted acidity, which increased NHs
adsorption capacity of the catalyst.

According to the above-mentioned, considering the influence of SO, on Fe-zeolite catalysts, the
presence of HO in the gas cannot be omitted. In general, water is a typical component of flue gas, which
shows a significant impact on the behavior of metal-exchanged zeolite catalysts. It competes with NH3
to be adsorbed on the active sites and changes acidic properties of the materials [470]. Co-existence of
SO, and H;0 in the exhausts causes formation of sulfuric acid (H2SO.) or other sulfur complexes. Liu
et al. [465] investigated the correlation between catalytic activity of Fe-ZSM-5 and its exposure to the
mixture of SO, and HO in the high temperature region of NH3-SCR (> 500 °C). The authors observed
that the poisoning effect of the gas impurities followed the order of H,O + SO, > H,O > SO,. Basing on
DFT calculations, it was proposed the deactivation pathway of the catalyst in the simultaneous presence
of SO, and H,0 in the exhausts. First of all, water molecules adsorb and dissociate on the catalyst surface

and generate hydroxyl groups, with a relatively low energy barrier, according to Equation (118):

[FeO]* + OH" — [FeO-OH] (118)

The second step involves sulfation of the surface through the adsorption of SO, on the ligand oxygen
from Fe-O. Furthermore, the atom of H is captured by S=0 bond derived from sulfur dioxide. Finally,

chemically stable chelating bidentate HSO4/SO,* are formed on Fe-OH, according to Equation (119):

[FeO-OH] + SO, — Fe-HSO, (119)

What is more, the studies confirmed that metal cations in zeolites increased the resistance to
dealumination caused by the hydrolysis of Al-O bond and dislodgement of aluminum to non-framework
positions after adsorption of H,O. The mechanism of SO, and H,O poisoning proposed by the authors

is illustrated schematically in Figure 37.
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Figure 37. Schematic illustration of the poisoning mechanism of metal-exchanged zeolites with SO, and H,O

proposed by Liu and co-workers [465]

7.5 Promoters of Fe-zeolite catalysts of NH3-SCR

Fe-zeolites promoted with Cu

Basing on the literature research on iron-exchanged zeolites, these materials are very promising

high-temperature catalysts of NH3-SCR. However, the improvement of their low-temperature activity

is still a matter of ongoing research. In contrast to Fe, copper-exchanged zeolite catalysts exhibit high

NO conversion rates below 300 °C [272,365,471]. Considering the difference between the activity of

Fe- and Cu-zeolites in NHs-SCR at various temperatures, combination of these two metals can

significantly broaden the operating window of the catalysts [472]. The exemplary Fe/Cu-zeolite

catalysts of NH3-SCR with their catalytic performances are listed in Table 11.

The synergistic effect of Fe and Cu and their satisfactory performance as NHs-SCR catalysts

was confirmed for many zeolites, including ZSM-5 [473-475], zeolite beta [476,477], chabazite [474],

SSZ-13 [345,478], or SAPO-34 [472]. In general, there are three main possibilities to combine copper-
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and iron in zeolites: dual-layer catalysts, dual-brick catalysts, or zeolites containing the mixture of Cu
and Fe.

Dual-layer catalysts of various configurations and parameters have been widely studied for the
practical applications of metal-exchanged zeolites in NH3-SCR [474,479]. Metkar et al. [474] conducted
modeling NH3-SCR studies over dual-layer Cu-CHA and Fe-ZSM-5, testing various sequential
arrangement and thickness of the layers. It was found that over 90% of NO conversion was obtained
when the catalytic system consisted of thinner layer of Fe-ZSM-5 on the top of thicker layer of Cu-CHA
on the bottom. Such effect was explained by lower rate of NH; oxidation in the range of 400-450 °C for
Fe-ZSM-5, which also determined its enhanced activity in high temperature range. Besides, the authors
found that the increase of NO2/NOy ratio to 1 inducted fast NHs-SCR, enhancing the overall catalytic
activity, especially that of Fe-ZSM-5. On the other hand, the excess of NO; resulted in the formation of
ammonium nitrate and N,O, decreasing N2 selectivity. In the same study, the authors compared dual-
layer and dual-brick Cu-Fe catalysts and claimed that the former systems are superior due to better
distribution of Cu and Fe washcoats within the monolith. On the contrary, the results obtained by Shakya
et al. [479] indicated that dual-brick catalysts outperformed dual-layer ones. However, the effect can be
observed only in the case of low values of space velocity.

The alternative for the above-mentioned systems are single-layer zeolites, thus, doped with the
mixture of Fe and Cu of various ratios. These catalysts can be prepared using conventional methods,
such as wet ion-exchange, solid-state ion-exchange, one-pot hydrothermal synthesis, or impregnation
[480]. The synergistic effect of Fe and Cu and satisfactory catalytic performance is ascribed to their
broad temperature window. Additionally, deposition of iron on the outer parts of zeolite crystals reduces
intracrystalline mass-transfer limitations of Cu-zeolites [478].

Combination of Cu and Fe in zeolite-supported catalysts of NH3;-SCR was studied by Sultana et
al. [473]. The authors observed that the addition of Cu to Fe-ZSM-5 enhanced reducibility of iron
species, simultaneously shifting the NH3;-SCR temperature window to lower range. In fact, the presence
of easily reducible metal species improves low temperature activity of the catalysts, however, it also
facilitates oxidation ability. Therefore, it is important to control the amount of copper incorporated into

Fe-zeolites, since its excess can result in the undesired NH3 oxidation. It was found that not only copper,
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but also iron loading plays an important role in the overall catalytic activity of Cu-Fe bimetallic zeolite
catalysts. Wan and co-workers [345] proved that the increase of Fe content caused gradual
disappearance of isolated Cu?* species and formation of highly oxidizing Fe.O; aggregates.

The interactions between Cu and Fe in NH3-SCR was explained in detail by Zhang et al. [478] on
the example of small-pore zeolite, SSZ-13. HRTEM, EPR, and H>-TPR studies confirmed that copper
was present in the sample in the form of monomeric Cu?* ions, coordinated to three atoms of oxygen
and provided low-temperature activity of the material. On the other hand, UV-Vis and EPR spectroscopy
indicated that high-temperature activity was determined by Fe* monomers. Additionally, basing on the
results of XPS, it was found that Cu?* sites were located in the internal part of the zeolite crystals, while
Fe3* moieties occupied the outer surface of the material, which had a crucial influence on the selectivity
of the catalyst to nitrogen.

Table 11. NH3-SCR activity of bimetallic Fe- and Cu-zeolite catalysts

Temperatur NO

Catalyst Metal loading  Preparation procedure e window conversion Ref.
0,
Fe-Cu-ZSM-5 ST B solid state ion exchange 250-475 °C > 90% [473]
1 wt.% Cu
1wt% Fe . .
Fe-Cu-BEA wet impregnation 130-430 °C 70-80% [476]
1wt.% Cu
one-pot synthesis of Cu-
0.09 wt.% Fe SSZ-13,
Fe-Cu-SSZ-13 200-600 °C > 90% [478]

0.13wt.% Cu  ion-exchange of Cu-SSZ-

12 with Fe precursor

ion-exchange of the zeolite
with Fe or Cu precursor,
mechanical mixing of the ~ 200-450 °C > 80% [472]
obtained zeolites in the
weight ratio of 50:50

Fe-MOR mixed 3.7 wt.% Fe
with Cu-SAPO-34 0.75 wt.% Cu

Fe-zeolites promoted with Ce
The promoting effect of cerium oxide (CeO>) on the activity of metal-exchanged zeolite catalysts

in NH3-SCR process has been confirmed by the number of research [481-483]. CeO- is commonly used
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as the promoter of Three Way Catalyst (TWC), which aims to oxidize CO and hydrocarbons and
eliminate NOy from the exhausts produced by internal combustion engine [484].

Although it was confirmed that pure CeO- shows relatively poor NHs-SCR (around 40%) [485],
ceria in metal-exchanged zeolite catalysts exhibits outstanding oxygen storage capacity, facilitates the
formation of acid sites, and improves redox properties [481]. The oxygen storage capacity of ceria can
be explained by the fact that the stoichiometric cubic structure of CeO; can release the mobile oxygen
under reducing conditions. On the other hand, under oxidizing conditions, the partially reduced ceria
can store oxygen in the vacancies produced under reducing conditions [481]. The reduction of Ce** to

Ce®*" and formation of liable oxygen vacancies is schematically illustrated in Figure 38.
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Figure 38. Cell structure of the stoichiometric CeO; (left) and CeO, with oxygen vacancies (right) (based on [481])

In general, ceria in the supported catalysts can be used as the active phase, promoter, or as the
support [481]. In fact, as the catalyst support, CeO, exhibits many advantages, for example low
reduction temperature or prominent adsorption of NO and NHs during the reaction. Nevertheless, ceria-
supported catalysts are restricted by sintering and smaller specific surface area, comparing to other
materials, e. g. zeolites. Therefore, recently, CeO; has gained an increasing attention as the potential
component of metal-modified zeolites [482,483,486-489].

One of the first studies on the influence of Ce on the activity of zeolite catalysts in NH3-SCR was
presented by Carja et al. [488]. The authors proved that the addiction of Ce shifted the temperature
window of Fe-ZSM-5 from 350 to 230 °C, with simultaneous N selectivity of ca. 100% in the entire
temperature range. This effect was explained by the formation of “Fe,Ce-ox0” cations, built into the Fe-
O-Ce bridges, in which both metals reduce at similar temperature. Additionally, the stability tests

indicated stable operation of the catalysts, even in the presence of SO, and H,O. Further research
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published in 2016 by Begum et al. [482] covered comprehensive comparison of the impact of various
lanthanide metals on the catalytic activity of Fe-ZSM-5. The authors proved that Ce-promoted catalyst
exhibited the best catalytic performance with NO conversion exceeding 95% within 300-500 °C. The
incorporation of Ce resulted in the lowering of the energy barrier of the reaction by the formation of
ultra-strong Lewis sites and Bronsted sites of moderate strength. Both of the above-mentioned studies
involved introduction of the active phase by reflux method, which provided uniform dispersion of Fe
and Ce within the zeolite. Alternative attempt to the catalyst synthesis was proposed by Chen et al.
[489]. The authors prepared hierarchical Fe- ZSM-5@CeO- with inner iron phase and outer CeO phase
by the coating of the zeolite with polydopamine shell. Decoration of Fe-ZSM-5 with CeO resulted in
higher catalytic activity in comparison to the material prepared by mechanical mixing of Fe-zeolite with
cerium oxide. Additionally, CeO, on the outer surface promoted the conversion of NO to NO,
facilitating fast SCR reaction. Besides, the surface Ce* and active oxygen species adsorbed and
activated NO, which selectively reacted with NH3 according to Langmuir-Hinshelwood mechanism.
Apart from iron-exchanged ZSM-5, the promoting effect of Ce was also confirmed for Cu-zeolites of
CHA structure, such as Cu-SAPO-34 [487] and Cu-SSZ-13 [483]. One of the novel attempts to prepare
the CeO;-promoted material of zeolitic properties was presented by Yan et al. [486]. The authors
synthesized Ce-SisAlOx catalyst derived from ultrasmall nanozeolite EMT and found that NO
conversion for the material exceeds 95% in the temperature region of 270-540 °C. The satisfactory
results were ascribed to the highly ordered bonding between aluminosilicate and cerium species, built
into the structure.

The studies on the application of CeO; as the promoter indicated that ceria enhances the overall
performance of the catalytic system. However, most of the studies have overlooked mixed oxides
containing CeO; and there is still a gap in the research on the influence of ceria on metal-modified
zeolites. Therefore, more analysis in this field is highly required. The NH3-SCR catalytic performance

of various Ce-promoted zeolites is summarized in Table 12.
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Table 12. NH3-SCR activity of metal-exchanged zeolite catalysts promoted with Ce

Metal Temperature NO
Catalyst - Preparation procedure P conversio Ref.
loading window n
0,
Fe-Ce-zSM-5 ~ LTOWL%Fe  pomical vapor deposition  250-530°C > 80% [488]
2.5 wt.% Ce
0.7 wt.% Fe
Fe-Ce-ZSM-5 reflux method 2 250-500 °C > 90% [482]
0.5 wt.% Ce
polymerization of dopamine
Fe-ZSM- over Fe-ZSM-5, addition of
no data ) 210-400 °C > 80% [489]
5@CeO; Ce precursor to the synthesis
pot
4.0 wt.% Cu incipient wetness
Cu-Ce-SSZ-13 . . 190-500 °C > 80% [483]
1.0 wt.% Ce impregnation
Cu-Ce-SAPO- 6.8 wt.% Cu .
one-pot synthesis 200-475 °C > 80% [487]

34 0.4 wt.% Ce

2 dissolving of the metal precursor in 80 cm? of acetonitrile, addition of 5 g H-ZSM-5, stirring in a refluxing flask
for 24 h, filtration, drying, calcination

7.6 Fe-zeolite catalysts for N-O decomposition

Nitrous oxide (N2O) has been recognized as the third most hazardous greenhouse gas with a global
warming potential of ca. 310 times higher than that of carbon dioxide on a per mass basis. Therefore,
besides the control of CO, emission, the abatement of nitrous oxide generation is also of great
importance [490]. Nitrous oxide is produced mainly from anthropogenic sources, for instance the
production of nitric and adipic acid or combustion of fossil fuels in stationary and mobile sources.
Additionally, N2O is responsible for the production of NOx and ozone-layer depletion [491].

Nowadays, direct decomposition to N, and O, (called deNO) is considered to be the most
efficient method to eliminate N>O emission from stationary and mobile sources [490,492]. The reaction

of NO decomposition is described by Equation (120):

2N,0 — 2N, + O, (120)
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At standard conditions, deN»O process is highly endothermic and the activation energy for N.O to be
thermally decomposed is about 250 J - mol™. Thus, the reacting gas mixture has to be heated at least to
1000 °C to induce the process in the absence of the catalyst [434]. The most frequently proposed

mechanism of N2O decomposition is represented by Equations (121-123) (where % represents an active

site) [493]:
NoO + & — N, + #-0O (121)
&-0 + N2O —» Ny + O-%-0 (122)
O-#-0 —> - +0; (123)

In the mechanism, at least two active centers are required and the rate-determining step depends
on the temperature region. The combined computational and experimental study conducted by Guesmi
et al. [494,495] showed that in the presence of Fe-catalyst supported on zeolite, at low temperature, the
reaction is controlled by the desorption of N2, while above 430 °C the rate-determining step is N.O
dissociation. This mechanism was confirmed to occur by the transient response experiments, which
showed that N appears before O; in the temperature region of 500-575 °C [496].

Among various catalysts investigated for N,O decomposition, Fe-containing zeolites are
particularly advantageous, especially due to and their low cost and durability in the presence of O,, NO,
SO,, or H,0 [490]. The N.O decomposition rates over iron-exchanged zeolites is also determined by
the zeolite topology and distribution of the active sites. Sklenak and co-workers [497] compared the
catalytic performance of Fe-ferrite, Fe-ZSM-5, and Fe-beta zeolites and found that the activity order is
as it follows: Fe-ferrite >> Fe-beta > Fe-ZSM-5. The superiority of Fe-ferrite was due to the
accommodation of Fe?* in B positions of two adjacent six-member rings. Additionally, the authors
claimed that the f sites have to be surrounded by two atoms of Al in order to provide appropriate
distribution of the active centers. On the other hand, the lowest activity of Fe-ZSM-5 was explained by
unfavorable geometrical arrangement of two adjacent « sites and low concentration of Al surrounding
the iron centers. The geometric requirements for the adsorption and activation of N.O on Fe-exchanged
zeolites have been also confirmed by Bols et al. [498].

Recently, several studies have found that layered zeolites of MWW topology modified with Fe

are active in NoO decomposition. Grzybek et al. [434] observed that Fe-MCM-56 exhibits 80% of N.O
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conversion at 600 °C. The behavior of the material in the reaction was ascribed to the presence of
oligomeric iron species in o positions and generation of o oxygen, bonded to iron in the complexes.
Similar results on the form of active iron sites were obtained by Rutkowska et al. [499] for MCM-22.
The authors demonstrated that the formation of highly active oligocations was favored by the ion-
exchange with [Fes(OCOCHs3)7OH - 2 H,O]NO:s.

Apart from zeolite topology, the activity of Fe-containing zeolites is determined by the type of
iron species. According to Sklenak et al. [497], the presence of two adjacent Fe?* is essential to provide
high conversion of N.O. At low concentrations of iron, isolated Fe?*, [FeO]*, and [Fe(OH),]* sites were
confirmed to be the most active [500], while the multinuclear iron sites are prominent for high
concentrations of the metallic phase [501]. The comprehensive explanation of the catalytic behavior of
mononuclear and binuclear iron sites incorporated into ZSM-5 zeolite was investigated by DFT
calculations and microkinetic modeling performed by Pidko et al. [502]. The superior activity of the
binuclear sites is related to extraframework oxygen atoms placed near binuclear iron species, available
for N,O adsorption and activation. The importance of oligomeric iron species in catalytic decomposition
of NO was also confirmed by Zhang et al. [491]. The authors found that the activity of Fe-SAPO-34
prepared by solid-state ion exchange is correlated with the precursor of iron, which is in agreement with
the research of Rutkowska et al. [499]. The catalytic activity of the selected Fe-containing zeolites in

N2O decomposition is presented in Table 13.
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Table 13. Catalytic activity of Fe-exchanged zeolite catalysts in catalytic N.O decomposition

Catalyst

Fe-ZSM-5
Fe-beta

Fe-SAPO-34

Fe-MCM-56

Fe-MCM-22

Fe-ITQ-2

Metal
loading

1.71 wt.%
0.89 wt.%

3.02 wt.%

0.23 wt.%

12.67 wt.%

9.79 wt.%

Preparation procedure

solid state ion exchange
incipient wetness impregnation
solid state ion exchange

acid treatment of MCM-56 with
HNOs3, adsorption from the

aqueous solution of FeC,04

ion-exchange with
[FE3(OCOCH3)7OH -2 HzO]NO3

ion-exchange with
[Fes(OCOCHS3)7;0H - 2 H,0]NO3
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Temperature

window

375-550 °C

400-600 °C

525-600 °C

550-600 °C

475-600 °C

500-600 °C

N2O

conversion

> 90%

> 95%

> 80%

70-80%

> 80%

> 95%

Ref.

[451]
[500]

[491]

[434]

[499]

[499]



Chapter I1: Motivation and objectives of the studies

As it was highlighted and described in detail in the Literature review section, the increasing
emissions of harmful contaminants resulting from the combustion of fossil fuels are one of the most
significant environmental problems. Nitrogen oxides, which are primarily emitted from power plants,
chemical industries, and transportation are considered as the main source of acid rain, photochemical
smog, or ozone layer depletion. Moreover, their presence in the atmosphere generates global health
implications, lowering the quality of life. In fact, selective catalytic reduction with ammonia, which is
one of the most effective technologies for NOy removal, can help to solve the problem of excessive
emissions. Nevertheless, due to the important limitations related to the commercial catalysts of NHs-
SCR, it is required to find a new, active, ecological-friendly, and low-cost substitutive catalytic system.

Among the number of candidates for the precursors of the novel catalyst of NH3;-SCR, iron-
modified zeolites are the most promising. According to the literature studies, there are several directions
for the development of highly-efficient Fe-based zeolite catalysts for NHz;-SCR:

» the choice of the appropriate topology of the supporting zeolite to optimize the distribution of metal
species and increase their stability, which would eventually broaden the NH3-SCR temperature
window, improve stability of catalysts, and resistance to poisoning with SO,

» the adjustment of the preparation procedure/modification method of the supporting zeolite, to provide
high dispersion of the active phase within the zeolitic framework,

» the improvement of the catalytic performance by the introduction of another metal in a form of
chemical or mechanical promoter.

Despite the interest in zeolite-supported catalysts, there are only few studies, which have briefly
considered application of natural clinoptilolite or layered zeolites of MWW family as the precursors of
NHs-SCR catalysts. Therefore, the research tasks described in this work involved:

» preparation of Fe-catalysts supported on natural zeolite (clinoptilolite) or synthetic zeolite (MCM-
22) by various methods (co-precipitation, adsorption from the solution, incipient wetness

impregnation),

127



» promotion of the most active catalysts with copper or cerium introduced by incipient wetness
impregnation,

» physicochemical characterizations of the supports and the selected catalysts,

» catalytic tests performed over the selected fresh and SO,-poisoned catalysts using model gas mixture,

» time-on-stream stability tests of the selected catalysts in the presence of SO- in the model gas
mixture.

The above-mentioned experiments aimed to:

» determine if heulandite-type structure of natural zeolite (clinoptilolite) or MWW-type structure
(MCM-22) provides more advantageous distribution of iron for successful elimination of nitrogen
oxides via NH3-SCR and low emission of N,O during the reaction,

» find the most catalytically-beneficial procedure to modify the zeolitic structure with iron,

» investigate the effect of copper or cerium on the physicochemical features and thus, catalytic
performance of the selected Fe-catalysts,

» examine the catalytic behavior of the selected catalysts after poisoning or in the presence of SO; in

the model gas mixture.
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Chapter I11: Experimental part

1. Methodology of the work

The experimental part of the presented studies includes synthesis of the new catalysts of selective
catalytic reduction of nitrogen oxides with ammonia (NHs-SCR), supported on natural or synthetic
zeolite. The representative of natural zeolite used in the study contained 87 wt.% of clinoptilolite phase.
The representative of the synthetic material was layered zeolite, MCM-22 belonging to the MWW
family, prepared by hydrothermal synthesis. The natural and the synthetic zeolites were protonated and
modified with transition metals using various methods.

The preparation of the catalysts started from transformation of the zeolites into hydrogen or
sodium form using hydrochloric acid (HCI) in the case of clinoptilolite and sodium nitrate (NaNOs) in
the case of MCM-22. Despite the interest in the application of zeolites in NH3-SCR, any of the
conducted studies involved the analysis and comparison of the catalytic performance of Fe-clinoptilolite
and Fe-MCM-22, prepared by various methods, in the reaction. Therefore, the zeolites were modified
with iron, using three different methods:

»  co-precipitation,

» adsorption from the solution,

» incipient wetness impregnation.

The intended concentration of iron in the catalysts was 5 wt.%. The investigation of three various
procedures of iron deposition aimed to determine the method, which provided the most uniform and
beneficial distribution of Fe in clinoptilolite and MCM-22. Besides, it was analyzed which zeolite
(natural or synthetic) provides more advantageous support for Fe species.

Basing on the fact, that copper and iron exhibit synergistic behavior as bimetallic catalysts of
NHs-SCR, Fe-catalysts were promoted with Cu. On the other hand, to date, any of the published studies
addressed the impact of Ce on the catalytic performance of Fe-clinoptilolite and Fe-MCM-22 in NHs-
SCR. Thus, the materials were doped with 1 wt.% of Cu or 0.7 wt.% of Ce by incipient wetness

impregnation, in order to compare their catalytic performance in NHs-SCR.
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The physicochemical properties of Fe-catalysts and the catalysts promoted with Cu or Ce were
analyzed using adequate instrumental techniques, such as: inductively coupled plasma atomic emission
spectrometry (ICP-AES), X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission
electron microscopy in various modes (BF - bright-field, HAADF - high angle-annular dark field, HR -
high resolution), N, adsorption-desorption studies at 77 K, temperature-programmed desorption of
ammonia (NHs-TPD), temperature-programmed reduction with hydrogen (H2-TPR), thermogravimetry
(TGA), Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), and
diffuse reflectance ultraviolet-visible spectroscopy ultraviolet-visible spectroscopy (UV-vis-DRS).

Catalytic performance of the catalysts in NH3-SCR was investigated in the temperature range of
150-450 °C using model gas mixture, consisting of equal amounts of ammonia and nitrogen oxide,
adequate amount of oxygen, and helium as an inert.

Since SO; is one of the most adverse gases present in the industrial exhausts, it is indispensable
to examine resistance of the catalysts on its poisoning effect. Therefore, the materials, which exhibited
the best catalytic performance in NH;-SCR were poisoned with SO, and tested in NH3-SCR. Moreover,
selected materials were subjected to the stability “time-on-stream” catalytic tests using model gas

mixture containing sulfur dioxide.

2. Synthesis of the catalysts
2.1 Modification of the natural clinoptilolite

Natural, micronized Ukrainian zeolite, consisting of 87 wt.% clinoptilolite (Calaya, Laboratorium
Cosmeceuticum, Poland) was the precursor of natural zeolite-supported catalyst considered in the
investigations. The chemical composition of the material (determined by X-ray fluorescence analysis)
was as it follows: 0.8 wt.% of Na,O, 0.8 wt.% of MgO, 12.1 wt.% of Al,Os, 74.7 wt.% of SiOy, 2.1 wt.%
of Fe;0s, 0.04 wt.% of SOz, 3.2 wt.% of K;0, 3.7 wt.% of CaO, 0.2 wt.% of TiO, and 0.07 wt.% of
MnO. The sample of non-modified clinoptilolite was labelled as Clin. The raw zeolite was transformed
into protonated form using hydrochloric acid (HCI) (36-38 wt.%, POCH), diluted to 15 wt.%.
Hydrogenation procedure was conducted for 2 hours, under stirring conditions, at room temperature.

Protonation was repeated three times in order to provide high level of ion-exchange with hydrogen
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cations. Subsequently, the material was washed with distilled water until the complete removal of
chloride anions (CI). The presence of CI- was controlled by the addition of few drops of AgNQ3 to the
residual filtrate. Afterwards, H-clinoptilolite was dried at 100 °C in air. The protonated clinoptilolite

was labelled as H-Clin.

2.2 Synthesis of MCM-22

MCM-22 with Si/Al ratio of ca. 12 was obtained according to the procedure described by Corma

et al. [376]. The molar composition of the synthesis gel was described by the formula (124):
SiO; : 0.02 Al;O3 : 05 HMI : 0.09 NaOH : 45 H.O (124)

The synthesis mixture was prepared using sodium hydroxide (NaOH) (Sharlab), sodium meta-
aluminate (NaAlO,) (56% Al.Os, 37% Na;O) (Carlo Erba Reagents) as the source of aluminum, Aerosil
200 (Evonik Rohm Gmbh) as the source of silica, hexamethyleneimine (HMI, 98 wt.%) (Sigma Aldrich,
Merck KGaA) as the structure-directing agent, and deionized water. Typically, 0.375 g of NaOH and
0.375 g of NaAl,O; were dissolved in 81.71 g of deionized water and stirred for 5 minutes at room
temperature. Afterwards, 6 g of Aerosil 200, was slowly added to the mixture under stirring. Finally,
4.96 g of HMI was dropwise introduced into the solution and the resulting gel was mixed for 2 h. The
obtained gel was crystallized in a teflon-lined, stainless-steel autoclave under rotation (60 rpm) at 150
°C for 7 days. The solid product was filtered, washed several times to pH ca. 7.0, and dried overnight
at 100 °C in air. Finally, the material was calcined at the following temperature ramps: 100 °C for 2h,
150 °C for 2.5 h, 350 °C for 3 h, and 580 °C for 3 h. Before modification with iron, MCM-22 was rinsed
several times with 0.04 M solution of NaNO; (Acros Organics) with the wt.% ratio of solid to liquid =
1/150. Afterwards, the Na-MCM-22 was dried overnight at 60 °C. The obtained support was labelled as

MCM22.

2.3 Modification of the zeolites with iron

The zeolitic catalysts precursors were modified with iron by the post-synthesis procedures: co-

precipitation, adsorption from the solution, and incipient wetness impregnation. The investigated
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samples with their description and corresponding codes, used in the further chapters of the thesis are

collected in Table 14.

2.3.1 Co-precipitation method

Co-precipitation procedure was adapted from the experiments carried out by Swiderska-
Dabrowska et al. [297]. 5 g of the zeolitic support was mixed with the aqueous solution of 0.05 M FeSO,
(Acros Organics) for 4 h at 50 °C and pH ca. 3 (adjusted using 1 M H,SO4). The amount of the Fe?*
solution was calculated adequately to precipitate 5 wt.% of the active phase into the structure of the
catalysts. Afterwards, pH of the solution was elevated by the dropwise addition of 25 vol.% of aqueous
solution of ammonia (NHs q). After that, the alkaline solution was stirred for 1 h. Subsequently, Fe-
modified solids were filtered and washed with 500 cm?® of distilled water. The obtained materials were
dried overnight at 100 °C in air and then calcined in a muffle furnace, in air at 500 °C for 2 h. The
zeolites modified with iron by co-precipitation method were labelled as FeClin cop and FeMCM22

cop, for natural and synthetic zeolite, respectively.

2.3.2 Adsorption from the solution method

Adsorption from the solution method was performed using aqueous solution of 0.05 M Fe(NOs)3
- 9 H,O (POCH). The amount of the Fe3* solution used for the modification was calculated adequately
to introduce 5 wt.% of the active phase into the structure of the zeolites. Typically, 5 g of the zeolite was
stirred in the solution of iron nitrate at 60 °C for 24 h. Afterwards, the material was filtered, washed
with distilled water, and dried overnight at 100 °C in air. Subsequently, Fe-zeolites were calcined in a
muffle furnace, in air at 400 °C for 4 h. The zeolites modified with iron by adsorption from the solution

method were labelled as FeClin ads and FeMCMZ22 ads, for natural and synthetic zeolite, respectively.

2.3.3 Incipient wetness impregnation method

Incipient wetness impregnation method was carried out using Fe(NOs); - 9 H,O (POCH)
dissolved in deionized water. The adequate amount of the solution of the concentration providing 5 wt.%
of the active phase in the zeolite was added dropwise on 5 g of the zeolitic support. After that, the

material was carefully mixed with a spatula for several times and dried overnight at 100 °C in air.
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Subsequently, Fe-modified zeolites were calcined in a muffle furnace, in air at 400 °C for 4 h. The
zeolites modified with iron by incipient wetness impregnation method were labelled as FeClin impr

and FeMCM22 impr, for natural and synthetic zeolite, respectively.

2.4 Modification of the catalysts with copper

In order to investigate the influence of copper on the catalytic properties of catalysts which
exhibited the best catalytic performance, the materials were promoted with 1 wt.% of Cu using Cu(NQO3)2
- 3 H20 (Acros Organics). Typically, the adequate amount of the aqueous solution of Cu?* ions was
introduced into Fe-modified zeolites by incipient wetness impregnation method. After that, the materials
were carefully mixed with a spatula for several times and dried overnight at 100 °C in air. Subsequently,
Cu-promoted catalysts were calcined in a muffle furnace, in air at 400 °C, for 4 h. The catalysts promoted

with copper were labelled as FeCuClin cop and FeCuMCM22 ads.

2.5 Modification of the catalysts with cerium

In order to investigate the influence of cerium on the catalytic properties of the selected samples
which exhibited the best catalytic performance, the materials were promoted with 0.7 wt.% of Ce using
Ce(NOs); - 6 H,0 (Acros Organics). Typically, the adequate amount of the aqueous solution of Ce®*
ions was introduced into Fe-modified zeolites by incipient wetness impregnation method. After that, the
materials were carefully mixed several times with a spatula and dried overnight at 100 °C in air.
Subsequently, Ce-promoted catalysts were calcined in a muffle furnace, in air at 400 °C, for 4 h. The

catalysts promoted with cerium were labelled as FeCeClin cop and FeCeMCMZ22 ads.
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Table 14. List of the investigated catalysts with their descriptions and corresponding codes

Sample code Description of the sample

Clin Non-modified natural zeolite

H-Clin Protonated natural zeolite

FeClin cop H-Clin modified with Fe by co-precipitation method

FeCuClin cop H-Clin modified with Fe by co-precipitation method and promoted with Cu
FeCeClin cop H-Clin modified with Fe by co-precipitation method and promoted with Ce
FeClin ads H-Clin modified with Fe by adsorption from the solution method

FeClin impr H-Clin modified with Fe by incipient wetness impregnation method
MCM22 Sodium form of MCM-22

FeMCM22 cop MCMZ22 modified with Fe by co-precipitation method

FeMCM22 ads MCM22 modified with Fe by adsorption from the solution method

FeCuMCM22 ads MCM22 modified with Fe by adsorption from the solution method and promoted with Cu

FeCeMCM22 ads MCM22 modified with Fe by adsorption from the solution method and promoted with Ce

FeMCM22 impr MCM22 modified with Fe by incipient wetness impregnation method

3. Characterization methods

The detailed characterization of the physicochemical properties of the materials enabled to
correlate their structural properties with the catalytic behavior. Therefore, the materials were examined
by the advanced instrumental techniques, such as:
inductively coupled plasma atomic emission spectroscopy (ICP-OES),

N> adsorption-desorption studies at 77 K,
X-ray diffraction (XRD),
scanning electron microscopy (SEM),

temperature-programmed desorption of ammonia (NH3z-TPD),

YV Vv VY VvV VY V¥V

temperature-programmed reduction with hydrogen (H.-TPR),
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thermogravimetric analysis (TGA),
Fourier transform infrared spectroscopy (FT-IR),

X-ray photoelectron spectroscopy (XPS),

YV VvV VYV V¥V

diffuse reflectance ultraviolet-visible spectroscopy (UV-Vis).

3.1 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

Chemical composition of the catalysts is one of the crucial parameters influencing their
performance in catalytic processes. Additionally, it can differ from the initially calculated one, based on
the expected stoichiometry. Thus, determination of the elemental composition of the synthesis materials
is essential for the comparative studies of the catalytic performance. The quantitative analysis of the
materials was performed using inductively coupled plasma optical emission spectroscopy (ICP-OES).
The method enables to determine more than 70 elements in the variety of matrices, even that of very
low concentrations. In typical analysis, liquid samples are introduced into the instrument and converted
into an aerosol form by nebulization. Afterwards, as obtained aerosol interacts with the plasma.
Generation of plasma is provided by the ionization of argon inside an oscillating radio frequency (RF)
field, created in a torch tube. High electron density of plasma at temperature of around 10,000 °C enables
excitation of the chemical elements present in the analyzed sample. The investigated material in the
aerosol form is introduced to the center of the torch tube by another, thin injector tube of typical aperture
of 1-2 mm. After interaction with plasma, the sample is quickly dried, vaporized, atomized, and ionized
or excited at high temperature. The characteristic radiation emitted by the excited atoms and ions is
collected by the spectrometer, which separates the wavelengths of light, specific for the certain elements.
The position of the photon rays and the content of each element is determined by their position and the
intensity, respectively [503].

Experimental conditions: The weight percentages of the selected chemical elements (Si, Al, Fe,
Cu, and Ce) in the investigated materials were determined using ICP-OES QTEGRA apparatus. In a
typical procedure, 20-40 mg of the sample was dissolved in the mixture of hydrochloric, sulfuric, and
phosphoric acid. Afterwards, the samples were supported to microwave digestion using the microwave-

assisted sample preparation system Ethos Easy (Milestone).
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3.2 N adsorption-desorption studies at 77 K

The in-depth analysis of the behavior of the catalysts in heterogeneous catalytic reactions requires
detailed knowledge of their textural parameters. One of the most important tools for the characterization
of porous solids is gas sorption. In 1985, IUPAC presented the document reporting the conclusions and
recommendations of the determination of specific surface area and porosity of the materials, called
“Reporting Physisorption Data for Gas/Solid Systems” [504]. The document has been broadly accepted
by the scientific and industrial communities and became a base for the investigations of the textural
characteristics of porous materials. The characterization [504] involves experimental protocols for the
adsorption of different subcritical fluids, such as nitrogen, argon, carbon dioxide, or organic vapors and
supercritical gases. Among them, the most common is nitrogen adsorption-desorption measurement at
77 K [505].

Experimental conditions: N, adsorption-desorption experiments at 77 K were performed using
Micromeritics 3Flex Surface Characterization gas adsorption analyzer. Prior to the analysis, the samples
were degassed under vacuum at 90 °C for 1 h and afterwards, at 350 °C for 5 h. The specific surface
area (Sger) of the materials was calculated using the Brunauer-Emmet-Teller model, from the adsorption
branch, according to the recommendations of Rouquerol et al. [506]. Taking into consideration the
specific shape of the isotherms, pointing at the micro-mesoporous structure of the catalysts, the external
surface area, surface of micro- and mesopores, their volume, and pore size distribution were calculated

using additional methods, except of BET, such as t-plot and Barrett-Joyner-Halenda (BJH) method.

3.3 X-ray diffraction (XRD)

X-ray powder diffraction method (XRD) is a widespread method used to identify the crystalline
features of the materials, such as crystalline phases, crystallite sizes, lattice parameters, and disorders
occurring in the crystals. Diffraction occurs while light is scattered by a periodic array of long-range
order and a constructive interference at specific angles is produced. The wavelength of the X-rays is
similar to the distance between the atoms in the crystals and the scattering of X-rays from the atoms
yields a diffraction pattern which includes information about the atomic arrangement in the crystals. In

the case of amorphous materials, which are deprived of periodic array with long-range order, no
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diffraction maxima can be observed in the XRD pattern [507]. Most of the crystals have many sets of
planes passing through the atoms. Since each of the planes is characterized by a particular interplanar
distance, it gives rise to a characteristic angle of the diffracted X-rays. The relationship between the
wavelength, atomic spacing, and diffraction angle is represented by Bragg’s law, mathematically
described by Equation (125):

n-A=2d -sinf (125)

where n is an integer related to the reflection order, / is the wavelength of the incident X-ray beam, d is
the distance between the parallel planes, and @ is so-called “Bragg’s” diffraction angle. What is more,
XRD method can be applied to determine size of the crystals within 3-100 nm. For the crystallites below
2-3 nm, the diffraction maxima are very broad, while for the ones above 100 nm, the reflection maxima
is very narrow. The crystal size can be estimated by the means of Scherrer’s formula, described by
Equation (126):
d = K—A
B - cosO (126)

Where g (in radians) is the width of the diffraction maximum (FWHM - full width at half maximum)
and K (typically between 0.8 and 1.39) corresponds to the Scherrer’s constant and depends on the crystal
shape, diffraction line indexes, and dispersion of the crystallite sizes of the analyzed powder [508].

Experimental conditions: The XRD patterns of the investigated materials were obtained using
Empyrean (PANalytical) diffractometer (PANalytical, Almelo, UK). The diffractograms were collected
using Cu-Ko radiation source (A = 1.54184 A) at a tube current of 40 mA and a voltage of 40 kV. The
scanning range of 26 was set for 2-40 ° or 3-90 °, with a scan step of 0.02 ° and counting time of 1 s per
step. The recorded XRD data were analyzed using X’pert HighScore software plus (with database)

(Malvern Panalytical, Malvern, UK).

3.4 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is one of the most powerful methods for the examination
of the structure, morphology, and composition of materials. In general, SEM microscopes are used to

investigate material surfaces and typically provide the magnification of 5-300,000 x and enable analysis
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of inorganic and organic samples with diameters up to 200 mm. Additionally, energy dispersive X-ray
spectroscopy (EDX) is a common mode working together with SEM, delivering quantitative and semi-
quantitative information about the composition of the materials. The SEM analysis is usually performed
according to the procedure described by Goldstein and co-workers [509]. Normally, a high-energy beam
of electrons is emitted by the gun and directed into the system of lenses, than it is compressed, and
transported into the spot with the sample. Subsequently, the electrons penetrate the sample to a depth of
around 1 pm, in order to generate the signals used to record the SEM image. The image of the specimen
is formed point by point and its quality is influenced by the movement of the scan coils, responsible for
the ambulation of the electron beam. Formation of SEM images also depends on the acquisition of the
signals produced from the interactions between the specimen and electron beam, which are divided into
elastic and non-elastic. Elastic scattering is characterized by minor energy loss and a wide-angle
directional change of the beam of the scattered electrons. Elastically scattered electrons are known as
“backscattered electrons” (BSE). In the case of inelastic scattering, the energy loss depends on the
binding energy of the electrons in the atoms and on the single or collective excitation of the specimen.
Inelastic scattering produces secondary electrons (SE), which possess energies lower than 50 eV. Both
BSE and SE are useful to produce SEM images. Additionally, apart from the signals generated by BSE
and SE, X-rays or Auger electrons are produced while the electron beam strikes the sample. The signals
emitted from the scanned material are finally collected on the detector to produce SEM image.
Experimental conditions: The morphology and shape of the catalysts’ particles were
investigated by scanning electron microscopy (SEM). High-magnification SEM micrographs of coated
samples (20 nm of Cr) were obtained with a JSM-7500F (JEOL, Tokyo, Japan) field emission scanning
electron microscope (SEM). The images were recorded using secondary electron detector, which

provided SEI images.

3.5 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) belongs to the groups of methods applied to analyze
structural properties of materials, using a beam of electrons. Similarly to SEM, TEM microscopes

generate a beam of electrons focused on a specimen inside the vacuum chamber. However, TEM
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provides a detailed information on the internal structure of specimens, from the micrometer to the
angstrom scale. In general, TEM allows to identify self-assembly of molecules into larger structures
with defined microscopic features and macroscopic characteristics, such as layers, gels, films,
membranes, solids, surfaces, etc. Typically, TEM microscope consists of an electron gun, electrostatic
lenses, which focus the electrons before and after the specimen, and a detection system of the transmitted
electrons. The electron gun is responsible for the production of the beam of electrons of the sufficient
energy to pass through the material. The precise focus on the specimen is possible due to the system of
lenses, such as the condenser lenses, which focus the beam on the specimen, the objective lens, which
focuses the transmitted electrons to form the first image, and projector lenses, which magnify this image
onto the detection system [510]. The path of the transmitted electrons through the post-specimen lenses
and detection system and the geometry of the electron illumination determine the contrast in TEM
images. Therefore, there are various modes of TEM imaging, which allow to obtain a great number of
information from the specimen. The commonly used are bright-field (BF) imaging, high-resolution
(HRTEM) imaging, and high angle annular dark field (HAADF) imaging. In the case of BF, the image
is formed only from the non-scattered electrons, have darker contrast, and allow to detect the crystal
orientation. Considering HRTEM, the electron waves interact with the crystal lattice and form complex
interference patterns at very high magnifications. In this case, the elastic scattering of electrons
dominates over the inelastic and this mode allows to determine position of the atoms in the material.
Last, but not least, HAADF mode enables investigation of the materials chemistry on the atomic scale.
Typically, it uses HAADF detector to collect incoherently scattered electrons through very high angles.
Similarly to SEM, TEM microscopes can be equipped with EDS detectors [511].

Experimental conditions: Transmission electron microscopy (TEM) was performed on a Tecnai
TF20 X-TWIN (FEG) microscope (Thermo Fisher Scientific) equipped with an EDS detector (EDAX),
working at an accelerating voltage of 200 kV. The samples for TEM observations were prepared by
drop-casting of powder/isopropyl alcohol suspensions on carbon coated copper TEM grids and were

recorded in BF, HAADF, and HR modes.
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3.6 Temperature-programmed desorption of ammonia (NHs-TPD)

Characterization of the acidic properties of zeolites essential to understand their behavior in
catalytic reactions. Temperature-programmed desorption of ammonia (NHs-TPD) belongs to the group
of the most frequently used methods to investigate density and strength of the acid centers. The standard
conditions of NH3-TPD involve out-gassing (evacuation), adsorption of ammonia, and its temperature-
programmed desorption. Typically, NHs-TPD patterns are composed of so-called low- (LT) and high-
temperature (HT) desorption peaks. LT peaks correspond to weakly or physically adsorbed NH;
molecules, while HT peaks are assigned to ammonia strongly bonded to the acid sites.

Experimental conditions: The concentration and strength of the acid sites present on the surface
of the catalysts was determined by temperature programmed desorption of NH3 using Autochem I
(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, 100 mg of the sample was
pretreated at 100 °C for 60 min with a stream of argon. Afterwards, the material was equilibrated at 100
°C with a stream of helium and saturated for about 30 min in a flow of 1 vol.% of NHs in He.
Subsequently, it was heated with a temperature ramp of 10 °C - min, up to 800 °C in the stream of Ar.
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).

3.7 Temperature-programmed reduction with hydrogen (H>-TPR)

Temperature-programmed reduction with hydrogen (H2-TPR) is a useful technique to examine
reducibility of catalysts. Typically, the analyzed material is exposed to the flow of reducing gas (most
often 0-10 vol.% of hydrogen in an inert gas) at linearly increasing temperature. The total consumption
of Ha, calculated on the basis of its concentration in the gas at the outlet of the reactor, permits to
determine the degree of reduction and average oxidation state of the active phase.

Experimental conditions: Temperature-programmed reduction (H2-TPR) experiments were
carried out in a Micromeritics Autochem 2910, equipped with a TCD detector for measuring H»
consumption, in which the reducing gas was 10% H in Ar (total flow rate of 50 cm?® - min™t). The

samples were heated from 40 to 800 °C at a heating rate of 10 °C - min..
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3.8 Thermogravimetric analysis (TG)

Thermal analysis enables investigation of the physicochemical characteristics of a material while
it is heated, held at a constant temperature, or cooled. Thermogravimetric analysis or thermogravimetry
(TGA), allows to determine the change of the sample mass in the function of temperature (scanning
mode) or time (isothermal mode), in the certain, controlled atmosphere. Typically, the temperature range
does not exceed 1000 °C, but it depends on the application of the analyzed material. The most important
part of the thermogravimetric analyzer is thermobalance, sensitive for the changes of the mass as a
function of temperature and time. Normally, thermobalance consists of electronic microbalance, sample
holder, furnace, temperature programmer, and recorder. The atmosphere of the measurement is created
by the purge gas flowing through the thermobalance. This atmosphere can be inert (nitrogen, argon,
helium), oxidizing (oxygen), or reducing (8-10 vol.% of hydrogen in nitrogen). Therefore, since TGA
studies are conducted under programmed conditions, it is used to examine certain thermal events,
including adsorption, absorption, desorption, oxidation, reduction, sublimation, or decomposition.
Moreover, it helps to predict thermal stability of the materials and detect if any volatile or gaseous
products are generated by the samples [512].

Experimental conditions: Thermogravimetric analysis (TG) was performed using Q5000 IR
thermobalance (TA Instruments). Typically, each sample was placed on a platinum holder, in the
mixture of air and helium. The weight loss of the materials was monitored within the temperature range

of 30-800 °C (with the temperature ramp of 10 °C - min™).

3.9 Fourier transform infrared spectroscopy (FT-IR)

Fourier-transform infrared spectroscopy (FT-IR) helps to identify functional groups in materials
by using a beam of infrared radiation (IR). The region of infrared radiation can be divided into near
(14000-4000 cm*), middle (4000-400 cm), and far (400-40 cm™) IR. Determination of the functional
groups using FT-IR is possible only for the materials which interact with IR radiation, thus, those which
have a dipole moment. Therefore, symmetrical molecules cannot be excited and analyzed using IR
beam. One of the biggest advantages of FT-IR spectroscopy is its versatility, since it enables analysis of

solids, liquids, and gases with very high accuracy [513].
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Absorption of energy cumulated in IR radiation causes oscillation of particular bonds in the
molecules with the natural vibrational frequency, assigned to this particular bond. FT-IR spectra are
presented as absorbance or % of transmittance in the function of wavenumber. Typically, the spectra

recorded in absorbance mode are calculated from Equation (127):

Iy
A=log + (127)

where A — absorbance, lo — intensity in the backgrounds spectrum, and | — intensity in the spectrum of
the analyzed sample. Alternatively, absorbance can be expressed by the Lambert-Beer’s law,
represented by Equation (128):

A=¢-1-c (128)

where ¢ - molar absorptivity, | — length of the path, ¢ — concentration of the sample. Due to the fact that
the area or the height of the peak in the absorbance spectrum is proportional to the sample concentration,
Beer’s law enables quantitative analysis of the investigated materials. Alternatively, the infrared spectra
can be also exhibited using percent transmittance (%T), which corresponds to the percentage of light

transmitted by the material and can be calculated from Equation (129):

I
%T = 100 - E (129)

where T — transmitance. One should note that in the case of absorbance, the absorption band of each
characteristic functional group is pointed up, while in the %T spectra, the bands are pointed down.
Absorbance and percent of transmittance are interconvertible and despite the y-axis are changed through
the conversion, the positions of the observed peaks are not affected [514].

The majority of FT-IR spectrometers consists of a source of IR radiation, interferometer, sample
compartment, detector, amplifier, and computer. Normally, the generated light strikes the sample and
passes through the interferometer, finally reaching the detector. The initially obtained interferogram is
quickly translated to FT-IR spectrum by the means of Fourier transform algorithm, performed by the

computer software.
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Experimental conditions: The FT-IR spectra of the analyzed materials were collected using
Perkin Elmer Frontier spectrometer in the wavelength 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.

3.10 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) belongs to the group of surface-sensitive methods used
to investigate the quantity and oxidation state of chemical elements on the materials’ surface. Due to its
accuracy and the fact that it does not significantly damage the analyzed samples, XPS has been widely
used especially for the analysis of heterogeneous catalysts [515]. In general, the method is based on the
photoemission of electrons from surfaces irradiated with light (photoelectric effect). During the typical
XPS measurement, the surface of a solid is irradiated with a beam of soft X-rays (energies below ~ 6
keV). In consequence, the electrons from the outer layers of the material (1-10 nm) are emitted, as the
result of a complete transfer of the X-ray energy to a core level electron. The kinetic energies of the
electrons ejected from the surface are characterized by various values, thus, the electrons follow different
paths before they reach the detector. Basing on this, it is possible to differentiate between the certain
electrons, which are identified in the resulting spectra by their binding energies. Additionally, intensity
of the photoelectron peaks delivers an information on the quantity of all surface elements. XPS has been
applied to study surfaces of many materials, since all chemical elements except of hydrogen and helium
can be detected [516]. Due to the high surface sensitivity of XPS, preparation of the sample requires
particular care, in order to avoid its contamination. One of the most common techniques used to remove
surface impurities is bombardment with Ar* ion, so-called sputtering. However, this technique cannot
be applied in the case of transition metals, which can exist on various oxidation states. Thus, prior to
XPS measurement, such kind of samples are fractured under vacuum [517].

Experimental conditions: The X-ray photoelectron spectroscopy (XPS) experiments were
conducted in a PHI VersaProbell Scanning XPS system using monochromatic Al Ko (1486.6 eV) X-
rays focused to a 100 um spot and scanned over the area of 400 pum x 400 um. The photoelectron take-

off angle was 45 ° and the pass energy in the analyzer was set to 117.50 eV (0.5 eV step) for survey
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scans and 46.95 eV (0.1 eV step) to obtain high energy resolution spectra for the C 1s, O 1s, Na 1s, Fe
2p, Al 2p and Si 2p regions. A dual beam charge compensation with 7 eV Ar* ions and 1 eV electrons
were used to maintain a constant sample surface potential, regardless of its conductivity. All of the XPS
spectra were charge-referenced to the unfunctionalized, saturated carbon (C-C) C 1s peak at 284.8 eV.
The operating pressure in the analytical chamber was less than 3 - 10° mbar. The spectra were
deconvoluted using PHI MultiPak software (v.9.9.0.8). The spectrum background was subtracted by the

Shirley method.

3.11 Diffuse reflectance ultraviolet-visible spectroscopy (UV-Vis-DRS)

UV-visible spectrophotometry ((UV-Vis) belongs to absorption spectroscopic methods, which
covers a part of the ultraviolet and the full visible region of the electromagnetic spectrum (the
wavelength range of 200-2500 nm). In this region, atoms, ions, or molecules absorb energy, which
results in the electronic transitions from the ground state to the excited state. The parameters such as
absorbance, transmittance, or reflectance (%R) in a function of the wavelength give an important
information on the quality or/and quantity of the specific compound in the investigated material. In the
case of heterogeneous catalysts, UV-Vis spectroscopy is used to study transition metal ion centers,
especially d-d metal-to-ligand charge transfer or ligand-to-metal charge transfer. One should note that
most of the catalysts are composed of the particles, which strongly scatter the beam of light, since their
size corresponds to its wavelength. Therefore, the amount of light transmitted through the film of a
catalyst is usually insufficient for transmission spectroscopy in the UV-Vis range. Due to that, it is
recommended to use the diffuse reflectance technique (DRS), in which the particles of the catalysts are
irradiated from all directions and the light is simultaneously absorbed and scattered in all possible
directions. The part of the light, which is scattered is collected in an integrating sphere and detected by
a photomultiplier or PbS cell (depending on the wavelength). Additionally, no light is transmitted by
the particles of the investigated catalyst. The intensity of the detected light is described by the Kubelka-
Munk (KM) formula, which correlates it with the KM absorption coefficient and KM scattering

coefficient, as presented by Equation (130):
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(1-R? K

where R —intensity of the light reflected from the infinitely thick sample, K— KM absorption coefficient,
and S — KM scattering coefficient, which refers to the geometry of the investigated sample [518,519].
Typically, UV-Vis instrument is equipped with a source of radiation, monochromator, and photoelectric
detector to transform the energy of electromagnetic radiation to the electric signal. There are various
sources of radiation, such as deuterium lamp, which covers 180-380 nm combined with halogen lamp
for the wavelength higher than 380 nm. The alternative is high-pressure xenon lamp, which emits stable
and intense light with the wavelength range of 185-2000 nm. The advantage of xenon lamp over
deuterium or halogen lamps is that it can reach a steady state in a shorter time and it covers the entire
UV-Vis range. This fact allows to avoid interruptions in the spectra caused by switching from one lamp
to another. Additionally, the lifetime of the xenon lamp is longer comparing to deuterium or halogen
lamp.

Experimental conditions: The coordination and aggregation of transition metal species
introduced into the zeolites were determined by ultraviolet diffuse reflectance spectra (UV-vis-DR). The
analysis was conducted with Cary 5 spectrophotometer equipped with a diffuse reflectance accessory.

The spectra were taken in the range of 200-900 nm, with a resolution of 2 nm.

4. Catalytic tests
4.1 Catalytic tests with model gas mixture

The catalytic activity of the analyzed materials in NH3-SCR was investigated at atmospheric
pressure in the fixed-bed flow microreactor containing 0.2 g of the catalyst (grain size between 0.09 and
0.16 mm). Temperature inside the reactor was measured using thermocouple with an electronic
controller (Lumel RE19), positioned near the center of the catalyst. The model reaction mixture was
composed of 800 ppm NO, 800 ppm of NHs, 3.5 vol.% O, and He as an inert. The total gas flow was
100 cm?® - min‘t, which led to gas hourly space velocity (GHSV) of 30 000 mL - h%. Prior to the catalytic
reaction, the catalysts were outgassed at 400 °C for 1 h in He. The tests were conducted in the

temperature range of 150-450 °C, for 1 h at every temperature, with a 50 °C step. The concentration of
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NO and N2O (selectivity to N,O, treated as the by-product of the catalytic reaction) was analyzed by
FT-IR detector (ABB 2000 AO series). The schematic experimental setup of NH3;-SCR used to perform
the catalytic tests is illustrated in Figure 39. NO conversion was calculated according to Equation
(131):

Cno (i) — C
Convy (%) _ NO (in) NO (out)

X 100%
Cno (in) (131)

where Convy, — total conversion of NO, Cyq in) — inlet concentration of NO, Cyo (our) — OUtlet
concentration of NO.

In order to further evaluate catalytic activity of the materials in NH3-SCR reaction, Kinetic
parameters for NO conversion were calculated using Equation (132), which is based on the theory that

the process is first-order with respect to NO and zero-order to NH; [520]:

14
k= —xIn(1-x) (132)

where k — reaction rate constant (cm® - g - s1), V — total gas flow rate (cm®- s%), W — mass of catalyst

in the reactor (g), x — NO conversion.
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Figure 39. Schematic representation of NH3-SCR experimental setup
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4.2 Poisoning of the catalysts with sulfur dioxide

In order to analyze the resistance of the selected catalysts to the poisoning with sulfur dioxide,
the materials were exposed to the gas mixture consisting of 1000 ppm of SO in helium at 350 °C. The
poisoning mode was maintained for 1 h and directly afterwards, the catalyst was subjected to NH3-SCR
tests, following the procedure described in the paragraph 4.1. Conversion of NO obtained for the

poisoned catalysts was calculated according to Equation (131).

4.3 Catalytic tests in the presence of sulfur dioxide in the gas mixture

To establish the influence of sulfur dioxide in the gas mixture on the catalytic performance, the
selected materials were subjected to catalytic tests using gas mixture containing SO,. Concentration of
SO, was gradually increased during the measurement, following the values of 200 ppm, 400 ppm,
600 ppm, and 800 ppm. The catalytic tests were conducted at 350 °C and NO conversion was calculated

using Equation (131).
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Chapter IV: Results and discussion of the studies

1. Comparison of iron-modified zeolites prepared by various methods
1.1 Characterization of iron-modified clinoptilolite and MCM-22
Chemical composition and crystal structure of the materials

The content of Si, Al, and Fe in the investigated materials was determined by ICP-OES. The
obtained results are collected in Table 15. The raw clinoptilolite exhibited considerable amount of
aluminum and Si/Al molar ratio of 4.5, characteristic for the materials of HEU family [289]. The Si/Al
molar ratio of the non-modified clinoptilolite confirms high concentration of acidic centers in the zeolite.
Additionally, the analysis proved that the natural zeolite originally contained ca. 1.01 wt.% of iron,
which is in agreement with the literature [521]. Pretreatment with HCI resulted in slight dealumination
of clinoptilolite, thus, creation of vacant T-sites and the increase of Si/Al value. This effect has been
earlier observed for other zeolites, for example BEA [418]. In general, the procedure aims to produce
the vacant sites for the isomorphous incorporation of Fe3* species. Additionally, modification with acid
did not noticeably change Fe content, thus, probably Fe3* cations are strongly built into clinoptilolite
framework. In the case of MCM22 sample, the real Si/Al molar ratio is in very good agreement with the
intended one, which suggests successful incorporation of the desired amounts of Si** and AI** into the
zeolitic framework.

In the case of clinoptilolite, modification with iron did not change noticeably its Si/Al molar ratio.
Therefore, the applied methods did not cause any significant interruptions in the chemical composition
of the framework. It can be noticed that the real Fe loading is slightly higher than the calculated one,
which was most likely caused by the presence of iron in the parent zeolite.

In contrast to clinoptilolite, iron loading in FeMCM22 samples was strongly affected by the
modification method. The amount of Fe exceeded the calculated value especially in the case of
FeMCM22 cop. Considering partial elimination of Si and Al from the sample, thus, the changed Si/Al
molar ratio, it can be concluded that the aluminosilicate framework was partially dissolved and degraded

during the modification. This observation was supported by the research of Schenkel and co-workers
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[522]. The authors proved that the treatment with strong acids can lead to partial or even complete
amorphization of MCM-22. Therefore, the affected chemical composition of the zeolite was the reason
of strongly acidic, followed by strongly alkaline medium applied during co-precipitation procedure. In
the case of FeMCM22 ads, the content of Al decreased comparing to the parent zeolite, however, not as
much as in the case of FeMCMZ22 cop, due to the milder modification conditions. Furthermore, chemical
composition of FeMCM22 impr was almost completely unaffected by the modification and Fe loading

in the sample was the closest to the initial value.

Table 15. Chemical composition of the pristine and Fe-modified zeolites with the corresponding Si/Al molar ratio

Sample code Si (wt.%) Al (wt.%) Fe (wt.%) Si/Al
Clin 32.11 6.89 11 4.5
H-Clin 32.71 5.89 0.99 53
FeClin cop 30.01 5.33 8.01 54
FeClin ads 33.6 5.55 6.39 5.8
FeClin impr 32.52 5.83 5.79 54
MCM22 38.51 3.06 0 121
FeMCM22 cop 22.36 1.07 32.12 20.1
FeMCM22 ads 30.48 2.07 16.74 141
FeMCM22 impr 35.5 291 4.77 11.7

XRD analysis played a crucial role in the identification of the characteristic zeolitic structures of
natural clinoptilolite and MCM-22. Additionally, the investigation enabled to determine some structural
changes occurring in the materials after modification with iron.

XRD patterns obtained for the natural clinoptilolite and clinoptilolite-supported catalysts in the
26 range of 3-75° are presented in Figure 40. The diffraction maxima at 26 ca. 9.95, 11.37, 13.29, 19.1,
22.9,30.14, 32.15, 32.97, and 33.79°, marked in the pattern with their corresponding plane (hkl) Miller’s
indices, are in agreement with those of clinoptilolite crystalline structure data (according to JCPDS No.
00-0025-1349) and the literature studies [296,523]. Additionally, it can be observed that the raw
clinoptilolite contains some impurities in a form of stilbite [00-011-0695] and SiO, [00-046-1045]. The
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reflection at 26 ca. 35.5° confirmed the presence of rhombohedral a-Fe.Os; phase in the natural
clinoptilolite [524]. The broaden shape of this diffraction maxima suggests that iron oxide is originally
present in the zeolite in the form of small particles. After protonation, XRD pattern of clinoptilolite
remained almost unchanged, except of very slight decrease of the reflection intensity at 26 ca. 9.95°.
The lack of structural changes after hydrogenation and dealumination of clinoptilolite is in line with the
previous research conducted for the material [525-527]. The procedure of modification with iron had a
noticeable impact on the crystallinity of the catalysts. In the case of FeClin cop, both the intensity and
shape of the diffraction maxima were well-preserved. However, the characteristic clinoptilolite
reflections were lower or even removed for FeClin ads and FeClin impr. Therefore, the modification
method significantly influenced crystal structure of the support. What is more, iron introduced into the
zeolitic structure is probably present in a form of well-dispersed species, since none of the diffraction
maxima characteristic for Fe,Os (expect from that detected for the parent material) have been found in

the obtained XRD patterns.
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Figure 40. XRD patterns obtained for non-modified clinoptilolite (Clin), protonated clinoptilolite (H-Clin), and

clinoptilolite-supported catalysts
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The diffractograms obtained for MCM22 sample and its precursor, MCM-22 (P) are presented in
Figure 41, while the comparative XRD pattens of the pristine MCM22 and FeMCM22 catalysts are
collected in Figure 42. The most important reflections of MCM-22 are grouped at the 26 values of 6-
10°. Thus, for better visibility of the structural differences between the zeolite and its precursor, the
patterns obtained for the materials were collected in the range of 26 = 2-40°. The presence of so-called
diagnostic reflections with their (hkl) indices at 20 of 6.6 (002), 7.1 (100), 8.0 (102), 9.8 (220), 25°
(310), and 26 ° prove that the performed synthesis yielded highly crystalline layered precursor.
Additionally, the relatively weak diffraction maximum at 26 ca. 3.1 °, marked in Figure 41 as “=", and
detected for the precursor, confirms the formation of the MWW layers [350]. Another strong evidence
of the formation of MCM-22 (P) can be found in the presence of the distinct doublet at 6.5-7.1°. The
observation is significant due to the possibility of the generation of MCM-49 during the synthesis, which
is typically proved by the presence of diffraction peak at 7.1° [528]. The inter-layer reflectance at 26 ~
6.5 ° is ascribed to the regular separation between the adjacent MWW layers. Since the reflection
corresponds to the d-spacing of 1.3 nm, the interlayer distance of the sheets, perpendicularly ordered to
¢ axis can be estimated to around 2.6 nm. Calcination of the precursor resulted in the formation of 3D
structure of MCM-22 zeolite. Analysis of the relative movement of the diffraction maxima, as well as
their shape, indicated that (002) reflection overlapped with the intra-layer reflection (100). This
phenomena is ascribed to the contraction of the zeolitic MWW layers, caused by the condensation
between the opposite external silanol groups. The effect is characteristic for this material and results
from the removal of the molecules of the organic template used for the synthesis of MCM-22 (P) [499].
In general, the position of the intra-layer (100) and the inter-layer mixed (101) and (220) diffraction
maxima did not change after calcination, which indicates high crystallinity and phase purity of the
zeolite. Additionally, the characteristic reflections became sharper after calcination, due to the removal

of structure-directing agent molecules and crystallization of MCM-22.
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Figure 41. XRD patterns obtained for the pristine MCM22 sample and its precursor (MCM-22 (P)) before

calcination

As can be seen in Figure 42, in the case of FeMCMZ22 catalysts, the position of the diffraction
maxima did not change for any of the investigated materials and the ordered hierarchical structure of
MCM-22 zeolite was preserved. However, the type of modification procedure had significant impact on
the crystallinity. The most noticeable decrease of the reflections intensity for FeMCM22 cop is probably
related to the degradation of the zeolitic structure and partial removal of Si and Al cations from the
framework, confirmed by ICP-OES. On the contrary, crystallinity of FeMCM22 ads and FeMCM22
impr was only slightly lower than that of the support. Therefore, comparing to clinoptilolite, MCM-22
exhibits lower resistance to the influence of strongly acidic medium, applied during co-precipitation

procedure.
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Figure 42. XRD patterns obtained for the pristine MCM22 and MCM-22-supported catalysts

Textural properties

Low-temperature N, sorption studies were conducted to determine structural and textural
parameters of the investigated materials. The isotherms obtained for the samples supported on natural
and synthetic zeolite are presented in Figure 43 and Figure 44, respectively, while their structural
characterizations are collected in Table 17.

Raw clinoptilolite demonstrated 1V (a) type isotherm with the hysteresis loop H3, according to
the IUPAC classification [505]. This type of isotherm is characteristic for the materials with non-rigid
aggregates of plate-like particles and wedge-shaped mesopores [505,521]. Additionally, basing on the
isotherm of Clin, it can be elucidated that the material contains both micro- and mesoporous nature. This
postulate is confirmed by the presence of the monolayer-multilayer adsorption at p/po < 0.6 and capillary
condensation in mesopores at p/po above 0.85 [529]. As can be seen in Table 17, the specific surface
area of Clin is 13 m? - g%, which is typical for this zeolite [530,531]. Vassileva and Voikova [521]
suggested that the relatively low values of specific surface area and pore volume of non-modified
clinoptilolite are caused by the limited access of N> molecule to its internal structure. As a result, the

adsorbate was deposited mainly on the external surface of the material. Furthermore, Sprynskyy and co-
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workers [532] linked low Sger of natural clinoptilolite with the diffusion-hindering, exchangable cation
complexes present in the micropores of the material. Another explanation of the low specific surface
area of natural zeolite is strong interaction between highly polar structural water molecules and
microporous structure of the material. After protonation, Sger of clinoptilolite increased to 47 m? - g.
The effect was probably caused by the penetration of the internal zeolitic structure by the acid molecules
and the increase of the pore surface. Similar effects were observed by Stawinski et al. [201] for acid-
modified vermiculites. The samples modified with iron were characterized by IV (a) type isotherm, thus,
identical to raw and protonated clinoptilolite. However, introduction of the active phase resulted in the
noticeable change of the shape of hysteresis loop, from H3 to H4 type. Therefore, the wedge-shaped
mesopores were probably transformed into the slit-shaped ones. Furthermore, Table 17 demonstrates a
considerable difference in the Sger of the catalysts modified with iron by various methods. In the case of
FeClin cop and ads, the specific surface area increased, comparing to H-Clin, while for FeClin impr it
was relatively lower. This difference results from the type of iron species introduced into the zeolitic
structure. Therefore, impregnation caused deposition of bigger iron oxide particles near the pore
openings and their partial blockage for the entrance of N> molecules [353]. On the contrary, in the case
of the materials modified by co-precipitation and adsorption from the solution, the specific surface area
increased comparing to the protonated zeolite. This result can be ascribed to the application of strongly
acidic solutions required by the modification procedures. Moreover, basing on the values of Sgxr, it can
the higher surface area is related to the development of the internal structure of the zeolites. Taking into
consideration the increased total pore volume, co-precipitation and adsorption from the solution methods
improved textural parameters of the zeolite by the formation of new pores. Additionally, the average
pore diameter of the zeolite decreased from 17.04 nm to 7.22-7.36 nm (depending on the modification
procedure) after introduction of iron. This effect has been already observed for other zeolite-supported
catalysts after introduction of the active phase and corresponds to the deposition of clustered particles

of metal oxides.
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Figure 43. Nitrogen sorption isotherms obtained for non-modified clinoptilolite (Clin), protonated clinoptilolite
(H-Clin), and the investigated clinoptilolite-supported catalysts with Fe (for better visibility, the isotherms were
shifted by the values given in the figure)

Figure 44 presents the adsorption-desorption branches obtained for the pristine and Fe-modified
MCM22 sample. The isotherm of the support is characterized by type | (b), according to IUPAC
classification. The sudden increase of the adsorbed nitrogen at very low p/po confirms that the material
is microporous [533]. The formation of very narrow hysteresis loop of type H4, detected for the support
at p/po close to unity is assigned to the presence of secondary mesopores or narrow macropores [534].
Hence, the zeolite consists of plate-like particles and exhibits micro-mesoporous texture with slit-shaped
pores, created by the internal parallel structure [350,353,535]. The uptake in N adsorption in the range
of 0.8 < p/po < 1.0 is ascribed to the stacked holes between MWW layers. Introduction of iron did not
change the shape of the adsorption branch, comparing to the support. In the case of FeMCM22 cop and
FeMCM22 impr, N, adsorption capacity at very low p/po decreased almost doubly comparing to the
support. In contrast, FeMCM22 ads showed almost identical adsorption behavior to the non-modified
zeolite. Considering FeMCM22 cop, the observed effect could be correlated with amorphization of the
sample and degradation of microporous structure. On the other hand, for FeMCM22 impr it can be

explained by the formation of Fe,Os particles and partial clogging of micropores. Therefore, the obtained
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outcomes suggest that adsorption from the solution results in the incorporation of iron into
extraframework positions of the zeolite. Besides, the hysteresis loop after modifications with metal was
transformed from H4 into H3, regardless the applied method. Hence, introduction of the active phase
caused aggregation of the plate-like particles of the zeolite into non-rigid structures [505]. According to
the data collected in Table 16, MCM22 showed relatively high BET specific surface area, of the value
comparable to that reported in the literature [352,353]. Introduction of iron decreased Sger, regardless
the modification procedure. What is interesting, co-precipitation significantly increased the external
surface area, total pore volume, and pore diameter. In contrast, for FeMCM22 ads and FeMCM22 impr,
the micropore area and volume only slightly decreased after introduction of iron. Therefore, the majority
of micropores in the zeolite was preserved, even after deposition of the active phase. It can be noticed
that the total pore volume of these samples was similar to that of the pristine MCM22, however, the
summary volume of meso- and macropores moderately increased. Therefore, it is possible that
modification with iron resulted in the development of meso- and macroporosity in the samples, which

is in line with the change of the shape of hysteresis loop.
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Figure 44. Nitrogen sorption isotherms obtained for the pristine MCM-22 and the investigated MCM-22-

supported catalysts with Fe (for better visibility, the isotherms were shifted by the values given in the figure)
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Table 16. Structural-textural properties of raw and protonated clinoptilolite and clinoptilolite-supported catalysts
with Fe
SpeT? SexT b Shicro b V'iotal © Vmicro b Vimeso + Daver ¢

Sample code macro @
(m?-gY)  (m*.gh)  (m?.-gh)  (em’-gt)  (em’-gT)  (eme. g (nm)

Clin 13 8 6 0.059 0.003 0.056 17.04
H-Clin 47 17 30 0.079 0.016 0.063 11.44
FeClin cop 126 40 87 0.186 0.042 0.144 7.22
FeClin ads 133 48 84 0.203 0.044 0.159 7.18
FeClin impr 36 20 16 0.082 0.007 0.075 7.36
MCM22 425 62 363 0.432 0.178 0.254 7.62
FeMCM22 cop 370 189 181 0.677 0.085 0.592 9.34
FeMCM22 ads 372 109 264 0.418 0.129 0.289 5.89
FeMCM22 impr 399 75 325 0.426 0.156 0.270 7.17

2 Sget (BET surface area) was determined from the adsorption isotherm

b Sext (external surface area), Smicro (Micropore surface area), and Vmicro (Micropore volume) were calculated using t-plot method
¢ Viotal (total pore volume) was obtained at the relative pressure (p/po) = 0.99

9Vmeso = Vtotal — Vimicro (Mesopore volume)

¢ Daver (average pore diameter) was determined by BJH method

Morphology of the materials analyzed by SEM microscopy

The morphology of the catalysts supports: natural clinoptilolite and MCM-22 and the catalysts
was investigated by SEM microscopy at different magnification. The results of the analysis performed
over Clin, H-Clin, and FeClin samples are presented in Figure 45, while Figure 46 illustrates the SEM
images of MCM22 and FeMCM22 catalysts.

As depicted in Figure 45, the raw clinoptilolite is a crystalline material, as confirmed by the
results of XRD. The zeolite exhibits layered structure and does not consist of individual crystal grains,
but characteristic heterogeneous flake- and plate-like particles, with small amount of impurities. This
kind of particles have beneficial characteristics for the deposition of the catalytically active components
[287,536]. What is more, protonation did not have significant influence on the morphology of
clinoptilolite, since both crystallinity and the shape of the particles were well-preserved. After

modification with iron, morphology of clinoptilolite remarkably changed and the observed differences
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are correlated with the applied method. In the case of FeClin cop, the particles preserved their lamellar
shape, however, their surface was covered with a layer consisting of small and aggregated particles.
Atyam et al. [537] prepared iron oxide by-coprecipitation and calcination at 400 °C for 2 h. Since SEM
results reported by the authors are very similar to that presented in Figure 45, new structures formed on
the surface of clinoptilolite particles can be identified as the particles of iron oxide. Similar result was
observed for FeClin ads and FeClin impr, however, the generated particles were less uniform than that

of FeClin cop.
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Figure 45. SEM images of clinoptilolite and clinoptilolite-supported catalysts
The particles of the pristine MCM22, presented in Figure 46, exhibited crystalline and sheet-like
type. The presence of well-shaped crystals of the support was also confirmed by XRD studies. The small
sheets formed relatively regular aggregates, reflecting donut-like structures. The observed result is
typical for the lamellar materials of MWW family [349,538,539]. Modification of the layered zeolite

with iron by co-precipitation method had a destructive impact on its crystallinity, as expected basing on
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the XRD pattern obtained for that sample. The SEM image obtained for FeMCM22 cop shows partial
degradation of the regularly arranged layers and the presence of aggregated, widely distributed particles
of irregular shapes. The thin and well-developed nanolayers, characteristic for the pristine support, were
transformed into bulky clusters of fine particles, of the size in range of 100-200 nm. However, despite
the fact that the support lost its layered structure, SEM image showed that amorphization of the sample
was only peripheral. On the contrary to FeMCMZ22 cop, the layered zeolite modified by adsorption from
the solution or incipient wetness impregnation preserved its structural characteristics. The aggregation
of the plate-like particles into donut shapes remained the same as in the case of the support and the

morphological features of the zeolite were not changed.
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Figure 46. SEM images MCM-22 and MCM-22-supported catalysts

Morphology of the materials analyzed by TEM microscopy

Transition electron microscopy (TEM) was applied in order to analyze morphology of the
supports and the catalysts in detail, on a nanoscopic scale. The micrographs recorded for the samples of
clinoptilolite-catalysts are presented in Figure 47, while Figure 48 presents the investigated Fe-
derivatives of MCM-22. For the purpose of identification of the arrangement of the zeolite particles and
the form of active phase, various modes were applied, including bright-field (BF), high-angle annular
dark-field (HAADF), and high resolution (HR).

It can be observed in Figure 47 that before modifications, clinoptilolite exhibits a regular lamellar
structure with relatively smooth surface and irregular crystal size of ca. 100-500 nm. Additionally, it
can be observed from HR micrographs that the zeolitic layers consist of piles of thin, flake-like plates,
rather than separated individuals. Introduction of the active phase did not result in any significant

changes in the morphology of the material and the characteristic zeolitic lamellae are still present in the
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Fe-clinoptilolite samples. Regardless the modification route, one can notice the appearance of small
particles of metal oxide, with the size of ca. 5 nm. Moreover, the black spots visible in the micrographs
suggest that considerable amount of the active phase was located on the external surface of the zeolitic
layers. Moreover, the preparation procedure remarkably influenced dispersion of iron species within the
support. In the case of FeClin cop, iron species exhibited dual speciation, in which Fe,Os; was present in
a dispersed or more aggregated form. In contrast, iron oxide in FeClin ads showed the highest degree of
aggregation, which can be easily observed from HAADF micrograph. Last but not least, the most
uniform dispersion of Fe,O3; was obtained for FeClin impr. All of the observations are in line with UV-

Vis-DR and XRD analyses, which confirmed the presence of iron oxide particles in the catalysts.
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Figure 47. Bright-field (BF), high-angle annular dark-field (HAADF), and high resolution (HR) micrographs
recorded for clinoptilolite-supported Fe-catalysts prepared by various methods (description of each sample with

its code is present in the micrograph)

The morphology of the pristine MCM-22, presented in Figure 48, consisted of hexagonal, small
plates. One can notice that the material exhibited irregular size and shape of particles, which is
characteristic for this zeolite while HMI is used as a structure-directing agent [540]. The micrographs
recorded in HR mode indicated that the MWW layers formed nanoscale crystallites, distinguished into
the regular arrays of 0.7 x 0.7 nm cups and 10-MR channel system. Similarly to clinoptilolite-supported
catalysts, deposition of iron species resulted in the appearance of distinct, bulky aggregates of iron oxide.
However, as confirmed by XRD studies, in the case of FeMCM22 cop, the layered structure
characteristic for MWW topology was almost completely degraded and substituted with big deposits of
metal oxide. It is expected that the most uniform dispersion of iron and the lowest degree of aggregation
was obtained for FeMCM22 ads, thus, adsorption from the solution seems to be beneficial method for
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the introduction of iron in a form of isolated or oligonuclear species. In contrast, in the case of
FeMCM22 impr iron was present in a form similar to FeMCM22 cop. However, impregnation did not
result in any degradation of the layered structure. Additionally, it can be noticed that the majority of

Fe,0s particles in the sample is located on the external surface of MWW layers.
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Figure 48. Bright-field (BF), high-angle annular dark-field (HAADF), and high resolution (HR) micrographs
recorded for MCM-22-supported Fe-catalysts prepared by various methods (description of each sample with its

code is present in the micrograph)
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Acidity of the materials

Adsorption and activation of ammonia during NH3-SCR requires the abundance of the acidic sites
on the catalyst surface [81,541]. Therefore, the total acidity of the investigated materials, with the
distinction to the weak, medium, and strong acid sites was determined by temperature-programmed
desorption of ammonia (NHs-TPD). In order to facilitate the assignment of the desorption peaks to the
specific temperature, the obtained patterns were deconvoluted by fitting to Gaussian function. The
results of NHz desorption rate in the temperature region of 100-800 °C are presented in Figures 49-51.
The approximated number of the acid sites in the materials is summarized in Table 17.

Figure 49 presents the comparison of the NHs-TPD patterns obtained for the catalysts supports:
clinoptilolite before and after protonation and as-synthesized MCM-22. It can be observed that TPD
profile of clinoptilolite exhibited desorption peaks with the maxima at 185, 255, and 600 °C. Therefore,
the material contains acid centers of various strength: in the case of weak acid sites, ammonia is desorbed
below 200 °C, the region between 200 and 400 °C corresponds to the centers of medium strength, while
the sites desorbing NH3; above 400 °C are characterized by strong strength [351]. According to the
literature, these sites are mainly assigned to Lewis-type, represented by extra-framework ions [542].
After protonation, the intensity of the desorption peaks noticeably decreased, however, their position
was only slightly shifted to lower temperature. Therefore, the acid centers of H-Clin exhibited lower
affinity to the adsorption of NH; molecules. This effect is a consequence of the partial removal of Al*
cations, considered as Lewis acid sites, which is in line with the results of ICP-OES.

The NH3-TPD profile of MCM22 exhibited two intense desorption peaks at 195 °C and 340 °C,
ascribed to the sites of weak and medium strength, respectively. Below 250 °C, the density of acid sites
of the synthetic and protonated natural zeolite was similar, however, the peak corresponding to the sites
of medium strength was located at higher temperature in the case of MCM22. Therefore, the acid sites
of MCM22 created stronger chemical bonds with ammonia molecules, comparing to the protonated
clinoptilolite. Nevertheless, as presented in Table 17, the total concentration of acid centers was similar
for both supports. Additionally, MCM22 did not exhibit any desorption peak located above 400 °C.

Therefore, the material contained exclusively acid centers of weak and medium strength.
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Figure 49. NHs-TPD profiles obtained for non-modified clinoptilolite (Clin), protonated clinoptilolite (H-Clin),
and as-synthesized MCM-22

Figure 50 and Figure 51 show NHs-TPD profiles obtained for FeClin and FeMCM22 catalysts,
respectively. Similarly to the supports, all of the materials contained acidic centers of weak, medium,
and strong strength. In the case of clinoptilolite-supported catalysts, the applied method of modification
had a significant influence on the strength and the concentration of acid sites. According to the data
collected in Table 17, the acidity followed the order of FeClin ads < FeClin cop < FeClin impr.
According to the literature, the desorption peaks detected below 300 °C are ascribed to the sorption of
NHs; on Bronsted acid sites [543]. Since the intensity of this peak for FeClin ads is significantly
diminished comparing to H-Clin, adsorption from the solution resulted in the destruction of some part
of Bronsted sites in the zeolite. Alternatively, the decreased density of acid sites could result from the
presence of Fe,Os particles, as confirmed by UV-vis-DR studies (described in further part of the thesis).
These species possibly covered the acidic centers of the zeolitic framework (Si(OH)AI, AlO*, Al(OH).*
AIOH?*, etc.), simultaneously blocking the sites for effective adsorption of NHz; molecules [543]. FeClin
impr showed similar shape of TPD profile, and the same temperature values of NH; desorption as FeClin

ads. However, total acidity of the impregnated sample was significantly higher, which was assigned
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especially to its abundance in the sites of weak and medium strength. Furthermore, the total density of
the acid sites of FeClin cop increased, and the desorption peak corresponding to the acid sites of medium
strength was shifted to 395 °C. This result suggested that Fe** introduced into the framework and
extraframework positions in this sample delivered new, stronger acid centers of Lewis type.
Additionally, in the case of FeClin cop, the increased acidity can be related to the presence of sulfates
in the precursor of the active phase. According to the literature [463,544], sulfation of Fe-zeolites
increases NHs adsorption capacity and formation of ammonium sulfites or sulfates. Decomposition of
these compounds above 325 °C results in their removal and generation of Fe-containing surface species,

accessible for ammonia adsorption.
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Figure 50. NH3-TPD profiles obtained for clinoptilolite modified with Fe by various methods

NHs-TPD profiles of FeMCMZ22 catalysts, presented in Figure 51 revealed that modification with
iron influenced on the layered zeolite differently than on the natural clinoptilolite. Comparing the results
obtained for MCM22 and its Fe-derivatives, it can be noticed that the position of desorption peaks only
slightly changed, regardless the modification procedure. However, there was a significant difference
between the amount of acid centers between the pristine zeolite and the catalysts. It can be noted from

Table 17 that the density of the acid sites in the materials can be ordered as FeMCM22 impr <
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FeMCM22 cop < FeMCM22 ads. Thus, in contrast to FeClin cop, FeMCMZ22 cop exhibited the lowest
concentration of the acid centers among the catalysts. In this case, total concentration of the acidic sites
diminished almost doubly, comparing to the support. This decrease can be assigned to the elimination
of Si and Al form the zeolitic framework, and partial amorphization of the sample, confirmed by ICP-
OES and XRD results, respectively. Additionally, referring to UV-vis-DR studies performed over the
materials, FeMCM22 cop contained the highest amount of Fe.Os particles, which could block the
residual acid sites of the zeolite framework. Thus, modification of MCM22 with iron decreased total
concentration of the acid sites, probably as the effect of the deposition of the particles of Fe;Os.
Interestingly, in the case of FeMCM22 cop and FeMCMZ22 ads, introduction of iron led the formation
of new strong acid centers, confirmed by the peaks at 635 and 655 °C, respectively. Kim and Yang [545]
declared that desorption of ammonia occurring in this temperature region is ascribed to the presence of
Fe,Os particles. Therefore, in fact, the particles of iron oxide could partially cover weak acid sites, but

delivered new, strong centers, confirmed by the peaks located above 600 °C.
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Figure 51. NHs-TPD profiles obtained for MCM-22-modified with Fe by various methods
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Table 17. Approximate concentration of the acid sites in the investigated materials

Concentration of the acid sites (umol - g™)

Sample code Weak sites Medium sites Strong sites Vel ?irtrécs)unt Z
Clin 887 661 689 2237
H-Clin 689 532 292 1513
FeClin cop 850 561 171 1582
FeClin ads 495 424 511 1430
FeClin impr 739 536 378 1653
MCM22 720 515 - 1235
FeMCM22 cop 319 288 438 1045
FeMCMZ22 ads 679 526 172 1377
FeMCM22 impr 555 380 - 935

Reducibility of the catalysts

Thermo-programmed reduction with H, (H2-TPR) studies were conducted in order to elucidate
reducibility of the active phase introduced into the zeolitic supports. The obtained profiles for FeClin
and FeMCM22 catalysts are presented in Figure 52 and Figure 53, respectively. All of the investigated
materials revealed characteristic peaks assigned to the reduction of various iron species. In general, the
isolated Fe** species are firstly reduced to Fe?* at low temperature, while the reduction to Fe° takes place
above 650 °C [455]. Basing on the similar intrazeolite environment of iron species, the differences
between the reduction properties of the materials were explored after deconvolution of the obtained H.-
TPR profiles.

As can be seen in Figure 52, there is a strong correlation between the modification method and
redox properties of FeClin catalysts. Generally, all of the materials exhibited intense reduction peak
below 500 °C, attributed to the transfer of Fe3* to Fe?* [87]. Nevertheless, the reduction temperature
differs for the materials, following the order of FeClin impr (325 and 440 °C) < FeClin ads (325 and
460 °C) < FeClin cop (360 and 490 °C). Thus, Fe** species introduced by impregnation were noticeably

easier to reduce, comparing to other methods. Interestingly, on the contrary to FeClin ads and FeClin
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impr, FeClin cop did not exhibit any reduction behavior of Fe,Os. Therefore, both of the peaks in Ho-
TPR profile of the material can be ascribed to the presence of isolated Fe* species, which is consistent
with UV-Vis-DR studies. Lower reduction temperature facilitates redox process and weaker binding
energy of isolated iron species, thus, is beneficial for the efficiency of low-temperature NH3-SCR [439].
Moreover, both FeClin ads and FeClin impr showed peaks at 670 and 660 °C, respectively, which
correspond to the reduction of FexOy species to metallic iron (Fe?* to Fe®) [489]. Besides, the broad peak
at 560 °C, detected only for FeClin impr is assigned to the binuclear or oligomeric FexOy cations in the
zeolite [455]. Higher reduction temperature of these species is attributed to stronger “shielding effect”,
comparing to the isolated Fe3* sites [455]. As a result, oligomeric clusters are expected to exhibit higher

catalytic activity in NH3-SCR in the high temperature range.
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Figure 52. H,-TPR profiles obtained for the investigated clinoptilolite-supported catalysts with Fe

From Figure 53 it can be observed that FeMCM22 catalysts exhibited slightly different redox
behavior than FeClin samples. The reduction temperature ascribed to the Fe®* species introduced into
the hierarchical support followed the order of FeMCM22 impr (270 and 460 °C) < FeMCM22 ads (300
and 410 °C) < FeMCM22 cop (345 °C). Thus, the influence of modification method on the reducibility

of iron species was similar to the natural zeolite. Nevertheless, the reduction temperature of these species
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was noticeably lower for FeMCM22 materials. This effect can be explained by their weaker interaction
with MWW framework, comparing to the HEU structure. Surprisingly, FeMCM22 impr revealed the
intense peak at 270 °C. This reduction temperature is rather unusual for iron-modified zeolites. It is
expected that this phenomenon occurs due to the deposition of Fe®** species on the external surface of
the material, easily accessible for H.. In contrast to FeClin cop and FeClin ads, FeMCM22 cop and
FeMCM22 ads exhibited reduction peaks at 555 °C and 527, and 634 °C, respectively. The reduction
peaks at 520, 550, 630, and 635 °C are the evidence of the presence of higher amount of oligomeric Fe-
oxo cations in the hierarchical support [455]. What is more, the broad peak of relatively low intensity at
740 °C, detected for FeMCM22 cop is attributed to the reduction of large Fe,Os clusters. It is possible
that these particles contributed to the partial destruction of zeolitic framework, which was confirmed by

other characterization methods [352].
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Figure 53. H>-TPR profiles obtained for the investigated MCM22-supported catalysts with Fe

Thermogravimetric studies of the materials

Thermogravimetric studies of the catalysts within 30-800 °C were performed to investigate their
thermal stability. Additionally, in the case of MCM22-supported materials, the analysis enabled to
determine the efficiency of the structure-directing agent decomposition. The comparison of the
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thermograms of the non-modified zeolites is presented in Figure 54. The outcomes of the measurements
performed for clinoptilolite- and MCM22-supported catalysts are presented in Figure 55 and Figure
56, respectively. Considering NH3-SCR reaction, the most important temperature region is 150-450 °C,
thus, it was marked in the thermograms by dotted lines. Furthermore, Table 18 provides an overview of
the percentage weight loss of the materials.

Figure 54 reveals that the weight loss of Clin and MCM22 was ca. 10 and 8% of the initial value,
respectively. For both zeolites, it was related to the removal of the structural H.O molecules. The weight
of clinoptilolite was decreasing gradually in the temperature region of 30-650 °C, to finally stabilize
above 650 °C. Generally, three weight losses can be distinguished in the curve of Clin, indicating three
steps of H,O and hydroxyl groups elimination from the zeolitic structure. The first step, below 300 °C,
is assigned to the desorption of water attached to the surface by weak physical bonds. Subsequently, the
framework hydroxyl groups were removed in the region of 300-650 °C. At least, above 650 °C, the
slight weight loss was related to the elimination of strongly bounded structural water [531]. In contrast
to Clin, the weight loss of MCM22 related to the desorption of H.O occurred only within 30-200 °C and
the increasing temperature did not result in any further weight changes. Additionally, since no weight
loss was observed above 300 °C (temperature of HMI decomposition), the structure-directing agent of
MCM22 was successfully removed during calcination. The noticeable change of the TGA curves
obtained for the zeolites is a consequence of the differences between their structural characterizations.
MCM-22, as the hierarchical zeolite with higher external surface area exhibits more uniform and well-
developed mesoporosity, comparing to clinoptilolite. According to the literature, conventional zeolites
with tetrahedral-octahedral morphology contain higher accumulation of H,O molecules than the
hierarchical zeolites [546]. What is more, the proceeding weight loss of clinoptilolite above 200 °C
probably resulted from dehydroxylation of hydroxide complexes, generated due to the presence of
various metal cations (for example Na, K, Fe), which are absent in the structure of pristine MCM-22
[547]. Additionally, dehydroxylation is associated with the creation of hydrogen bonds between the
migrating hydroxyls and H.O molecules. As a consequence, not only OH species, but also the
chemically adsorbed water is removed from the internal zeolitic structure [546], which explains slightly

higher weight loss of Clin.
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Figure 54. Results of TGA obtained for non-maodified clinoptilolite (Clin), protonated clinoptilolite (H-Clin), and

clinoptilolite-supported catalysts

The results of TGA obtained for clinoptilolite modified with Fe by various methods, presented in
Figure 55, show that FeClin ads and FeClin impr exhibited slightly increased thermal stability
comparing to FeClin cop, H-Clin, and Clin. This result can be explained by the higher amount of Fe3*
in the zeolitic structure, as well as FexOy aggregates, culminating on the external surface and in the
internal structure of the zeolite. These species probably precluded unhampered migration of H,O
molecules by partial blockage of the pores. In the case of FeClin cop, the weight loss in the temperature
range of 30-250 °C was similar to that of the support, while within 250-400 °C its thermal stability
moderately increased. Furthermore, the weight loss of FeClin cop in range of 400-800 °C could result
from the decomposition of the residual sulfate groups, remaining in the zeolitic framework after
modification using FeSO4 as Fe precursor [548]. In summary, the results of TGA obtained for FeClin
catalysts indicated that the weight loss of the materials in the investigated temperature region of NHs-
SCR is related only to the removal of water molecules from the materials and the structure of the

catalysts remains stable under the analyzed reaction conditions.
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Figure 55. Results of TGA obtained for non-modified clinoptilolite (Clin), protonated clinoptilolite (H-Clin), and

clinoptilolite-supported catalysts

The thermograms obtained for the pristine and iron-modified MCM22 are depicted in Figure 56.
Similarly to FeClin catalysts, the modification method had a significant impact on thermal stability of
the materials, however, the weight of the catalysts stabilized at lower temperature of ca. 175 °C and only
two steps of weight loss can be distinguished in the curves. In the case of all iron-modified samples, the
weight loss was lower than that of the pristine zeolite. The effect was related to the presence of iron
oxide aggregates deposited around the pores of the materials, which hindered free migration of water
molecules from the zeolite. Among the catalysts supported on MCM-22, the lowest weight loss was
observed for FeMCM22 cop, which can be explain by the strongest penetration of the internal zeolitic
structure and deposition of the highest amount of iron species around the pore openings. On the other
hand, in the case of FeClin impr, exhibiting higher weight loss, the active phase was probably deposited
on the external surface of the zeolite and did not act as a strong barrier for the effective desorption of
H>O molecules. Confirmation of this fact can be found in the lower value of Sexr of FeMCM22 impr,
comparing to the other catalysts, resulting from the presence of small Fe,O, clusters on the outer surface

of the material. Overall, the TGA results obtained for FeMCM22 catalysts showed that the weight loss
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of the materials in the analyzed temperature region of NHs-SCR s related only to the removal of water

and the structure of the catalysts preserves stability at the investigated reaction conditions.
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Figure 56. Results of TGA obtained for the pristine and Fe-modified MCM22

Table 18. Weight loss of the investigated materials in the temperature range of 30-800 °C

30-200 °C 200-400 °C 400-800 °C 30-800 °C
Clin 5.54 2.76 1.63 9.93
H-Clin 6.18 2.22 141 9.81
FeClin cop 5.29 2.89 2.22 10.4
FeClin ads 4.32 1.25 1.38 6.95
FeClin impr 4.45 1.75 1.32 7.52

30-175°C 175-800 °C 30-800 °C

MCM22 6.51 1.25 7.76
FeMCM22 cop 3.53 3.24 6.77
FeMCM22 ads 5.29 2.07 7.36
FeMCM22 impr 5.74 1.92 7.66
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FT-IR spectroscopic studies of the characteristic chemical groups

The characteristic chemical groups present in the zeolitic supports and the catalysts were
examined using FT-IR spectroscopy. The results obtained for the pure and Fe-modified clinoptilolite
and MCM-22 are presented in Figure 57 and Figure 58, respectively. In general FT-IR spectra of
zeolites can be divided into three characteristic regions, corresponding to the following wavelength
ranges:
> 3800-3400 cm™ — O-H stretching vibrations,
> 1700-700 cm™ — Si-O stretching and Al-Me-OH bending vibrations (where Me = cation of metal, for

example Ca?*, Mg?*), O-H bending vibrations from H,O in the inner structure of zeolites,
> 700-450 cm™ — pseudo-lattice vibrations of the zeolitic framework.

In the case of clinoptilolite, the peak at 1048 cm™ corresponds to the asymmetric stretching
vibrations and it is sensitive to the content of Si and Al in the framework [530]. It can be observed from
Figure 57, that the position of this peak remained unchanged for all of the samples. Thus, composition
of the aluminosilicate framework of the zeolite was not affected during modifications with iron. The
peaks appearing at 3626 and 3444 cm correspond to the bridging OH groups of =Al-OH-Si= and their
shape depends on the location of hydrogen atoms bonded to oxygen atoms in the framework. Even
though the above-mentioned peaks are present in the spectra of FeClin ads and FeClin impr, they are
noticeably less intense than that FeClin cop. Therefore, both adsorption from the solution and
impregnation methods resulted in the slight reconstruction of the zeolitic framework. According to the
literature [549,550], =A1-OH-Si= surface groups, and the framework =A1-OH, and =Si-OH species are
ion-exchange sites of the zeolites. Therefore, modification of the material by adsorption from the
solution possibly resulted in the neutralization of =Si-O"Al and =AI1-O" by Fe®" cation. Additionally, the
peak at 3444 cm, intense for Clin, H-Clin, and FeClin cop, and almost absent for FeClin ads and FeClin
impr, arises from monomeric hydrogen bonds. Thus, it can be expected that co-precipitation provided
the formation of hydroxylated surface iron species, as presented in the reaction described by Equation

(133):
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According to the literature, these species play a crucial role in NH3-SCR, since they act as the
Bronsted acid sites, which are indispensable for the effective course of the redox catalytic cycle
[352,530]. Furthermore, it can be observed from Figure 58 that similarly to clinoptilolite-supported
samples, the form of chemical groups of Fe-derivatives of MCM-22 were determined by the
modification procedure. The bands appearing within 4000-3000 cm™ in the spectrum of the pristine
zeolite exhibited two peaks: the sharp one at 3626 cm™, attributed to Bronsted acid sites of =Si-OH-Al=
in the supercages at 10 member-ring channels [551,552] and the broad one at 3425 cm™, assigned to the
hydrogen-oxygen bonds in the hydroxyl groups [296]. The former peak was preserved for FeMCM22
ads and it almost disappeared for FeMCM22 cop and FeMCM22 impr. This result suggests that the
Bronsted acid sites present in the parent zeolite were well-preserved in the case of FeMCM22 ads.

The intense peak, appearing at 1636 cm™ for both groups of the investigated catalysts is ascribed
to the bending vibrations of hydroxyl groups of H.O molecules in the internal zeolitic structure [320].
The bands at 1220 cm™and 1079 cm, visible for clinoptilolite-supported catalysts, and at 1250 cm*
and 1079 cm, detected for MCM-22-supported materials are attributed to the Me-O asymmetric
stretching vibrations of the tetrahedral groups (MeQO4) and O-Me-O stretching vibrations, respectively
(where Me = Si or Al) [530]. The peak at 1015 cm™, detected for all of the analyzed Fe-modified
materials and raw clinoptilolite can be considered as the evidence of the presence of iron in their
structure. The obtained spectra of the samples with iron are in line with those obtained by Roth et al.
[535] and Sahu et al. [553] for transition metal-modified zeolites. This result suggests that iron was
successfully incorporated into the zeolitic frameworks. The peaks appearing for all of the materials at
788 and 794, and 602 cm* correspond to the symmetric O-Me-O stretching vibrations [530], while the
bands at 679 and 525 cm™ are attributed to so-called “pore-opening” vibration modes of the zeolites
[554]. Due to the fact that the peak at 525 cm™ is almost absent for FeClin catalysts, it is predicted that
iron could somehow interact with the pore openings of the zeolite and slightly change structural features

of the material. The well-shaped peak at 545 cm™ and 595 cm, detected for MCM22 is ascribed to the
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double-six-ring (D6R) in the MWW structure of the zeolite [535,553]. It can be noticed that in the case
of FeMCM22 cop these peaks are almost absent, which is in line with XRD results. Finally, the peak in
the pseudo-lattice vibration region at 470 cm™, appearing for all of the analyzed materials, is assigned

to the vibrations of the structural building blocks of zeolite, thus, MeQ, tetrahedra [530].
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Figure 57. FT-IR spectra obtained for the raw, protonated and iron-modified clinoptilolite
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Speciation of iron in the catalysts determined by XPS

Surface chemistry (surface concentration and oxidation state) of clinoptilolite and MCM22
modified with iron were investigated by the means of XPS. The measurements were conducted in the
binding energy (BE) regions of Si 2p, Al 2p, O 1s, C 1s, and Fe 2p and the obtained results are presented
in Figures 59-64. Concentrations of chemical bonds on the catalysts surface, obtained from fitting XPS
data for the analyzed samples are listed in Table 19.

Figure 59 presents the fragments of the spectra corresponding to the BE region of silicon. After
deconvolution, the Si 2p spectra of all of the catalysts were very similar and could be perfectly fitted by
a single doublet structure (doublet separation ps. — p12 equals 0.6 eV) with the main line centered at
103.3 eV. This Si 2p BE value was reported earlier for many zeolitic structures and indicated the
presence of tetrahedral Si (IV) [555].

The deconvoluted Al 2p spectra obtained for the catalysts, illustrated in Figure 60, were fitted
with one doublet structure (doublet separation ps2 — piz equals 0.4 eV). The main 2ps line, located at
74.8 eV is characteristic for zeolites and corresponds to the presence of Al**ions in Al-O or Al-OH
bondings [436]. Interestingly, the spectra of FeMCM22 cop in the Al 2p BE region remarkably differs
from those of the other materials. The intensity of the recorded signal is almost on the verge of noise.
Such effect is most likely caused by very low surface concentration of AI**) in the sample (see Table
19). This result is in a good agreement with ICP-OES and XRD experiments, which indicated that the
severe conditions applied during co-precipitation method caused partial degradation of the MWW
structure and dealumination caused by the interaction between iron oxide and the supporting zeolite.

The C 1s core lines depicted in Figure 61 are similar for all of the samples and can be fitted with
three components: aliphatic carbon (285.0 eV), C-O groups (286.8 eV), and C=0 and/or O-C=0 groups
(289.0 eV) [555]. All of detected lines are typical for organic contamination present on the surface of
air-handled samples.

The spectra recorded in the BE region of O 1s are presented in Figure 62. It can be observed that
the main peak, related to O 1s is centered at ca. 532.6 eV for all of the samples and it can be deconvoluted

into three Gaussian curves. The first one, located at 531.2-530.4 eV corresponds to oxygen-metal bonds
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and exhibits the highest intensity for zeolites modified by co-precipitation method. This result is in line
with the surface concentration of Fe®* (see Table 19), indicating that this method favors formation of
iron oxide species on the external surface of the support. The peak is the most pronounced for FeMCM?22
cop, suggesting that the material was the most abundant in Fe,O3 particles. The second peak, which
exhibited the highest intensity and appeared at ca. 532.6 eV is assigned to oxygen in the zeolitic
framework. Last, but not least, the peak at ca. 534.0 eV, detected for all of the samples confirms the
presence of H.O molecules attached to the zeolitic framework and/or oxygen atoms originating from
the organic contaminants [436,556].

In general, due to the spin-orbit coupling, the Fe 2p core level is splitted into Fe 2psz and 2pis2
doublet structure with binding energies strongly related to the oxidation state of iron [517]. The spectra
collected in Fe 2pss, region, presented in Figure 63, are similar for all of Fe-catalysts. The BE value of
Fe 2ps2 peak is reported to be around 710.0-711.0 eV for Fe** and it was found to decrease while iron
species are present in extraframework positions or in a form of Fe,Os; particles [436,556]. Such effect
was noticed especially for the materials modified by co-precipitation method, for which the first line
was centered at ca. 710.1 eV, thus contained the highest concentration of surface Fe** species in a form
of iron oxide particles. The lines appearing within the energy range of 711.0-716.0 eV are due to the
multiplet splitting phenomena and the position of the shake-up line at 718.4 eV is additional parameter
that ensured Fe®" oxidation state in the samples [557]. Besides, the presence of Fe 2ps lines above BE
711.0 eV confirmed that many metal cations located in zeolite frameworks exhibit higher BE than their
oxide forms. This result is correlated with dispersion of iron species and their interactions with the
zeolite framework and chemical surroundings [436]. Additionally, the lack of the Fe 3ps, peak at the

BE value of ca. 706 eV confirmed the absence of metallic Fe? in the catalysts.
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Figure 59. XPS spectra of FeClin and FeMCM22 catalysts in the BE region of Si 2p
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Figure 60. XPS spectra of FeClin and FeMCM22 catalysts in the BE region of Al 2p
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Figure 61. XPS spectra of FeClin and FeMCM22 catalysts in the BE region of C 1s
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Figure 62. XPS spectra of FeClin and FeMCM22 catalysts in the BE region of O 1s
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Figure 63. XPS spectra of FeClin and FeMCM22 catalysts in the BE region of Fe 2psp
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Table 19. Surface compositions (in atomic %) determined by fitting XPS spectra of FeClin and FeMCM22

catalysts

Si2p Al2p Fe2pse O 1s C1s

Binding energy (eV) 103.3 74.8 711.0 530.7 532.6 534.0 285.0 286.6 289.0

O-Fe O-Fe
oo S0 AR 00 00 o OC CO el
0=C 0-C
FeClin cop 16.3 14 4.3 15.5 32.9 2.1 25.0 1.7 0.8
FeClin ads 254 1.3 1.2 7.9 40.0 5.0 17.3 1.6 0.4
FeClin impr 22.8 2.7 2.6 8.3 39.6 5.1 17.4 1.3 0.3
FeMCM22 cop 194 0.6 6.3 14.5 29.5 51 18.1 2.3 0.5
FeMCM22 ads 25.8 14 0.8 4.3 45.5 4.5 15.2 2.1 0.5
FeMCM22 impr 27.1 1.2 0.5 6.5 43.1 3.2 16.1 24 0

Speciation of iron in the catalysts determined by UV-vis-DRS

Information on the coordination, distribution, and nature of iron in the zeolites was provided by
UV-vis-DRS, which is a suitable technique to study dispersed metal oxides on the solid surfaces.
Typically, three characteristic wavelength regions can be distinguished in UV-vis-DR spectra of Fe-
modified zeolites:
> 200-350 nm, corresponding to O — Fe3* charge transfer of the isolated Fe® cations in the
framework or extraframework positions,

» 350-450 nm, appearing due to the octahedral Fe®" sites in the small extraframework clusters of
FexOy,

» above 450 nm, ascribed to the large or more aggregated bulks of hematite (Fe,Os) [558].

The results of UV-vis-DRS obtained for the raw, protonated, and iron-modified clinoptilolite are
presented in Figure 64. The line shape of the spectra is different for the materials, thus, modification
procedure influenced on the form of the introduced active phase. In general, the structural SiO. units of
tetrahedral silica layers in the zeolites do not absorb light within 200-800 nm. However, non-modified

clinoptilolite exhibited three strong absorption bands centered at 225, 230, 265, and one, less intense at
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375 nm. This result corresponds to that of ICP-OES and XRD and confirms the presence of iron species
isomorphously incorporated into the framework of natural clinoptilolite. According to the literature, the
absorption maxima at 225, 230 and 265 nm are assigned to the ligand (oxygen)-to-metal charge transfer
(CT) transitions of mononuclear Fe3*. Position of these bands in the spectra depends on the number of
ligands attached to Fe3*. Additionally, the band at 375 nm suggest the presence of iron species of higher
nuclearity [559]. Protonation of clinoptilolite broadened and increased the intensity of the absorption
band assigned to the isolated Fe** moieties. This effect is characteristic for the dealuminated zeolites
and confirmed that protonation resulted in partial elimination of aluminum from clinoptilolite, as well
as leaching of some part of iron species from the isolated octahedral positions to higher coordination.
UV-vis-DR spectra obtained for the zeolite with Fe revealed the relationship between the modification
method and speciation of the active phase. The results indicated that the highest variety of iron sites
occurred in the sample treated by co-precipitation. FeClin cop exhibited the most intense absorption
band among the samples, especially in the wavelength range of 230-300 nm, which suggests the
presence of well-dispersed, pseudotetrahedral Fe®* sites. In the case of FeClin ads and FeClin impr, the
samples contained mainly octahedral extra-framework iron species (375 nm) and aggregated externa-
surface particles of Fe,O3 (525 nm) [440]. In comparison to FeClin cop, the intensity of the bands

attributed to the isolated Fe3* cations was lower, especially for FeClin impr [352,555].
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Figure 64. UV-vis spectra obtained for the raw, protonated and iron-modified clinoptilolite

As presented in Figure 65, introduction of iron resulted in the appearance of four absorption
bands in the UV-vis-DR spectra of MCM22-supported catalysts. Similarly to FeClin catalysts, the
applied modification method determined the speciation of iron. FeMCMZ22 cop exhibited strong
absorption bands centered at 225, 250, 460, and 530 nm, which proved that co-precipitation yielded
diversified speciation of iron in the material. The strong absorption bands at 460 and 530 nm suggested
that FexOy oligomers and clustered iron oxide species dominated in the sample. On the other hand,
FeMCM22 ads and FeMCM22 impr exhibited absorption band of relatively low intensity, located at
250 nm and more intense ones at 325 and 530 nm. Thus, the catalysts contained mainly iron species of

higher nuclearity and aggregated iron oxide particles [555].

193



FeMCM22 cop
—— FeMCM22 ads
——— FeMCM22 impr

225
--250

[Te]
N
3]

|

»

T

'

Absorbance (arb. u.)

T — T T T T T — T T T T T T T
200 300 400 500 600 700 800 900

Wavelength (nm)

Figure 65. UV-vis spectra obtained for the pristine and Fe-modified MCM-22 zeolite

1.2 Catalytic performance of iron-modified clinoptilolite and MCM-22

The results of NH3-SCR catalytic tests are presented in Figure 66-67 and Figure 68-79, for
natural and synthetic Fe-zeolites, respectively.

As presented in Figure 66, non-modified clinoptilolite has a very high potential to be a support
of NH3-SCR catalyst. It can be observed that ca. 58% of NO conversion was reached for the natural
support at 450 °C. The effect was caused by the presence of iron species in the zeolite. Additionally, as
confirmed by NHs-TPD studies, both Clin and H-Clin contained considerable concentration of acidic
sites, which provided active centers for adsorption of ammonia during the reaction. Despite satisfactory
result of NO conversion, it can be noticed from Figure 67 that N.O concentration for Clin was almost
the highest among the samples and increased with the increasing temperature. The production of N2O
during NHs-SCR occurred mainly for the materials which contained the active phase in a form of more
aggregated particles [145,352]. Therefore, the majority of iron species naturally present in clinoptilolite
probably took the form of oligomers or iron oxide clusters, which is consistent with UV-vis-DRS
studies. In general, introduction of iron considerably increased catalytic activity of clinoptilolite. Below
250 °C, all of the samples exhibited similar NO conversion, regardless the modification method.

However, above this temperature and onwards, FeClin cop showed the highest catalytic activity. The
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temperature of 50% conversion of NO (tso) for this sample was ca. 260 °C, while for FeClin ads and
FeClin impr the value was 280 and 290 °C, respectively. Besides, despite moderately higher activity of
FeClin ads than that of FeClin impr, the difference was not significant. What is interesting, on the
contrary to FeClin cop, the two other samples showed noticeable activity drop above 400 °C. According
to the literature, this effect is related to the side reactions taking place during NHs-SCR, such as direct
oxidation of ammonia, thus undesired consumption of the reducing agent [555,559]. Importantly, this
reaction is related to the presence of polynuclear species of iron or bulky Fe;Os, which are abundant in
these materials, as confirmed by UV-vis-DRS and H2-TPR studies.

The catalytic activity of the samples proved that modification of clinoptilolite by co-precipitation
is the most beneficial for satisfactory conversion of NO. Additionally, the active species introduced by
this procedure were inactive in direct NH3 oxidation. There might be various reasons for this result. First
of all, it is well known that acid sites are crucial in NH3s-SCR for the adsorption and activation of
ammonia molecules [555]. As proved by NHs-TPD, FeClin cop contained the highest concentration of
weak and strong acid centers among the samples supported on clinoptilolite. The strongly acidic
character of the sample can result from bridging OH groups in =Al(111)-O(H)-Si= or =Fe(l11)-O(H)-Si=
(Bronsted sites) and unsaturated Al or Fe atoms (Lewis sites) [436]. Basing on the NHs-TPD pattern,
the NH; desorption peak at 395 °C, detected for this sample, suggests that strong acid sites could assist
in both high-temperature activity and formation of the desired reaction products. As postulated by Yuan
et al. [560], the acid sites act in Fe-zeolites as the reservoir of ammonia molecules, however, too high
concentration of NH3 could lead to the side reactions. Therefore, the results of NH3;-SCR obtained for
FeClin cop suggested that the presence of the adsorbed reducing agent was sufficient to provide high
NO conversion, nevertheless, not too high to generate undesired products. It should be also noted that
the acidity of this material can be correlated with the presence of residual SOs* groups, derived from
the precursor of iron, FeSO.. As confirmed by TGA studies, possibly, FeSO. was not fully decomposed
during calcination of the catalyst. Thus, the deposited sulfates could act as additional Bronsted acid sites
and adsorb gas-phase ammonia during the reaction. Additionally, even though the amount of acid sites
of FeClin impr was considerably higher than that of FeClin ads, the materials exhibited very similar

catalytic activity. Hence, concentration and strength of acid centers was not essential for the catalytic
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activity. The obtained result is in agreement with the findings of Brandenberger et al. [435], who proved
that acidity of zeolite-supported catalysts is not a crucial factor influencing their activity in NH3-SCR.
Alternatively, the catalytic behavior of the materials could be a consequence of their redox properties.
According to H.-TPR studies, FeClin cop was the only sample, which did not exhibit reduction behavior
above 500 °C. Thus, the majority of iron was possibly present in the sample in a form of monomeric
and dimeric extraframework species: [Fe(OH),]* and [HO-Fe-O-Fe-OH]?". It was proved that these
moieties are most active in the standard NH3-SCR, especially below 300 °C [442,561]. As confirmed
by UV-vis-DRS analysis, FeClin cop contained the highest concentration of the uniformly dispersed
isolated iron sites. Therefore, its activity in the low-temperature region was higher comparing to the
other catalysts. On the other hand, iron sites of higher nuclearity, present in greater amount in FeClin
ads and FeClin impr, not only shifted the tso but also contributed to NH3 oxidation. Therefore, speciation

of iron played a crucial role in the catalytic activity of FeClin catalysts.
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Figure 66. NO conversion obtained for raw and iron-modified clinoptilolite

Another important factor analyzed during NH3-SCR is concentration of N2O (common by-product
of the reaction) at the reactor outlet. As presented in Figure 67, the emission of N2O increased linearly
with the reaction temperature and did not exhibit 50 ppm for any of the analyzed samples. The yield of

N2O produced during the reaction was higher in comparison to the raw zeolite only for FeClin ads, while
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for FeClin cop and FeClin impr it was moderately lower. Taking into consideration that FeClin ads and
FeClin impr exhibited similar NO conversion, it can be assumed that the former sample contained more
iron sites, which induced the occurrence of undesired reactions of NHs-SCR. Therefore, FeClin ads, as
the sample with the highest concentration of iron sites of high nuclearity, is the most active in the
production of N.O. Zhang et al. [562] investigated the reaction pathway of N,O formation over zeolite
catalysts of NH3-SCR. The authors proposed that generation of N2O in the conditions reflecting that of

the presented research can be described by reactions (134-138):

4 NO + 4 NHs + 3 0; — 4 N20 + 6 H;0 (134)
2 NHs + 2 0, — N,O + 3 H,0 (135)

2 NH; + 4 NO — 2 N, + N,O + 3 H,0 (136)
3NO — N;0 + NO;, (137)

4NO — 2 N,0 + 0, (138)

As already mentioned, the tendency of Fe-zeolites to catalyze side-reactions, such as direct
oxidation of NH3 to N2O (reaction 135) is strongly correlated with the speciation of iron. What is more,
Cho and co-workers [563] mentioned that generation of N2O results from the presence of NO- in the
reaction mixture. Interaction of nitrogen dioxide and ammonia produces ammonium nitrate in a form of
solid or liquid [564]. The process follows Langmuir-Hinshelwood mechanism, which assumes
adsorption of the reactants on the catalyst, surface reaction, and formation of the products, as described
by reaction (139):

2 NO; + 2 NH3 — NH4NO; + N, + H,0 (139)

Subsequently, NH4NOs is thermally decomposed below 260 °C, according to reaction (140):

NHsNOz; — N,O + 2 H,O (140)

Therefore, the increasing concentration of N,O above 260 °C, detected for all of the materials, can be
related to the thermal decomposition of ammonium nitrate produced on their surface during the catalytic

reaction.
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Figure 67. N2O concentration in the flue gas during the catalytic reaction performed over raw and iron-modified
clinoptilolite

The conversion of NO obtained for FeMCM22 catalysts is presented in Figure 68. In contrast to
the raw clinoptilolite, the catalytic activity of MCM22 before introduction of Fe did not even exceed
20% in the investigated temperature range. The observed increase of NO reduction above 350 °C might
be due to the promotion of NH3-SCR by ammonia, adsorbed on the acid sites of medium strength.
However, introduction of the active phase considerably promoted catalytic activity of the zeolite. Hence,
the reaction over MCM-22 takes place exclusively with the participation of iron species. Similarly to
FeClin, FeMCM22 catalysts showed the highest activity above 300 °C, which is characteristic for Fe-
zeolites [85]. The most active materials, with tso of 250 °C were FeMCM22 cop and FeMCM22 ads,
while for FeMCM22 impr tso was slightly higher ( 285 °C). Regardless the modification method, the
activity diminished above 325 °C in the case of FeMCM22 cop and FeMCM22 ads and above 400 °C
for FeMCM22 impr. Similarly to FeClin catalysts, this decrease is related to the presence of polynuclear
iron sites or bulk particles of Fe.Os, as confirmed by UV-vis-DRS and H>-TPR studies. Another
confirmation of this result is that FeMCM22 cop contained the highest concentration of these species,
thus its activity started to drop at the lowest temperature among all of the samples. Besides, as evidenced

by H.-TPR, FeMCMZ22 cop contained hardly reducible Fe;Os, which could be deposited near the pore
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openings and thus, hinder sorption of gas molecules on the active centers. The collected data for NO
reduction obtained for FeMCM22 catalysts support the hypothesis of Luo and co-workers [565] on the
rate-determining step of standard NHs-SCR over Fe-zeolite catalysts. The authors declared that
adsorption of NO on the isolated iron species and its further oxidation is crucial to obtain high reduction
rates, especially in the low temperature range. Insufficient concentration of these sites could lead to the
adsorption of ammonia molecules on the acidic centers of the catalysts and its undesired oxidation in

the high temperature region.
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Figure 68. NO conversion obtained for the pristine and iron-modified MCM-22 zeolite

As already mentioned, one of the evidences of the occurrence of side reactions during NH3-SCR
is the increased concentration of N.O, presented for FeMCM22 catalysts in Figure 69. Generally,
comparing to the group of FeClin catalysts, the yield of nitrous oxide is considerably lower for the
samples supported on MCM-22. The difference might be caused by more uniform porous structure of
the hierarchical support, MCM-22, which facilitated the access of gas molecules to the active sites and
desorption of the desired products. Interestingly, below 300 °C, all of the catalysts generated less than
10 ppm of N2O, which is within the frames of analytical error of the apparatus. Nevertheless, in the

range of 350-400 °C, selectivity of the materials to nitrous oxide slightly increased, suggesting the
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occurrence of side reactions. However, as shown in Figure 68, conversion of NO in this temperature
region raised as well. Therefore, correlating these two results, generation of N.O can result from the
non-selective reduction of NO, described by reactions (132-136). Additionally, similarly to FeClin
catalysts, the presence of nitrous oxide within 300-350 °C could be a consequence of the formation and
thermal decomposition of NH4sNOs [564].

What is interesting, the selectivity to N.O of FeMCM22 cop and FeMCM22 ads gradually
decreased above 350 °C, while for FeMCMZ22 impr this effect occurred above 400 °C. These result is
in agreement with the findings reported by Delahay et al. [566], who postulated that N,O can be reduced
by ammonia to molecular nitrogen and water vapor, according to reaction (141):

2 NHsz + 3 N20 — 4 N2 + 3 H:0 (141)

The authors have found that the process takes place mainly on the isolated Fe* cations in the distorted
tetrahedral environment. This explanation is in line with the decreasing NO conversion above 350 °C
for FEMCM22 cop and FeMCM22 ads and above 400 °C for FeMCM22 impr. Since reaction (141)
assumes consumption of NHjs, insufficient amount of the reducing agent declined the efficiency of NO
reduction. The decreasing amount of N>O above 350 °C (or 400 °C in the case of FeMCM22 impr) can
be related to its decomposition at higher temperature as well. The catalytic activity of Fe-modified
MCM-22 in this reaction was investigated by Rutkowska and co-workers [499]. The authors recognized
FexOy oligomers as the most active centers of catalytic decomposition of N,O. As evidenced by UV-vis-
DRS, NHs-TPD, and H»-TPR studies, all of the analyzed FeMCM22 catalysts contained these species.
Additionally, consumption of these sites, also active in the high-temperature NH3-SCR, could result in
the diminished conversion of NO. The effect of N,O elimination was not observed for the pristine

support, suggesting that it is correlated solely with the presence of iron centers.
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Figure 69. N2O concentration in the flue gas during the catalytic reaction performed over pristine and iron-
modified MCM-22

In order to discuss and compare the catalytic performance of the materials in detail, the reaction
rate constants k of the catalysts were calculated at 250 and 450 °C (low and high temperature region of
NH3-SCR) according to Equation (131). Furthermore, since clinoptilolite and MCM-22 exhibit
different structural parameters, the obtained values of k were normalized by the specific surface area of
the catalysts, by calculating the per area (k/Sger) constants. The results of these calculations are

summarized in Table 20.
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Table 20. Reaction rate constant k at 250 and 450 °C and k normalized by the specific surface area of the catalysts

k (102 - k) / SeeT
1 e iy S
Sample code (cm®-g*-s?) (cm? - m? - st BET
(m?-g)
250 °C 450 °C 250 °C 450 °C
Clin 1.0 6.9 1.7 52.9 13
FeClin cop 3.7 24.3 2.9 19.3 126
FeClin ads 3.0 15.0 2.3 11.3 133
FeClin impr 2.0 13.6 5.6 37.9 36
MCM22 0.3 2.1 0.1 0.5 425
FeMCM22 cop 54 10.8 1.5 2.9 370
FeMCM22 ads 5.8 10.9 1.6 2.9 372
FeMCM22 impr 3.3 12.9 0.8 3.2 399

The results displayed in Table 20 show a clear correlation between temperature of the reaction
and the k rate constant, regardless the catalyst support. According to the obtained outcomes, NHs-SCR
process over the investigated Fe-catalysts is the fastest in high-temperature range. In the case of
clinoptilolite-supported materials, the highest reaction rate constant was exhibited by FeClin cop in both
of the considered temperatures. This effect is related to the abundance of FeClin cop in various iron
species, which influenced NO conversion in the entire temperature range. Interestingly, at 250 °C, k
value of the samples increased almost linearly in the order of FeClin impr < FeClin ads < FeClin cop. It
can be correlated with relatively lower concentration of isolated Fe®** species on FeClin impr, as
evidenced by H,-TPR.

In contrast to FeClin catalysts, the reaction rate constants of FeMCM22 samples were influenced
both by the modification method and temperature. Nevertheless, one should note that for FeMCM22
cop and FeMCM22 ads the values of k were only slightly different. The differences between k values
for the catalysts might be a consequence of the accessibility of the gas molecules to the active centers
of the materials, determined by the presence of iron oxide clusters on their external surface and near the

pore openings. On the other hand, the highest reaction rate exhibited by FeMCM22 impr at 450 °C might
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result from relatively high concentration of oligomeric Fe-oxo species, which are considered as the most

active in high-temperature NHs-SCR [439].

1.3 Comparison of the catalytic performance of Fe-zeolites to the commercial catalysts

In order to provide more comprehensive view on the catalytic performance of the examined
zeolite-supported Fe-catalysts, the materials were compared to the literature studies on the commercial
catalysts: promoted or non-promoted V:0s-TiO, and Cu-SSZ-13. The comparison included NO
conversion and N»O selectivity at 250 and 400 °C, thus in the low- and high-temperature region of NHs-
SCR. All of the results are collected in Table 21.

Table 21. Comparison of the catalytic performance of the investigated Fe-zeolite catalysts at 250 and 450 °C to
the commercial catalysts reported in the literature

NO conversion (%0) N20 concentration (ppm) Reference

Sample code
250 °C 400 °C 250 °C 400 °C \

FeClin cop 36 100 11 22 This thesis
FeClin ads 13 100 20 47 This thesis
FeClin impr 8 100 3 28 This thesis
FeMCM22 cop 48 81 9 11 This thesis
FeMCM22 ads 50 88 8 12 This thesis
FeMCM22 impr 32 95 7 23 This thesis
V20s5-TiO; 2 70 78 18 42 [567]
V205-WO;3-TiO, " 85 90 5 65 [568]
Cu-SSZ-13° 80 90 35 35 [569]

33.0 Wt.% V.05 P 1.6 wt.% V205 10 wt.% WOz ©2.4 wt.% Cu

In fact, the catalytic activity of iron-modified zeolites in low-temperature region of NH3-SCR is
lower comparing to the commercial systems. However, this result is typical for non-promoted Fe-zeolite
catalysts [85]. One should note that the low-temperature activity was strongly influenced by the carrier,
since MCM-22-supported materials showed 32-50% of NO conversion, depending on the modification

method, thus, noticeably higher than that of Clin-supported catalysts. On the other hand, at 400 °C the
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catalytic activity of all of the materials dramatically raised. This increase is especially noticeable for

FeClin samples, while for FeMCM22 the activity was still lower than that of the industrial materials.

What is interesting, N2O yield obtained for the analyzed samples (except of FeClin ads) was lower
or comparable to that of the cited catalysts. In the case of the low-temperature region, this effect
obviously results from lower catalytic activity. Nevertheless, in the high-temperature range, the
production of N2O still remained relatively low. Such different results of N.O yield for the commercial
catalysts and the samples might result from different mechanisms of nitrous oxide production. Cho et
al. [563] compared emission of N.O during NH3-SCR over Fe-zeolite and V-0s-TiO; and found that in
contrast to the zeolitic system, the latter catalyst does not generate NO through NH4NO; decomposition.
Martin et al. [570] suggested that generation of N>O during NH3-SCR over vanadia-titania catalysts is
related to Lewis acid sites (V=0) which actively adsorb NO; and react with NHj, yielding nitrous oxide.
Furthermore, Zhu et al. [69] emphasized that transformation of Lewis to Brénsted centers by the addition
of H,0 greatly hindered production of N2O. Basing on the above-mentioned literature studies, it can be
concluded that the investigated zeolites contained higher concentration of Bronsted acidity, which was
beneficial for lower yield of the considered by-product of the process. In the case of the commercial
zeolitic catalyst, Cu-SSZ-13, Liu and co-workers [569] distinguished two main pathways of N.O
formation, dependent on the temperature region: NHsNO3; decomposition below 300 °C and direct NH;
oxidation above this temperature. Therefore, FeClin catalysts are speculated to produce N2O according
to these two reactions. In contrast, the negligible yield of nitrous oxide in low- and high- temperature
region of the process supports the conclusion that MWW zeolite with Fe was active in the catalytic

decomposition of this non-desired reaction product.

1.4 Conclusions on the comparison of natural and synthetic Fe-modified zeolites

In summary, in this chapter both physico-chemical and catalytic features of iron-modified zeolites
were comprehensively investigated and compared. Two types of zeolites were considered: natural,
represented by clinoptilolite, and synthetic layered MCM-22, belonging to the MWW family. The

materials were modified with iron using three different post-synthesis procedures: co-precipitation,
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adsorption from the solution, and incipient wetness impregnation. The amount of the active phase, for
clinoptilolite-supported catalysts was slightly higher, due to the natural presence of iron in the material.

NO reduction obtained for the samples showed similar trend, which was gradual increase of the
activity, linear to the reaction temperature. Such catalytic behavior, assigned to the activity of various
types of iron species, is characteristic for Fe-zeolite catalysts. In order to investigate the contribution of
the support to NO conversion, both materials were examined in NH3-SCR before modifications. It was
found that the pristine MCM-22 exhibited minimal activity, suggesting that the main role in the catalytic
process is played by the Fe species. In contrast, raw clinoptilolite was moderately active, especially in
the high-temperature range of NHs-SCR. Therefore, naturally occurring iron sites were probably present
in the zeolitic framework in a form of oligomers or small particles of higher nuclearity, which
contributed to its activity above 350 °C.

Basing on the obtained results of the catalytic performance and characteristics of the catalysts,
the following conclusions were drawn:
1. The investigated modification methods influenced both physico-chemical parameters of the
zeolites and their catalytic features. The most active sample among clinoptilolite-supported catalysts
was FeClin cop, while among MCM-222-supported it was FeMCM22 ads. This result suggests that
formation of Fe active species in the zeolites was determined by the type of zeolite framework. However,
regardless of the support, the catalyst obtained by incipient wetness impregnation exhibited the lowest
NO conversion. This effect could result from partial pore blockage through the deposition of small
particles of Fe;0s.
2. The most satisfactory catalytic activity of FeClin cop and FeMCM22 ads resulted mainly from the
presence of isolated iron species with the beneficial redox features, which acted synergistically with the
acid sites of the zeolites.
3. Regardless of the modification method, NO conversion in the low-temperature region was
significantly higher for the catalysts supported on MCM-22, while the materials with clinoptilolite
showed better activity in the high-temperature region (100% at 400 °C). Therefore, uniform and
hierarchical porous structure probably promoted the NO reduction rate and formation of the desired

reaction products, as confirmed by the minor N.O yield.
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4. Among all of the examined materials, only FeClin cop did not show the decrease of NO reduction
in the high temperature region of NHs-SCR. In contrast, this phenomenon could be observed for
FeMCM22 cop, which suggests that co-precipitation method is preferable rather for heulandite, than for
MWW topology.

5. Adsorption from the solution and incipient wetness impregnation methods influenced differently
on the catalytic performance of clinoptilolite and MCM-22. The results obtained for these methods were
almost identical for FeClin and noticeably differed for FeMCM22 catalysts. Aggregation of iron oxide
clusters, characteristic for impregnation method, inhibited the access of the reactants to the isolated Fe3*
sites of FeMCM22 impr, which are active in low-temperature region of the process. As a result, activity
of the sample was as high as that of the others only above 325 °C, when iron species of higher nuclearity
contribute to NO conversion.

6. Formation of nitrous oxide, as one of the by-products of NH3-SCR, was influenced by the type of
the support, as well as by the modification method. However, irrespectively of the procedure of Fe
deposition, MCM-22-supported catalysts exhibited significantly lower N2O yield.

7. The production of N>O increased linearly with temperature for all of the clinoptilolite-supported
catalysts, especially in the case of FeClin ads. The decline of NO conversion for FeClin ads and FeClin
impr above 400 °C suggests that nitrous oxide formation in the high-temperature region is a consequence
of direct NH3 oxidation, thus, consumption of the reducing agent. This explanation is supported by the
lowest concentration of N,O for FeClin cop, which remains highly active in the investigated temperature
range.

8. The production of N,O for FeMCM22 catalysts was increasing within 150-350 °C and above this
temperature region, its concentration started to gradually decrease. Two possible explanations of this
phenomenon concern reduction of NoO by ammonia on isolated Fe?* sites or its catalytic decomposition
by oligomeric iron sites.

9. In comparison to the commercial vanadium-based systems, clinoptilolite- and MCM-22-supported
catalysts exhibited lower conversion of NO in the low-temperature range, however, comparable
concentration of N2O. On the other hand, in the high-temperature region, activity of the zeolite-

supported catalysts was considerably higher than that of V,0s-(WOs)-TiO.. Moreover, N,O formation
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detected for the majority of the investigated samples was negligible in comparison to the vanadia-titania
catalyst. This effect was correlated with different mechanisms of N>O formation during NH3-SCR over
zeolite-supported and vanadium-based catalysts.

10. The analyzed materials exhibited lower low-temperature activity comparing to the commercial Cu-
SSZ-13. Nevertheless, in the high-temperature region, NO conversion obtained for FeClin exceeded that
of Cu-zeolite. This result is assigned to different reduction ability of Cu and Fe in the zeolites, which
determined activity of the catalysts in different temperature regions. Importantly, N>O production during
the catalytic reaction over the investigated samples was lower or comparable to that of Cu-SSZ-13. This
effect can be explained by the strongly oxidative character of copper, resulting in the parallel, undesired

reaction of ammonia oxidation, and increased N>O concentration in the post-reaction gas mixture.
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2. Influence of Cu or Ce on the physicochemical and catalytic features of the catalysts

In recent years, bimetallic dual- or single-layer catalysts with copper and iron have been tested in
many catalytic reactions, including NH3-SCR [472,475,480,571]. Fe-exchanged zeolites are highly
active catalysts above 350 °C, which was proven by the results obtained within this thesis. On the other
hand, Cu-zeolites show superior catalytic performance below 300 °C [572]. Moreover, copper and iron
were confirmed to act synergistically in NH3-SCR. There are literature reports describing the most
efficient configuration and thickness of dual-layer Fe-Cu zeolite catalysts to provide high NO
conversion [479,573]. However, so far, only few studies have examined single layer Cu-Fe-zeolites as
catalysts of the reduction of NO with ammonia. Boron et al. [476] analyzed the influence of 1 wt.% of
Cu on the catalytic performance of Fe-BEA. It was found that the presence of copper decreased
reducibility of iron and enhanced low-temperature activity in NO reduction. Furthermore, Zhang et al.
[475] confirmed that Cu and Fe formed well-dispersed nanocomposites on the surface of ZSM-5. The
authors declared that the presence of two metals expanded the temperature window of the catalyst to
200-475 °C. The satisfactory results obtained for other zeolites with Fe and Cu were the motivation to
analyze how the addition of copper will influence the catalytic performance of iron-modified
clinoptilolite and MCM-22.

Apart from copper, it was found that cerium dioxide, CeO,, can have a beneficial influence on
the catalytic properties of NH3-SCR catalysts, due to its redox features [574]. To date, the research have
been mainly focused on ceria with metal oxides [484,575] or activated carbon [213,576] used as a
support of the catalyst. On the other hand, the area of the application of zeolite catalysts promoted with
Ce has not been explored in depth. Jiang et al. [483] proved that Cu-modified ZSM-5, SSZ-13, SAPO-
34, and Beta zeolites promoted with Ce show enhanced activity in low-temperature region of NHs-SCR.
Some researchers attempted to modify MCM-22 with Ce [535,553] and reported successful
incorporation of the metal into the extraframework positions of the material. However, the studies were
focused on catalytic reactions with organic molecules and none of them addressed the effect of Ce on

Fe-clinoptilolite, nor MCM-22 as the catalysts of NHz-SCR.

208



Therefore, this chapter provides an insight into the influence of copper or cerium promotion on
clinoptilolite and MCM-22 modified with iron. The samples selected for the introduction of 1 wt.% of
Cu or 0.5 wt.% of Ce were FeClin cop and FeMCM22 ads, due to their best catalytic performance among

the two investigated groups of Fe-catalysts.
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2.1 Characterization of the promoted zeolites

Chemical composition and crystal structure of the materials

The amount of copper or cerium introduced into the FeClin cop and FeMCM22 ads was
determined by ICP-OES analysis. The obtained results, together with that obtained for the non-modified
and Fe-zeolites are collected in Table 22. According to the presented data, Cu and Ce were successively
deposited in the zeolitic structures. The amount of copper was in good agreement with the calculated
value. However, concentration of cerium in the samples was noticeably lower than the desired,
especially for FeCeMCMZ22 ads. This effect might result from the presence of aggregated particles of
iron oxide in the catalysts, which inhibited the access and successful incorporation of cerium ions into
the zeolitic framework. The negligible differences between the concentration of Si, Al, and Fe in the

non-promoted and promoted samples might result from the analytical error of the apparatus.

Table 22. Chemical composition of Fe-modified zeolites promoted with Cu or Ce

Sample code Si (wt.%) Al (wt.%) Fe (wt.%) Cu (wt.%) Ce (wt.%0)
FeClin cop 30.01 5.33 8.01 0 0
FeCuClin cop 30.84 5.49 7.97 1.16 0
FeCeClin cop 31.33 5.60 8.21 0 0.36
FeMCMZ22 ads 30.48 2.07 16.74 0 0
FeCuMCM22 ads 31.57 2.19 15.16 0.70 0
FeCeMCM22 ads 30.28 211 15.20 0 0.13

XRD analysis was used to elucidate the influence of Cu and Ce species on the crystal structure of
Fe-modified clinoptilolite and MCM-22. XRD patterns of the non-promoted and promoted FeClin cop
are presented in Figure 70, while Figure 71 demonstrates the patterns of FeMCM22 ads before and
after introduction of Cu or Ce. For both zeolites, promotion with copper or cerium did not influence the
position of the diffraction maxima characteristic for the zeolitic frameworks. Therefore, the promoters
did not cause any structural changes. However, in the case of FeCuClin cop and FeCeClin cop, the

intensity of the reflections at 26 of 9.95, 11.37, and 13.29° decreased after promotion. Hence, the

210



presence of Cu or Ce species affected crystallinity of the zeolite. Similar effect can be observed after
promotion with Cu for the diagnostic reflections of (hkl) (100), (101), and (220), ascribed to the layered
structure of MCM-22. Possibly, small particles of copper oxide were deposited between the MWW
layers, which resulted in their partial re-arrangement. However, the lack of characteristic diffraction
maxima ascribed to the presence of copper oxide proved that Cu was present rather in a form of well-

dispersed species, than clusters or bigger particles. In contrast, introduction of Ce did not cause such

result, which was due to its lower loading.
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Figure 70. XRD patterns obtained for clinoptilolite-supported catalysts

211



S
(7
o
o
=)
g
—~ O ~ —~
2 a8 g
5 oy )
o :
8 :
> :
g A FeCeMCM22 ads
3 1
=
; FeCuMCM22 ads
FeMCM22 ads
T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80

20 (deg)

Figure 71. XRD patterns obtained for MCM22-supported catalysts

Textural properties

The nitrogen adsorption-desorption isotherms of the investigated Fe-catalysts before and after
promotion with Cu or Ce are presented in Figure 72 (clinoptilolite-supported samples) and Figure 73
(MCM-22-supported samples). Furthermore, Table 23 presents structural and textural parameters of the
materials.

As showed in Figure 72, the catalysts supported on clinoptilolite exhibited isotherms of type IV
(a) according to the IUPAC classification, with the hysteresis loop characteristic for type H4 [505]. The
obtained results are in line with those reported in the literature [529,577]. This shape of adsorption-
desorption branch suggests that after introduction of the promoters, the catalyst preserved its
microporous nature and secondary mesoporosity. Nevertheless, the results collected in Table 23 clearly
indicate that the addition of Cu or Ce had a significant impact on the textural properties. The specific
and external surface area, micropore surface area, and total pore volume decreased, following the order
of FeCeClin cop < FeCuClin cop < FeClin cop. On the other hand, the average pore diameter was only
slightly changed after introduction of the promoters to FeClin cop. The declining trend of the values can

be ascribed to the formation of small aggregates of metal oxide particles. Another explanation of this
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decrease can be found in moderately lower crystallinity of the promoted catalysts, confirmed by XRD

studies.
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Figure 72. Nitrogen sorption isotherms obtained for clinoptilolite-supported catalysts (for better visibility, the

isotherms were shifted by the values given in the figure)

N2 sorption isotherms obtained for FeMCMZ22 ads before and after promotion with Cu or Ce are
presented in Figure 73. As already mentioned, the adsorption branch of Fe-modified layered zeolite
resembles that of the pure material and can be classified as type | (b) according to IUPAC. Additionally,
non-rigid aggregates of the plate-like particles formed by the MWW layers contributed to the formation
of H3 hysteresis loop [505]. However, its shape changed after introduction of Cu or Ce into the catalyst,
since it was transformed from H3 into H4, suggesting aggregation of the zeolite crystals. What is more,
similarly to the promoted clinoptilolite-supported catalysts, the values of the specific and external
surface area, micropore surface area, and total volume of pores showed the following decreasing trend:
FeCeMCM22 ads < FeCuMCM22 ads < FeMCM22 ads. This effect was likely caused by the
aggregation of the particles of the active phase and the promoter (especially Cu, due to its greater
loading), migration of iron oxide to the external surface of the zeolitic layers, or deposition of CuO or

CeO; near the pore openings.
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Figure 73. Nitrogen sorption isotherms obtained for MCM22-supported catalysts (for better visibility, the
isotherms were shifted by the values given in the figure)

Table 23. Structural and textural properties of clinoptilolite- and MCM22-supported catalysts

FeClin cop 126 40 87 0.186 0.042 0.144 7.22
FeCuClin cop 69 28 41 0.151 0.021 0.130 8.34
FeCeClin cop 37 23 15 0.102 0.007 0.095 7.89
FeMCM22 ads 372 109 264 0.418 0.129 0.289 5.89
FeCuMCM22 ads 160 44 115 0.194 0.056 0.138 6.62
FeCeMCM22 ads 138 39 99 0.176 0.048 0.128 6.71

2 Sget (BET surface area) was determined from the adsorption isotherm

b Sexe (external surface area), Smicro (Micropore surface area), and Vmicro (Micropore volume) were calculated using
t-plot method

¢ Vol (total pore volume) was obtained at the relative pressure (p/po) = 0.99
9V meso = Viotal — Vimicro (Mesopore volume)
¢ Daver (average pore diameter) was determined by BJH method
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Morphology of the materials determined by SEM microscopy

The morphological properties of FeClin cop and FeMCM22 ads promoted with Cu or Ce were
investigated by SEM images, demonstrated in Figure 74 and Figure 75, respectively.

It can be observed from Figure 74 that introduction of Cu did not result in any changes of the
structure of the Fe-modified natural zeolite. The small nano-sized particles were still present on the
characteristic tubular crystals of clinoptilolite. Additionally, the sample with cerium showed similar
morphology to the non-promoted catalyst. Moreover, the easily recognizable tubular crystals of
clinoptilolite and clustering of the small particles suggested that the addition of Ce could lead to partial

aggregation of the particles of iron oxide, which covered the zeolitic layers.
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Figure 74. SEM images (at different magnification) of FeClin cop before and after promotion with Cu or Ce

SEM images recorded for FeMCM22 ads before and after promotion with Cu or Ce are presented
in Figure 75. Introduction of the promoters did not have any influence on the morphology of the catalyst,
since the characteristic plate-like particles of MWW layers were well-preserved. The nano-sized
particles, detected in the images recorded for the promoted samples, can be assigned to the presence of
bulk-like CuO or CeO; species, which is in line with the results of XRD. Nevertheless, it is predicted
that the concentration of Ce was too low to form such amount of aggregated species, moreover, they
were not detected by X-ray diffraction. Therefore, probably as in the case of FeCeClin cop, promotion

of FeMCM22 ads with cerium caused clustering of the particles of iron oxide.
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Figure 75. SEM images (at different magnification) of FeMCM22 ads before and after promotion with Cu or Ce

Morphology of the materials determined by TEM microscopy

The morphology of the catalysts after promotion with Cu or Ce, with the regard to metallic species
and arrangement of zeolitic layers, was studied by transmission electron microscopy (TEM). The
micrographs were recorded in bright-field (BF), high-angle annular dark-field (HAADF), and high
resolution (HR) modes, as presented in Figure 76 for Clin-supported and in Figure 77 for MCM22-
supported catalysts.

Figure 76 shows that any considerable differences occurred in the arrangement of tubular
clinoptilolite layers after introduction of the promoters. However, uniformly distributed small particles
of more bulky aggregates of metal oxides of the size ca. 10-20 nm can be easily found in the
micrographs. The detected species can be considered as the reason of the decreased specific surface area
and pore volume of the promoted catalysts. What is more, the effect of aggregation was more clearly

visible in the case of FeCuClin cop, comparing to the sample promoted with Ce.
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FeCeClin cop (BF) FeCeClin cop (HAADF)

i 2000m
Figure 76. Bright-field (BF), high-angle annular dark-field (HAADF), and high resolution (HR) micrographs

recorded for FeClin cop before and after promotion with Cu or Ce (description of each sample with its code is

present in the micrograph)

The micrographs presented in Figure 77 confirmed that the ordered, hexagonal, piled MWW-
type layers of the support were preserved for FeCuMCM22 ads and FeCeMCM22 ads. Despite the fact
that the arrangement of the layers did not noticeably change (see HAADF micrographs), introduction of
the promoters resulted in the formation of agglomerated metal species. One can observe that some of
the metal oxide particles have much higher dimension than the layers of the zeolitic support. Therefore,
it can be concluded that they occupied rather the external surface of the material, than the inner structure.
The formation of metal oxide particles on the surface of MWW layers was also observed by Lima and
co-workers [378] for MCM-22 modified with cobalt. These results differ significantly from those
obtained for clinoptilolite, which could result from different arrangement and nature of MWW and

clinoptilolite layers.
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Figure 77. Bright-field (BF), high-angle annular dark-field (HAADF), and high resolution (HR) micrographs
recorded for FeMCMZ22 ads before and after promotion with Cu or Ce (description of each sample with its code is

present in the micrograph)

221



Acidity of the promoted catalysts

The total acidity of the catalysts promoted with Cu or Ce, with the distinction to the weak,
medium, and strong acid sites was determined by NHs-TPD in the temperature region of 100-800 °C.
The obtained NHs3-TPD profiles are presented in Figures 78-79, for clinoptilolite- and MCM22-
supported catalysts, respectively. In order to facilitate the assignment of the desorption peaks to the
temperature, the patterns were deconvoluted by fitting to Gaussian function. Additionally, quantification
of the acid sites is summarized in Table 24.

As depicted in Figure 78, the addition of Cu or Ce significantly influenced acidic characterization
of FeClin cop. The copper-promoted catalyst exhibited slightly higher concentration of acidic centers of
weak strength, however the desorption temperature was lowered by ca. 10 °C, comparing to the non-
promoted material. Additionally, the broad and intense peak at 395 °C, detected for FeClin cop was
divided into two more narrow, centered at 270 and 424 °C after promotion with Cu. The former one
results from the generation of new acid sites of medium strength, while the latter corresponds to strong
acid sites, due to the presence of Cu?* [578]. Similar effect was observed by Zhang and co-workers [475]
for Fe-Cu-modified HZSM-5. Furthermore, Chen et al. [579] characterized the acidity of Cu-CHA
zeolite using NHs-TPD and confirmed that the profiles of the catalysts are divided into three regions:
low-, intermediate-, and high-temperature. The authors ascribed the appearance of the intermediate-
temperature peak to NH; adsorbed on Cu sites. Moreover, the DFT calculations combined with Kinetic
simulations confirmed that NHs is desorbed from [Cu(l)(NHs)2]" and [Cu(l1)(NHs)s]* complexes
between 250-450 °C. Therefore, the demonstrated results indicated that copper had promoting impact
on the development of new acid sites. On the other hand, the low-intense peak at 665 °C completely
disappeared only in the case of FeCuClin cop. This phenomenon could be caused by the adsorption of
aggregated copper oxide clusters on the acid sites responsible for the appearance of this desorption peak.
According to the data presented in Table 24, the total acidity of FeCuClin cop was the highest among
all of the clinoptilolite-supported catalysts. In contrast to FeCuClin cop, after promotion with Ce, the
number of weakly adsorbed ammonia molecules decreased by around 25%. However, introduction of

Ce resulted in the formation of a new desorption peak at ca. 300 °C, assigned to the acid sites of medium
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strength. Additionally, the high temperature peak, ascribed to the chemisorbed ammonia, was shifted to

450 °C, while the position of the desorption maximum at 665 °C was not changed.
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Figure 78. NH3-TPD profiles obtained for clinoptilolite-supported catalysts

Acidic characterization of FeMCM22 ads after promotion with copper or cerium is demonstrated
in Figure 79. In the case of the samples with MCM-22, the low temperature peaks remained almost
unchanged, regardless the promoter used for the modification. However, promotion with Cu or Ce
caused disappearance of the high-temperature peak located at 655 °C. Additionally, the changes of the
shape of the patterns in the temperature region of 225-550 °C revealed important differences between
the acidic features of the catalysts. Similarly to FeCuClin cop, after introduction of Cu, the desorption
peak of FeCuMCM22 ads centered at 345 °C was divided into two separated ones. The newly formed
peaks were shifted into lower and higher temperature: 300 and 445 °C, respectively. Rutkowska et al.
[353] analyzed the acidity of Fe- and Cu-modified zeolites of MWW family by pyridine sorption. The
authors recognized that copper present in MCM-22 acted as Lewis sites of two origins: extraframework
cations and copper oxide species. Since in FeCuMCM22 copper was introduced by impregnation
method, the newly formed Lewis centers, confirmed by the desorption peak at 300 °C, can be ascribed

to the presence of well-dispersed particles of copper oxide. On the other hand, the peak at 445 °C results
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from the decomposition of the complexes generated by Cu and NHs; molecules, similarly as in the case
of FeCuClin cop. Furthermore, as presented in Table 24, introduction of Ce decreased the total acidity
of FeMCM22 ads noticeably more than in the case of FeClin cop. In fact, concentration of the acid sites,
which desorbed ammonia in the low-temperature range was moderately lower for FeCeMCM22 ads,
comparing to FeMCM22 ads. However, the amount of the sites desorbing NHs in the medium-
temperature region decreased more remarkably, while the high-temperature peak located at 655 °C
completely disappeared. Additionally, the low- and medium-temperature peaks of FeCeMCM22 ads

were centered at 175 and 330 °C, respectively. Thus, the strength of the acidic sites after addition of Ce

lowered.
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Figure 79. NHs-TPD profiles obtained for MCM-22-supported catalysts
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Table 24. Approximate concentration of the acid sites in the catalysts before and after promotion with Cu or Ce

Concentration of the acid sites (umol - g™)

Sample code . . . . Total amount of
Weak sites Medium sites Strong sites sites
FeClin cop 850 561 171 1582
FeCuClin cop 899 673 606 2178
FeCeClin cop 679 348 538 1565
FeMCM22 ads 679 526 172 1377
FeCuMCM22 ads 626 467 292 1385
FeCeMCM22 ads 598 428 - 1026

Reducibility of the catalysts

The reducibility of Cu or Ce and their influence on the redox properties of iron was investigated
by H>-TPR. Assigning the H, consumption peaks to various Fe, Cu, and Ce species was a difficult task
due to the interactions between the metals introduced into the zeolites. Therefore, interpretation of the
obtained profiles was heavily relied on the extensive literature reports.

H2-TPR profiles of the catalyst supported on clinoptilolite, presented in Figure 80, exhibited very
similar shape before and after promotion with Cu or Ce. However, FeCuClin cop showed additional
reduction peak centered at 200 °C. Lamacz et al. [580] declared that the reduction temperature of copper
species depends on their dispersion on the catalyst surface. According to the authors, the peaks appearing
below 190 °C correspond to well-dispersed isolated Cu?* cations, while the peaks detected above this
temperature are assigned to the reduction of small crystallites of CuO. On the other hand, Zhang et al.
[581] investigated cupric sites located on HZSM-5 and reported that both Cu?* and bulk-like CuO
species are reduced at 200 and 330 °C, respectively. Nevertheless, the latter authors were focused on
zeolitic catalysts, while the former ones at mixed metal oxides. Thus, it is more probable that the
reduction peak at 200 °C, detected for FeCuClin cop, is assigned to the reduction of Cu?* to Cu".
Temperature of the reduction of the isolated Fe** (360 °C) and Fe,Os to Fe?* (500 °C) species slightly
changed after introduction of copper. Therefore, promotion with Cu did not significantly improve the

reduction behavior of iron species, but delivered additional centers, which facilitated redox properties
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of the catalyst. In contrast to the promotion with Cu, any new reduction peaks were observed for
FeCeClin cop. According to the literature, the reduction of pure CeO; can be divided into three stages:
(1) the reduction of surface oxygen at 250-300 °C, (2) the reduction of surface lattice oxygen at 450-
600 °C, (3) total reduction of the bulky species up to 900 °C [582]. Therefore, since the reduction of
iron and cerium species occurs in similar temperature regions, the peaks could overlap and are not visible
in the profiles. Additionally, promotion with Ce shifted the reduction temperature: from 365 to 335 °C

and from 490 to 470 °C. Therefore, cerium could moderately improve redox ability of iron sites.
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Figure 80. H2-TPR profiles obtained for clinoptilolite-supported catalysts

In contrast to the clinoptilolite-supported catalysts, as presented in Figure 81, promotion with Cu
or Ce observably changed the reduction properties of MCM-22-supported samples. The new reduction
peak, appearing for FeCuUMCM22 ads at 215 °C is a consequence of the reduction of Cu?* to Cu* [581].
Interestingly, FeCuMCM22 ads showed one, intense reduction peak at 405 °C. Therefore, the addition
of copper increased the consumption of H; for the reduction of iron sites. On the other hand, the position
of the peak at 635 °C, assigned to the reduction of Fe?" to Fe® remained unchanged. Similarly to
FeCeClin cop, promotion with Ce slightly influenced the redox behavior of FeCeMCM22 ads. Two

peaks at 415 and 530 °C, detected for FeMCM?22 ads were replaced by one broad band centered at 450
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°C. Nevertheless, it is not possible to assign accurately the reduction peaks to the specific metallic
species. Besides, the peak at 635 °C was shifted to 600 °C, thus, the improvement of the high-

temperature reduction ability of the catalyst was confirmed also for FeCeMCM22 ads.
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Figure 81. Ho-TPR profiles obtained for MCM-22-supported catalysts

Thermogravimetric studies of the materials

Thermogravimetric studies of the promoted catalysts in the temperature region of 30-800 °C were
performed to observe the influence of Cu or Ce on thermal stability. The investigated temperature region
of NH3-SCR process was marked in the obtained thermograms by dotted lines. Additionally, the
overview of the percentage weight loss of the catalysts is demonstrated in Table 25.

Figure 82 shows a trend of decreasing weight of the catalysts in the investigated temperature
region. The effect is ascribed to the removal of water molecules, adsorbed physically or chemically to
the surface of the materials [531]. The weight loss observed in the temperature region of 30-150 °C,
ascribed to the elimination of weakly bonded H-O is similar for all of the catalysts. However, above 150
°C the difference between the weight loss of the promoted and non-promoted samples became more
remarkable. FeCuClin cop and FeCeClin cop showed moderately higher stability in the increasing

temperature, which was likely caused by the presence of aggregated particles of the promoters. These
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species inhibited the migration of the structural water from the zeolite. Slightly higher stability of
FeCuClin cop can be explained by higher concentration of the promoter. Interestingly, both of the
promoted samples did not show the sharp step of the weight loss above 400 °C, correlated with the
decomposition of the residual sulfate groups of FeSO. (precursor of the active phase). The probable
explanation of this phenomenon is that Cu?* and Ce** could form small amounts of CuSO, and Ce(SOa),
respectively. Copper sulfate decomposes to CuO at ca. 600-650 °C [583], while cerium sulfate to CeO;
above 700 °C [584]. Thus, apart from the metal oxides, the sulfates could also contribute to the pore
clogging and inhibition of the removal of water attached to the zeolite. Additionally, as a result, the

promoted samples were more stable in the investigated temperature range of NH;-SCR (150-450 °C).
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Figure 82. Results of TGA obtained for clinoptilolite-supported samples

In contrast to the catalysts supported on clinoptilolite, FeMCM22 ads and its derivatives exhibited
very similar behavior at the increasing temperature. As presented in Figure 83, all of the weight losses
of the catalysts were ascribed to the removal of the structural of physically adsorbed water [531].
Interestingly, introduction of Cu or Ce did not inhibit elimination of H.O molecules, suggesting better
dispersion of their species on MWW layers, comparing to the clinoptilolite-supported catalysts, which

is in line with the results presented in SEM images of the materials.
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Figure 83. Results of TGA obtained for MCM-22-supported catalysts

Table 25. Weight loss of the analyzed catalysts within 30-800 °C

30-200 °C 200-400 °C 400-800 °C 30-800 °C

FeClin cop 5.29 2.89 2.22 10.4
FeCuClin cop 5.25 1.43 1.41 ‘ 8.09
FeCeClin cop 5.61 1.26 1.56 8.43

FeMCM22 ads 5.29 2.07 7.36
FeCuMCM22 ads 5.43 2.15 ‘ 7.58
FeCeMCM22 ads 5.33 1.75 7.08

FT-IR spectroscopic studies of the characteristic chemical groups

FT-IR spectroscopy was applied in order to investigate if the introduction of Cu or Ce influenced
on the chemical groups present in the materials. The comparative FT-IR spectra recorded for

clinoptilolite- and MCM-22-supported catalysts are presented in Figure 84 and Figure 85, respectively.
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It can be noticed from Figure 84, that position of the peaks characteristic for the zeolitic
framework vibrations were not changed after introduction of the promoters and the characteristic shape
of the clinoptilolite spectrum was preserved. However, one of the peaks located at 1400 cm™ was not
detected in the spectra of FeCuClin cop and FeCeClin cop. Since the peak corresponds to Si-O stretching
vibrations or Al-Me-OH bending vibrations, it can be concluded that the presence of the introduced

metal oxides could cause some local interruptions in the framework of the zeolite.
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Figure 84. FT-IR spectra obtained for clinoptilolite-supported catalysts

As presented in Figure 85, the spectra obtained for FEMCM22 ads and FeCuMCM22 ads
exhibited peaks which are similar with respect to their shape and position. Nevertheless, the form of the
spectrum recorded for FeCeMCM22 ads in the wavelength region of 1250-1000 cm™ was noticeably
different, comparing to other materials. Additionally, the new peak, located at 1095 cm* appeared for
this sample. Such result was reported in the literature [553] and is typical for MCM-22 modified with
cerium. However, since the peaks at 595 and 545 cm were preserved for both Cu- and Ce-promoted

catalysts, it can be concluded that MWW structure of the zeolites was not affected by the modifications.
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Figure 85. FT-IR spectra obtained for MCM-22-supported catalysts

Speciation of iron in the catalysts determined by XPS

The changes of the surface chemistry, which could possibly occur in the catalysts after promotion
with Cu or Ce were investigated by the means of XPS spectroscopy. The measurements were conducted
in the binding energy (BE) regions of Si 2p, Al 2p, O 1s, C 1s, and Fe 2p and the obtained results are
presented in Figures 86-90. The detection limit of XPS instrument was ~ 0.1 at.%. Thus, the absence of
the peaks in the binding energy regions characteristic for Cu 2p and Ce 3d suggests that the promoters
were deposited in the inner structure of the zeolites. It can be observed from Figure 86, Figure 87, and
Figure 88 that introduction of the promoters did not change the characteristics of the spectra in the Si
2p, Al 2p, and C 1s regions. However, the spectra in the BE region of O 1s, depicted in Figure 89,
changed after modification with Cu or Ce. The peak located at 532.6 eV, placed in the same position for
all of the catalysts, was deconvoluted into three Gaussian curves. The first line, centered at 530.9 eV
pointed out the existence of metal oxides (lattice oxygen, O,), such as O-Fe and/or O-Si and/or O-Al
and/or organic O=C type bonds in the materials. The intensity of this peak is higher for clinoptilolite-
supported catalysts, thus the surface of the natural zeolite was more abundant in lattice oxygen than that

of MCM-22. The second line, similar for all catalysts and centered at 533.0 eV, corresponds either to
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defective oxygen in metal oxides (O-Fe, O-Si) or in organic species (O-C). Furthermore, the last line,
found at 534.4 eV and similar for all of the samples, originated from -OH groups present as Al-OH, Si-
OH, Fe-OH and/or H;0, adsorbed during contact of the samples with atmospheric air [585].

Figure 90 shows fragments of the spectra corresponding to the binding energy of Fe 2ps». The
first line, centered at 710.1 eV for all the catalysts, corresponds to the existence of Fe**. The lines
observed within the binding energy range of 711-715 eV appeared due to the multiplet splitting
phenomena. It can be observed that the position of the Fe 2ps. line was moderately shifted to lower BE
values after promotion. According to Boron et al. [555], higher BE values detected for Fe (111) reflect
the presence of isolated metal cations. Furthermore, Gurgul and co-workers [556] postulated that lower
binding energy peaks are given by extra-framework Fe;Os species. Therefore, modification of the
samples with Cu or Ce slightly changed distribution of iron in the materials, which is in line with the

results of UV-vis-DRS experiments.
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Figure 86. XPS spectra obtained for clinoptilolite- and MCM-22-supported catalysts in the BE region of Si 2p
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Figure 87. XPS spectra obtained for clinoptilolite- and MCM-22-supported catalysts in the BE region of Al 2p
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Figure 88. XPS spectra obtained for clinoptilolite- and MCM-22-supported catalysts in the BE region of C 1s
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Figure 89. XPS spectra obtained for clinoptilolite- and MCM-22-supported catalysts in the BE region of O 1s
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Figure 90. XPS spectra obtained for clinoptilolite- and MCM-22-supported catalysts in the BE region of Fe 2ps
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The data presented in Table 26 revealed that neither Cu, nor Ce was present on the surface of the
catalysts. Therefore, the species of the promoters were incorporated into the inner structure of the
zeolites, which is in line with the decreased surface and volume of micropores. Furthermore, surface
composition of Cu- or Ce-promoted FeClin cop changed in terms of oxygen. One can notice that the
samples were more abundant in the defective oxygen, while the concentration of the lattice oxygen
decreased after promotion. The observed changes can be correlated with acidic character of the catalysts,
which was affected by the introduction of copper or cerium. According to Osuga et al. [586], lattice
oxygen in zeolites acts as Bronsted basic site in combination with Bronsted acid site. Therefore, since
introduction of metal species affected the density of acid centers (see NH3-TPD), concentration of lattice
oxygen decreased as well. Additionally, such effect was stronger for FeCuClin cop, probably as the
result of higher concentration of Cu comparing to Ce in FeCeClin cop. On the other hand, concentration
of the lattice and defective oxygen remained almost unchanged after promotion of FeMCM22 ads, which
can be correlated with similar distribution of the acid sites in MCM-22-supported samples. What is
more, the surface concentration of Fe* species was lower for FeCuClin cop and FeCeClin cop in
comparison to the non-promoted sample. One possible explanation is that iron species could migrate
into the inner structure of clinoptilolite due to the modification with the promoters. Interestingly, such
result was not observed for the catalysts supported on MCM-22 and the surface concentration of Fe

remained on similar level regardless introduction of the promoters.

Table 26. Surface composition (in atomic %) determined by fitting XPS spectra of the catalysts

Si2p Al2p Fe2pse O1s C1s

Binding energy (eV) | 103.4 | 74.7 ‘ 710.1 530.9 | 533.0 5344 | 285.0 286.8 | 289.0
O-Fe O-Fe

Chemical groups e - 3 O-Si O-Si -OH C=0

or oxidation state Si Al Fe 0Al  OAl  HOw ¢ 9 oc-0
0=C O-C

FeClin cop 25.0 1.7 0.8 155 32.9 2.1 1.4 16.3 4.3

FeCuClin cop 16.3 3.1 0.8 8.4 40.2 6.0 3.2 20.1 2.0

FeCeClin cop 19.2 3.1 0.7 10.7 38.3 4.8 0.0 20.7 2.5
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FeMCM222 ads 15.2 2.1 0.5 4.3 45.5 4.5 1.4 25.8 0.8
FeCuMCM22 ads 14.2 2.7 0.4 4.4 46.5 4.1 1.8 25.3 0.7

FeCeMCM22 ads 14.7 2.5 0.5 4.1 46.7 4.1 0.0 26.9 0.7

Speciation of metals in the catalysts determined by UV-Vis-DRS

Information on the coordination environment of the promoters. as well as their influence on the
speciation and distribution of iron sites in the catalysts were studied by UV-Vis-DRS. One should note
that it is difficult to distinguish the individual contributions from the charge transfer of Fe3* « 0%, Cu?*
«— 0% . and Ce3* « 0%, due to the mutual overlap of the transition regions. However. the shape of the
UV-Vis-DR spectra have noticeably changed for both of the investigated Fe-catalysts after introduction
of Cu or Ce. Therefore. the analysis clearly indicated that the nature of iron sites is different in
comparison to the non-promoted catalysts.

Figure 91 compares UV-Vis-DR spectra recorded for FeClin cop catalysts. Both of the promoted
samples exhibited strong absorption bands in the wavelength range of 200-650 nm, however, their
intensity was lower in comparison to FeClin cop. In the case of FeCuClin cop, the main absorption
bands appeared at around 250 nm and between 400 and 600 nm. The first, more intense band is assigned
to the charge transfer from lattice oxygen O% to the isolated Cu?* cations. Thereby, copper could be
exchanged and incorporated into the extraframework positions in the form of isolated cations even in
the impregnated Fe-clinoptilolite. The second, broader band, appearing between 300 and 600 nm
corresponds to the presence of oligomeric Cu?*-O?>—Cu?* chains. This wavelength region includes the
charge transitions within Cu?*—0%—Cu?* (400-500 nm) and CuO particles in extraframework positions,
in which electronic d-d transitions within a distorted octahedral structure take place (above 560 nm)
[581]. What is interesting, introduction of Cu diminished the intensity of the absorption bands assigned
to the isolated iron cations, Fe®* <« O? and the oligomeric clusters, such as [HO—Fe—O—0H]?". Thus,
some of the isolated iron sites could be partially covered by the particles of the promoter. On the other
hand, the intensity of the bands assigned to Fe,O; increased, suggesting probable formation of iron oxide
clusters resulting from the modification with Cu. Considering FeCeClin cop, introduction of cerium led

to the appearance of characteristic absorption of UV light, even though the metal concentration was
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relatively low. After promotion with Ce, the main absorption peak was shifted to the higher wavelength
range, comparing to the non-promoted catalyst and showed two distinguishable bands at around 265 and
300 nm. Among them, the former one is related to the charge transfer transitions of Ce** < O, while
the latter results from inter-band transitions, which raised due to the collective effects [590, 591].
Similarly to FeCuClin cop, the intensity of the band ascribed to Fe,Os clusters increased, thus, even very

low value of the promoter affected distribution of iron in the catalyst.
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Figure 91. UV-Vis-DR spectra recorded for clinoptilolite-supported catalysts

As can be seen in Figure 92, the shape of UV-Vis-DR spectra for the MCM-22-supported
catalysts changed as well after introduction of the promoters. The materials modified with Cu or Ce
showed absorption bands in the wavelength range of 200-650 nm. However, for FeCUMCM22 ads the
spectrum was more intense than that of FeMCM22 ads, while the opposite effect can be observed for
FeCeMCM22 ads. Similarly to FeCuClin cop, introduction of copper resulted in the appearance of new
absorption band in the spectrum of FeCuMCMZ22 ads in the wavelength range of 200-350 nm. It can be
ascribed to the charge transfer from O% to well-dispersed Cu?* cations. Furthermore. the intense band in
the region of 400-600 nm points out the abundance of CuxO clusters. especially in the form of

[Cu—O—Cu]?* species [359.583]. Additionally, comparing to FeCuClin cop, FeCuMCM22 ads showed
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more intense band within 400-550 nm. One possible explanation is that the CuxO species were more
aggregated on the surface of MWW layers than on the particles of clinoptilolite. In the case of
FeCeMCM22 ads, introduction of the promoter resulted in the appearance of the new absorption peak
at 265 nm, corresponding to the charge transfer from O% to Ce® [588]. Another band, located in the
wavelength range of 460-650 nm is almost identical to that of FeMCM22 ads. Thus, on one hand, cerium
could be located in the sample exclusively in the form of dispersed Ce®* sites. Furthermore, the
absorption bands assigned to CeO; could overlap with that of Fe,Os. Therefore, the distinguishment

between these species in the sample using UV-Vis-DR spectroscopy is only approximate.
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Figure 92. UV-Vis-DR spectra recorded for MCM-22-supported catalysts

2.2 Catalytic performance of copper- or cerium-promoted zeolites

NO conversion obtained for FeClin catalysts before and after promotion with Cu or Ce is
presented in Figure 93. It can be observed that after introduction of copper, temperature window of the
catalyst was shifted to lower region and Tso decreased for the sample to ca. 200 °C. In fact, textural
parameters of the catalyst, such as the value of specific surface area or pore volume diminished after
introduction of copper, which could potentially limit activity of the promoted catalyst. Nevertheless, as

evidenced by Ho-TPR and UV-Vis studies, copper species in FeCuClin cop were present mainly in a
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form of Cu?" and Cu?*-O*—Cu?" oligomers. According to Pereda-Ayo and co-workers [589] low-
temperature NO reduction over Cu-zeolites results from the abundance of oligomeric and more clustered
copper species. Furthermore, Cu sites in ambient air are present in the hydrated state represented by
[Cu(OH)(H20)s]* and [Cu(H20)e]** [590]. Typically, the solvation effect of H,O weakens the
coordination between Cu ions and the zeolitic structure. However, increasing the temperature to ca. 250
°C results in the release of H.O from copper species and formation of [Cu(OH)]*-Al and Cu?*-Al sites,
in which Cu sites are solvated by NHz much stronger than by H,O. According to the studies, [591-593]
the generated Cu-NHs complexes are considered to be the active sites of low-temperature NH3-SCR.
What is more, basing on the outcomes of NH3-TPD, the acidic character of Cu-promoted sample was
noticeably enhanced. As a consequence, introduction of copper provided additional sites for NH3
adsorption. As mentioned by Chen et al. [594], the binding enthalpy of these sites is lower comparing
to that of Bronsted sites originating from the clinoptilolite framework. Thereby, adsorption of ammonia
on the introduced copper sites can partially solve the problem of NHs inhibition effect, which is typical
for Fe-zeolites in the low-temperature NH3-SCR. Basing on the studies reported in the literature [595—
597], Fe sites can interact competitively with NHs and NO below 300 °C. As postulated by Boubnov et
al. [443] and Grossale et al. [598], the surface intermediates of NH3-SCR generated on iron sites exhibit
strong affinity to NHs, which prevents them to react with gas-phase NO and complete the catalytic cycle.
Thus, it is expected that introduction of copper as a promoter not only supplied the material with new
catalytically active sites, but also reduced the inhibiting effect of NHs; on Fe species. Importantly, the
decreased NO conversion occurring above 400 °C is assigned to non-desired oxidation of NHs,
promoted by Cu in the high-temperature range [599,600]. Such effect was not observed for non-
promoted catalyst, hence, oxidation of ammonia in the high-temperature range was caused exclusively
by copper species. Given these points, it is expected that textural characterization was not the key factor,
which determined NH3-SCR activity of FeCuClin cop and the beneficial effect of copper on NO
reduction can be linked with the multi-valence state of Cu?*/Cu* couple, which provides new redox and
acid sites of the catalyst and above all, mitigates the effect of NH3 inhibition [590].

In contrast to Cu-promoted catalyst, introduction of Ce increased Tso to 270 °C and affected the

overall catalytic performance. In fact, the conversion of NO gradually increased for the Ce-promoted
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sample and reached its maximum of 95% at 350 °C. However, the catalytic activity in the high-
temperature region was the lowest among clinoptilolite-supported catalysts. In general, there are various
reasons for such catalytic performance of FeCeClin cop. On the one hand, as confirmed by H,-TPR
studies, introduction of Ce slightly improved reducibility of the catalyst, thus, theoretically it should
also shift the temperature window to lower value. On the other hand, UV-Vis experiments indicated that
most likely, introduction of ceria caused migration of isolated Fe®" cations (active in low-temperature
NHs-SCR) and formation of more aggregated form of the active phase. It was found by Shi et al. [601]
that the presence of Fe Oy clusters and Fe,Os particles significantly affects Bronsted acidity, which is
required for acid-catalyzed decomposition of the intermediate NH4NO; species. The theory of the
authors is supported by NHs-TPD studies conducted over the clinoptilolite-supported catalysts, since
indeed, FeCeClin cop exhibited relatively low acidity. Additionally, as confirmed by N sorption studies,
Sger and the volume of pores were reduced after introduction of Ce into FeClin cop. This result was
caused by the probable formation of Fe,O; and CeO, aggregates and their deposition near the pore
openings. Basing on kinetic and mechanistic study of NH3-SCR over H-zeolites, Eng and Bartholomew
[602] concluded that the fastest rates of the reaction are reached near the pore entrances. Thereby, the
deposition of catalytically passive, and pore-blocking particles not only limited the diffusion of the gas
mixture, but also hindered successful adsorption of the reacting molecules on the active sites. What is
more, the drastic drop of catalytic activity above 350 °C can be explained by the side-reactions taking
place on the catalyst surface, most likely oxidation of ammonia. Madia and co-workers [70] mentioned

five possible reactions of NH; oxidation during NHs-SCR (Equations 142-146):

4 NH3+30; — 2N, + 6 H,0 (142)
4 NH3 + 4 0, — 2 N,O + 6 H,0 (143)
4 NH3 +5 0, — 4 NO + 6 H,0O (144)
4 NH3 + 7 O — 2 NO; + 6 H;0 (145)
4 NH3 + 3 0, + 4 NO — 4N,0 + 6 H,0 (146)

One can notice that the degree of ammonia oxidation increases in a systematic manner, linearly with the
increasing amount of O, consumed for the process. II’Chenko and Golodets [603] found that in the case

of metal oxides, selectivity of ammonia oxidation to the specific products is correlated with the surface
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oxygen bond energy. In general, low surface oxygen bond energy favours deep oxidation of NH; and
the process follows reactions (144) and (145), producing NO or NO, respectively. According to the
general agreement, the outstanding catalytic performance of Ce-catalysts in NH3-SCR results from the
presence of oxygen vacancies, which enhance NHs; and NO adsorption capacity and accelerate acidic
and redox cycle of the reaction [604]. Nevertheless, oxygen vacancies also promote the adsorption of
O, from the gas-phase in order to complete the redox cycle. As postulated by II’Chenko and Golodets
[603], the strength of NH3 oxidation during NHs-SCR increases linearly with the increase in the surface
coverage with oxygen and the oxidation is even stronger in the high-temperature region of the reaction.
Therefore, it is expected that in the case of FeCeClin cop, cerium did not behave as a chemical promoter
of the catalytic reaction. Alternatively, the decreased conversion of NO after introduction of Ce could
be a consequence of limited access of the reacting molecules into the active sites, which were blocked
by the metal oxide clusters. A somewhat remarkable was the fact that the results of TEM studies
indicated stronger effect of aggregation for FeCuClin cop comparing to FeCeClin cop. Thereby, not
only speciation and dispersion, but also synergistic effects between the components of the active phase
and the promoter played a crucial role in the enhancement of NO reduction over bimetallic catalysts

supported on clinoptilolite.
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Figure 93. NO conversion obtained for clinoptilolite-supported catalysts
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Concentration of N,O emitted during the catalytic reaction over the promoted clinoptilolite-
supported catalysts is presented in Figure 94. One can notice that there was a significant difference in
the influence of Cu and Ce on the generation of nitrous oxide. Considering FeCuClin cop, the emission
of N,O decreased comparing to the non-promoted catalyst. In general, it was maintained on similar level
within 250-450 °C and did not exceed 20 ppm, which is in line with the results reported by Shin et al.
[605] for zeolite-supported catalyst with Fe and Cu. Additionally, the authors suggested that lower yield
of N.O for the catalyst containing copper was related to the presence of NO; generated in the mid-
temperature region of the reaction (200-400 °C). According to the general agreement, formation and
thermal decomposition of the intermediate nitrate species during NH3-SCR is one of the main reasons
of N>O generation [563,564]. Typically, formation of ammonium nitrates is followed by reactions
described by Equations (147-148):

2 NO2+ H,0 — HNO3z + HONO (147)

HNO3z + NH3 <> NHsNO3 (148)
Basing on temperature programmed desorption of NO, from Fe- or Cu-zeolites, it was found that the
nitrates formed by disproportionation of NO, were more stable for copper active sites [606]. On the one
site, such phenomenon mitigates formation of N.O originating from NH4NOs in the case of Fe-catalysts.
Nevertheless, up to 350 °C the gas-phase NO- acts as an oxidant stronger than Oz and can easily oxidize

NHs to nitrous oxide, according to Equations (149-151) [605]:

6 NHz + 8 NO, — 7 N,O + 9 H,O (149)
4 NH3z+ 4 NO; + O, —» 4 N>O + 6 H.0 (150)
2 NH3+ 2 NO; — N3 + N,O + 3 H;0 (151)

Therefore, it is expected that some part of NO, produced during the catalytic reaction was strongly
bonded to copper species, which limited its presence in the gas phase. Thus, undesired oxidation of NH3
to nitrous oxide by NO- was reduced.

In contrast, to Cu-promoted sample, concentration of nitrous oxide for FeCeClin cop was
determined by the temperature region of the reaction. It can be observed that the emission of N.O
exhibited gradual increase between 150 and 350 °C, simultaneously exceeding that of FeClin cop, while

above 350 °C, concentration of N,O was slightly reduced. The production of nitrous oxide up to 350 °C
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can be ascribed to the thermal decomposition of NH4NOs. The expected source of N2O above this value
is oxidation of ammonia, however, one should note that it can proceed according to different reactions,
depending on the temperature. As depicted in Figure 93, conversion of NO for FeCeClin cop
considerably decreased above 350 °C and between 400 and 450 °C it was maintained on similar level.
Therefore, oxidation of ammonia was most likely followed by the reactions (150) and (151) within
350-400 °C and reaction (146) above this region. Simultaneous increase of nitrous oxide concentration
and reduction of the catalytic activity suggests that ammonia is oxidized to both N,O and NO. As a
result, generation of by-products and non-selective reactions of the reducing agent significantly
decreased conversion of NO over FeCeClin cop. Moreover, since the catalytic activity of the material
between 400 and 450 °C was stable, it can be expected that the produced NO was consumed for the
production of N2O in the high temperature range, according to the reaction (146). Besides, the highest
concentration of N,O within 200-400 °C might result from the presence of aggregated metallic species,
which are considered as the limiting factor for selectivity of the heterogeneous catalysts [607]. On the
other hand, as postulated by Delahay et al. [566], the decreased concentration of N.O within 400-450
°C can be explained by the fact that N,O can be reduced by NHjs to nitrogen and water vapor, according
to Equation (152):
2 NH3+ 3 N2O — 4 Nz + 3 H;0 (152)

The occurrence of reaction (152) is also confirmed by the decreased NO conversion resulting from the
consumption of ammonia. Another possible explanation of the lower N2O production in the high-

temperature region was proposed by Rutkowska et al. [499], who found that N2O can be decomposed

by oligomeric iron species.
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Figure 94. N2O concentration in the flue gas during the catalytic reaction performed over clinoptilolite-

supported catalysts

NO conversion obtained for FeMCM22 ads before and after promotion with Cu or Ce is presented
in Figure 95. It can be observed that after introduction of copper, the catalytic behavior of the sample
was almost identical to that of FeMCM22 ads. Surprisingly, the catalytic window was not shifted to
lower values, as it typically occurs for Cu-promoted zeolites. In fact, according to the results of NHs-
TPD and H,-TPR, FeCuMCM22 ads shows moderately higher acidity and improved reducibility, due
to the presence of copper species. Additionally, according to TEM micrographs and UV-vis studies, Cu
in the material was present mainly in a form of aggregated particles of CuO. According to the general
agreement, CuO is responsible for low-temperature NH3-SCR activity, while isolated Cu?" cations
promote high-temperature NO conversion [589]. Therefore, CuO present in FeCUMCM22 were
expected to improve reduction of nitrogen oxide, at least within 150-300 °C. Nevertheless, as proved by
N2 sorption studies, introduction of copper significantly affected textural parameters of the catalyst.
Thereby, CuO deposited near the pore openings blocked the access of the reagents to other active centers
of the catalyst. As a consequence, the catalytic activity was not changed, since introduction of copper

resulted in the consumption of other active sites of FeCuMCMZ22 ads. Last, but not least, similarly to
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FeCuClin cop, co-existence of Fe and Cu in MCM22-supported catalyst did not improve high-
temperature activity and susceptibility of the catalyst for ammonia oxidation.

On the other side, the effect of the promotion with Ce was very similar to that of FeCeClin cop.
It can be observed that within 150-250 °C NO conversion obtained for the sample was almost equal to
that of the non-promoted catalyst. Furthermore, above this region, it started to gradually decrease and
was the lowest among the investigated MCM-22-supported samples. Identically to FeCeClin cop, NO
reduction for FeCeMCM22 ads was maintained at similar level between 400 and 450 °C. In the main,
the explanation of this phenomenon is similar to that for FeCeClin cop. First of all, the results of NH3-
TPD experiments indicated that acidity of the material was considerably lowered after introduction of
cerium. Moreover, bulk particles of metal oxides detected in TEM micrographs and confirmed by UV-
Vis were the main reason of the decreased values of textural parameters, evidenced by N2 sorption
studies. Besides, it is expected that as in the case of FeCeClin cop, introduction of Ce intro FeMCM22
ads resulted in the migration of isolated iron cations and formation of the species of higher nuclearity.
Additionally, the presence of oxygen vacancies, promoted by Ce, enhanced O adsorption capacity of
the catalyst, resulting in the non-desired oxidation of ammonia and secondary production of NO in the
high-temperature region [603]. Altogether, it is expected that the decreased activity of the material is a
consequence of the changed speciation of the active phase, which inhibited diffusion and adsorption of

the reacting molecules.
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Figure 95. NO conversion obtained for MCM-22-supported catalysts

As presented in Figure 96, similarly to clinoptilolite-supported catalysts, concentration of N,O
for the samples supported on MCM-22 was lower than 35 ppm. It was observed that introduction of Cu
or Ce increased production of nitrous oxide during the reaction, wherein in the case of FeCuMCM22
ads such effect was more clear. The emission of N,O up to 350 °C can be linked with thermal
decomposition of NH4sNOj3 produced on the catalyst surface [563,564]. Additionally, in the case of both
Cu- and Ce-modified catalysts, the increased concentration of N-O could result from the aggregation of
metal oxide particles, which promote its formation [608]. Interestingly, in contrast to FeCuClin cop, the
presence of Cu accelerated formation of the by-product during the reaction over FeCUMCM22 ads.
According to the studies of Pereda-Ayo et al. [589], the abundance of CuO clusters not only enhances
low-temperature activity of Cu-promoted zeolites, but also moves selectivity of the reaction not only
toward N2O, but also toward NO.. Therefore, the presence of strongly oxidizing NO,, desorbed from
both Fe and Cu active sites was expected to accelerate oxidation of ammonia to nitrous oxide [605].
What is more, lower concentration of nitrous oxide in the case of FeCeMCM22 ads could originate from
oxidation of NHs to NO, instead of N>O, which is evidenced by the decreased activity of the catalyst
within 350-450 °C. In addition, the production of nitrous oxide started to gradually drop in the high-
temperature region. The observed decrease could be correlated with the possible decomposition of N.O
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on the iron species of higher nuclearity [499]. Since it was evidenced that the presence of Ce promoted
clustering of the active phase, the amount of N.O emitted during the reaction was lower for

FeCeMCM22 ads comparing to FeCuMCM22 ads.
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Figure 96. N,O concentration in the flue gas during the catalytic reaction performed over MCM-22-supported

catalysts

2.3 Conclusions on the copper or cerium promotion

Taken together, the investigations described in this chapter aimed to evaluate catalytic behavior
of copper- or cerium-promoted FeClin cop and FeMCM22 ads and correlate it with their
physicochemical characterization. In general, it was observed that introduction of the promoters
influenced differently on the catalytic performance of clinoptilolite- and MCM-22-supported catalysts.
The presence of copper shifted the temperature window of FeCuClin cop to lower region, however
resulted in non-desired oxidation of NHs. In contrast, FeCeClin cop exhibited lower activity than FeClin
cop in the entire temperature range. In contrast, activity of the catalyst supported on MCM-22 remained
almost unchanged after introduction of Cu and the only evidence of the presence of copper was higher
concentration of N>O in the gas exiting the reactor, comparing to FeMCMZ22 ads. Furthermore,

FeCeMCM22 ads showed NO conversion identical to FeMCM22 ads up to 250 °C and above this value
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its activity noticeably decreased. Thereby, the reported results of physicochemical characterization and
catalytic performance indicated that:

1. The influence of copper on the catalytic behavior of the investigated Fe-zeolites was strongly
determined by the type of framework. In fact, introduction of Cu affected textural parameters of both
materials, however, its presence still promoted low-temperature activity of FeCuClin cop, which was
not observed for FeCuUMCM22 ads. Since both acidity and reducibility of Cu-promoted samples were
enhanced, it is expected that in contrast to FeCuClin cop, the crucial factor for satisfactory NO
conversion of MCM-22-supported catalyst was high value of specific surface area and well-developed
pore texture.

2. Higher activity of clinoptilolite-supported catalyst after introduction of copper resulted from the
introduction of new sites, which enhanced ammonia adsorption capacity and limited NH; inhibition
effect, characteristic for Fe-catalysts of NHs-SCR. In contrast, the unchanged NO conversion of MCM-
22-supported catalyst after promotion with Cu was mainly caused by the presence of aggregated copper
species, which not only blocked the pores of the zeolite, but also were more active in NH3 oxidation
than in NO reduction.

3. Introduction of cerium decreased catalytic activity of the catalysts, regardless the type of the support.
The inhibiting effect was mainly caused by aggregation of the active phase after deposition of Ce and
formation of Fe,O3 particles, which set diffusion limits and blocked acid sites of the materials required
to complete the catalytic cycle. What is more, oxygen vacancies present in CeO; increased adsorption
of O on the surface and consumption of the reducing agent for side reactions, such as oxidation to NO
or NO..

4. The opposite impact of the introduction of Cu on the emission of N>O during the catalytic reaction
over FeCuClin cop and FeCuMCM22 ads was caused by different behavior of copper species in
heulandite and MWW framework. Lower concentration of N,O for FeCuClin cop resulted from strong
affinity of Cu sites to NO., which limited oxidation of NH3 to N2O during the reaction. In contrast, Cu
clusters introduced into MWW framework showed higher activity toward oxidation of NH3 than toward

NO reduction. Since textural parameters of both samples were affected after introduction of Cu, it is
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expected that heulandite-type framework is less sensitive for deformations caused by the deposition of
metal oxide species, comparing to MWW-type framework.

5. Introduction of Ce intro the catalysts had very similar influence on the emission of N2O, regardless
the type of the zeolitic framework. Almost identical concentration of nitrous oxide for Ce-containing
and Ce-free catalysts below 250-300 °C suggested that the main source of N.O was thermal
decomposition of NHsNOs. Furthermore, the gradual decrease of N,O production, linear with the
increasing temperature, resulted from the production of oligonuclear iron species after introduction of

Ce and possible catalytic decomposition of nitrous oxide.
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3. Influence of sulfur dioxide on the catalytic performance

In the practical applications, the NH3-SCR catalyst is under the risk of being deactivated by
chemical compounds present in the exhaust gas. One of the most harmful are sulfur oxides (SOx), which
can interfere with the catalyst surface even at very low concentration. Considering the commercial
vanadium-based catalyst, the poisoning effect is the most dominant in low-temperature range and results
from the oxidation of SO, to SOs [129]. Interactions between SOz, ammonia, and water vapor yield
ammonium sulfates and bisulfates, which as sticky and corrosive species, cause pore clogging, block
active sites of the catalyst, and gradually decrease activity and selectivity [74]. The accumulation of
ammonium sulfates requires periodic regeneration of the catalytic system, however, the appropriate
regeneration conditions are often drastic for the active sites. As a consequence, the overall quality of the
catalyst is affected. Therefore, in order to avoid poisoning with SOy, it is important to design a catalyst
with the highest possible mechanical and chemical resistance.

Several studies have suggested modified zeolites as the materials exhibiting moderately good
activity, even in the presence of SOx [609,610]. For instance, Auvray and co-workers [609] investigated
catalytic behavior of Cu-BEA and Cu-SSZ-13 in NH3-SCR and found that the inhibiting impact of SO,
was strongly correlated with the pore size. The obtained results were in line with those obtained by
Hammershgi et al. [610], who proved that the zeolitic framework is the factor determining the SO>
resistance. Furthermore, according to Cheng et al. [467] Fe-zeolites show higher tolerance to SO;
comparing to Cu-zeolites, while Zhang et al. [611] and Xie et al. [612] observed that that promotion of
Cu-zeolite with iron decreases the amount of ammonium sulfates on the catalysts surface and protects
Cu species from the formation of metal sulfates and irreversible deactivation.

According to the above-mentioned, the great majority of the studies on SO-poisoning of zeolite-
supported SCR catalysts is related to Cu-zeolites, rather than Fe-zeolites. Additionally, the type of the
framework seems to be one of the crucial factors, which determines catalytic activity of SO.-poisoned
metal-zeolites in NHs;-SCR. Hence, this chapter will go on to investigate the behavior of the
representative samples of clinoptilolite- and MCM-22-supported catalysts after poisoning with SO,. The

samples subjected to the investigations were selected basing on their best catalytic performance in NHs-
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SCR conducted using model gas mixture. The conditions of poisoning and catalytic tests over the
poisoned samples are described in detail in subsection 4.2 of Chapter 111 of the thesis. Furthermore,
the materials were tested using gas mixture containing various concentration of SO,. The catalytic
studies were carried out at 350 °C, which was the temperature of the highest NO conversion obtained

for the analyzed samples.

3.1 Catalytic performance of the catalysts after poisoning with SO,

The comparison of the catalytic activity of fresh and SO-poisoned FeCuClin cop and
FeCuMCM22 ads are presented in Figure 97 and Figure 98, respectively. It can be observed that up to
300 °C, the difference between the catalytic activity of the fresh and poisoned sample is moderate for
both catalysts. NO conversion after poisoning with SO, was more affected in the case of FeCuUMCM22
ads and introduction of the sulfate species into the sample slightly increased activation energy to initiate
the catalytic process. The reduced activity of SO,-poisoned catalysts in the low-temperature range of
NH3-SCR is mainly ascribed to the competitive adsorption of SO, against NO and ammonia and
formation of pore- and active sites-blocking deposits of ammonium bisulfates [609]. Hence, the reaction
rate was limited as the consequence of lower specific surface area, pore volume, and pore size. Besides,
one should note that ammonium sulfates are thermally decomposed at around 280 °C, thus, theoretically,
their presence limited only low-temperature activity [613]. Basing on the physicochemical
characterization of FeCuClin cop and FeCuMCM22 ads, the catalysts were abundant in various types
of iron species, including oligonuclear sites and Fe,Os particles. According to Song and co-workers
[614], iron oxide is an advantageous catalysts for decomposition of ammonium bisulfates. The authors
provided a detailed analysis of the mechanism of the process, which takes place stepwise and follows

reactions (153)-(156):

6 (NH4):S04 + Fe;03 — 2 (NH,)sFe(SO4)s + 6 NH3 1 + 3 HoO 1 (153)

4 (NHa)3Fe(S04)s + Fe;03 — 6 NH4Fe(SO4), + 6 NHz + 3 H,0 1 (154)

6 NH4Fe(SO4); — 3 Fex(SO4)s + 6 NHs 1 + Nz 1 + 6 H,0 1 +3 SO, 1 (155)
2 Fex(S04)3 — 2 Fe;03 + 6 SO, 1 +3 0 1 (156)

Reactions (153) and (154) are initiated at around 250 and 285-340 °C, respectively and both of

them generate ammonia, water vapor, and (NH.)s;Fe(SO4)s or NH4Fe(SO4).. The oxidation-reduction
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reaction (155), which takes place within 355-440 °C forms NHs, N2, H-O and solid deposit of iron (111)
sulfate. Last, but not least, reaction (156) describes thermal decomposition of Fe(SO)s, proceeding
within 470-650 °C, thereby, outside the investigated temperature region of NH3-SCR. As a consequence,
it is expected that formation of iron (I11) sulfates could partially block the active sites of the catalysts
and inhibit the access of the reacting molecules to the pore openings. Therefore, on the one site, the
presence of Fe,Os in the catalysts could be beneficial for elimination of ammonium sulfates,
nevertheless, Fe»(S04); produced during decomposition of (NH.).SO, inhibited adsorption of NO and
cut off the Langmuir-Hinshelwood reaction pathway. Moreover, the additional portion of NH3 produced
via reactions (153)-(156) could be non-selectively oxidized to N-O under SCR conditions.

The second possible pathway of partial deactivation of the catalysts is related to the presence of
copper. Shen et al. [133] found that the amount of Cu participating in redox cycle of NH3-SCR is lower
for SO,-poisoned Cu-catalyst. Furthermore, Wijayanti et al. [615] observed that concentration of Cu?*
in Cu-zeolite significantly decreased after SO, exposure. Due to the fact that high-temperature activity
of the catalyst was partially promoted by the monomeric Cu?* sites, the decreased activity of FeCuClin
cop and FeCuMCMZ22 ads can be linked with the consumption of the active species through SO,
adsorption. Poisoning of the catalysts resulted most likely during the reaction of sulfur dioxide with
[Cu"(OH)]* species, which actively captured SO, to form Cu-HSOs; complexes. Subsequently, O
present in the gas mixture produced thermally stable copper sulfates (Cu-SQ4). As a consequence,
copper species active in the high-temperature region were blocked and the reoxidation half cycle (Cu*
— Cu?"), taking place during NH3s-SCR, was hindered, which severely lowered the reaction rate.
Additionally, Yang et al. [616] suggested that copper sulfate species are more stable in 8MR, which can
partially explain more pronounced deactivation of FeCuClin cop at 400 °C. Last, but not least, NO
conversion for both catalysts is maintained on similar and stable level within 400-450 °C. This effect
can correlated with the partial blockage of Fe- and Cu-sites which normally catalyze deep oxidation of
NHs to nitrogen oxide. Given these points, the influence of SO, poisoning on the catalytic activity of
the materials was independent on the type of zeolitic framework and resulted mainly from the
interactions of sulfur dioxide with the metallic active phase of the catalysts. More remarkable

deactivation of the catalysts in the high-temperature region is expected to result from the presence of
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thermally stable copper and iron (I11) sulfates, which blocked the porous texture and active centers of

the zeolites, hence, inhibited the proceeding of the catalytic process.
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Figure 97. NO conversion obtained for fresh- and SO,-poisoned FeCuClin cop
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Figure 98. NO conversion obtained for fresh- and SO,-poisoned FeCuMCM22 ads
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Concentration of N2O in the flue gas exiting the catalytic reactor is presented in Figure 99 and
Figure 100 for FeCuClin cop and FeCuMCM22 ads, respectively. In can be observed that the influence
of the exposition on SO on the emission of N.O was dependent on the type of the catalyst.

Basing on the data depicted in Figure 99, generation of nitrous oxide between 200 and 450 °C
was higher for SO,-poisined FeCuClin cop comparing to the fresh sample. Additionally, in contrast to
the non-poisoned material, concentration of N,O did not decrease with the increasing temperature. One
possible explanation of the excessive emission of nitrous oxide was simultaneous decomposition of the
reaction intermediates, NH4NO; combined with emission of ammonia through the reactions (153)-(156)
and its non-selective oxidation. Moreover, occupation of the active centers for NO reduction by metal
sulfates could promote side-reactions in the gas phase, including undesired production of nitrous oxide.

As depicted in Figure 100, in contrast to FeCuClin cop, SO- poisoning of FeCuMCM22 ads did
not accelerate formation of N.O, which was even lower comparing to the fresh catalyst. Correlating the
decreased emission of nitrous oxide at 350 °C with the remarkably lower activity of the material at this
temperature, most probably deposition of the metal sulfates inhibited not only desired, but also side
reactions of NH3;-SCR over FeCuUMCM22 ads. Besides, relatively constant concentration of N,O in the
flue gas suggests that polynuclear iron sites, possibly responsible for decomposition of nitrous oxide in

the high-temperature region, were occupied by metal sulfate deposits.
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Figure 99. N,O concentration in the flue gas during the catalytic reaction performed over fresh- and SO.-

poisoned FeCuClin cop

50 - [l FeCuMCM22
| B8 FecumcM22 (SO,)

N,O concentration (ppm)

150 200 250 300 350 400 450
Temperature (°C)

Figure 100. N2O concentration in the flue gas during the catalytic reaction performed over fresh- and SO--
poisoned FeCuUMCM22 ads
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3.2 Catalytic performance in the presence of SO, in the gas mixture

In order to investigate the influence of SO; in the gas mixture on the catalytic performance of the
most active catalysts, sulfur dioxide was introduced into the gas mixture and the reaction was carried
out at 350 °C. Figure 101 illustrates NO conversion obtained for FeCuClin cop and FeCuMCM22 ads,
while N2O concentration produced during the reaction is presented in Figure 102.

In general, it can be observed from Figure 101 that NO conversion for the samples drastically
decreased after introduction of SO, into the reacting gas mixture. This effect was related to the formation
of metal sulfates on the catalysts surface, thus coverage of the active species and hindered diffusion.
Interestingly, the increase of SO, concentration did not influence remarkably on NO conversion,
regardless the type of the sample. Moreover, one can notice that catalytic activity in the presence of
sulfur dioxide was slightly higher for FeCuMCM22 ads comparing to FeCuClin cop. One possible
explanation for this phenomenon is that clinoptilolite-supported catalyst was more abundant in iron
species (see ICP-OES results), which exhibited high affinity to the surface interaction with SO, which

resulted in more severe deactivation of the material.
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Figure 101. NO conversion obtained for FeCuClin cop and FeCuMCMZ22 ads in the presence of SOz in the gas

mixture
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As depicted in Figure 102, in contrast to NO conversion, there was a significant difference
between the concentration of N>O generated during the reaction over the materials. In the case of
FeCuClin cop, production of nitrous oxide before introduction and in the presence of 200 ppm of SO,
was very similar. However, while SO, concentration increased to 400-800 ppm, the emission of N.O
during the reaction noticeably decreased. The inhibiting effect of SO, on the production of nitrous oxide
was observed by Bai and co-workers [617] for the hollow Co3;0.@CoMn,0; catalyst. According to the
authors, the hindered production of N»O in the presence of SO, results from inhibited dehydrogenation
of NH; to NH during the catalytic reaction. On the contrary, the production of the by-product
significantly increased for FeCuMCM22 ads while the reaction was conducted in the presence of SO..
Furthermore, one can notice that N-O emission was almost doubled while SO, was introduced into the
gas mixture comparing to that observed for SO,-poisined FeCuMCM22 ads. Such result might be related
to the oxidation of NHs, unreacted during the catalytic test. Therefore, the promoting effect of sulfur
dioxide on the lower concentration of the produced N-O was strongly related to the type of the zeolitic

framework and active phase distribution.
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Figure 102. N»O concentration in the flue gas during the catalytic reaction over FeCuClin cop and

FeCuMCM22 ads in the presence of SO, in the gas mixture
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3.3 Conclusions on the influence of SO, on the catalytic performance

In order to investigate the impact of SO, on the catalytic performance, FeCuClin cop and
FeCuMCMZ22 ads, as two of the most active catalysts were selected to be poisoned with sulfur dioxide
and afterwards, subjected to the catalytic tests with model gas mixture. Alternatively, the fresh samples
were subjected to the catalytic tests at 350 °C using gas mixture containing various concentrations of
sulfur dioxide. Basing on the obtained results, the following conclusions were drawn:

1. Poisoning with SO, did not remarkedly affect low-temperature NO conversion, however, it strongly
influenced catalytic activity in the high-temperature region, while the effect was dependent on the type
of zeolitic support.

2. Clinoptilolite-supported catalyst was more resistant to the poisoning with SO, probably due to higher
acidity, which limited the adsorption of acidic sulfur dioxide.

3. It is expected that ammonium sulfate species, produced in the low-temperature region of NHs-SCR,
were catalytically decomposed over Fe;Os particles present in the catalysts. As a consequence, iron (1)
sulfates produced in the reaction partially blocked the pores of the zeolites, simultaneously hindering
the access of the reacting molecules to the active sites of the catalysts and limiting the reaction rate at
high temperature.

4. Interaction of SO, with Cu resulted in the consumption of monomeric copper species, thus, decreased
high-temperature NO reduction.

5. Poisoning with SO, did not influence significantly on N-O concentration in the flue gas during the
catalytic reaction, independently on the type of the zeolitic support. However, emission of nitrous oxide
within 300-400 °C could result not only from decomposition of NH4NOs, but also from the oxidation of
additional portion of NH3 emitted during catalytic decomposition of ammonium sulfates over Fe;0s.

6. The promoting effect of SO, on the generation of NO was more pronounced for FeCuClin cop
comparing to FeCuUMCM22 ads.

7. Elimination of nitrous oxide over polynuclear iron species and Fe,Os particles above 400 °C was
hindered due to the consumption of those sites on the formation of iron (111) sulfates and decomposition
of ammonium sulfates, respectively. As a consequence, concentration of N,O emitted in the high-

temperature range over the poisoned catalysts was maintained on similar level.
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8. The limiting influence of sulfur dioxide on NO conversion was more severe while SO, was present
in the reacting gas mixture than while the catalysts were poisoned before the catalytic reaction.
Additionally, increasing of SO concentration to 800 ppm did not affect remarkably the activity of the
catalysts at 350 °C.

9. The poisoning effect of SO, present in the gas mixture was slightly stronger in the case of FeCuClin
cop, most likely due to the higher concentration of iron species comparing to FeCuMCM22 ads.

10. The decreasing concentration of N>O with the increasing concentration of SO, observed for
FeCuClin cop was related to the deactivation of the active centers in which N.O formation takes place.
The opposite effect was observed for FeCuMCM22 ads, for which concentration of N.O noticeably

increased, probably as the result of the oxidation of NHs, unreacted during the catalytic reaction.
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Chapter V: General conclusions

The results reported in this PhD thesis evidenced that natural clinoptilolite and layered zeolite
belonging to MWW family, MCM-22, are advantageous supports of new catalysts for selective catalytic
reduction of nitrogen oxides with ammonia. The conducted studies aimed to achieve the following goals:
» evaluate which support (natural or synthetic) is more beneficial to obtain satisfactory NO conversion

and relatively low generation of N2O during the reaction,

» compare three methods of the introduction of iron as the active phase in reference to the
physicochemical and catalytic properties of the materials,

» investigate the influence of copper or cerium as promoters on the physicochemical and catalytic
features of Fe-zeolites, which exhibited the best catalytic performance in NH3-SCR,

» analyze NHs3-SCR catalytic performance of two most active representatives of clinoptilolite- and
MCM-22-supported catalysts after their exposition on sulfur dioxide,

» analyze NHs-SCR catalytic performance of two most active representatives of clinoptilolite- and
MCM-22-supported catalysts in the presence of various concentrations of sulfur dioxide in the
reacting gas mixture.

It was found that clinoptilolite-supported catalysts showed satisfactory high-temperature
performance in NHs-SCR, while MCM-22-supported samples were more active in low-temperature
region of the reaction. Additionally, selectivity of the materials to N2O was strongly correlated with the
zeolitic framework, since regardless the modification method, concentration of N»O in the post-reaction
gas mixture was remarkably lower in the case of MCM-22-supported catalysts. Such effect was related
to the speciation of iron species in the Fe-zeolites and possible decomposition of N,O in the high-
temperature range.

Furthermore, it was found that the procedure of modification with Fe had crucial impact on the
physicochemical and catalytic features of the zeolites. In the case of clinoptilolite, the most active
sample was that modified by co-precipitation, while the most beneficial method for MCM-22-supported
catalysts was adsorption from the solution. Therefore, it can be assumed that the efficiency of the

modification procedure was strongly related to the type of zeolitic framework. Additionally, in the case
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of both zeolites, impregnation method resulted in clustering of iron species and formation of Fe;Os
particles, which inhibited low-temperature activity of the catalysts.

In order to investigate the influence of copper or cerium as promoters on the catalytic features of
the analyzed materials, two most active representatives of clinoptilolite- and MCM-22-supported
catalysts were modified with Cu or Ce by impregnation method. It was found that introduction of copper
shifted temperature window to lower value only in the case of FeClin cop, while for FeMCM22 ads Cu
species promoted formation of N.O. The positive effect of Cu on the catalytic activity of FeClin cop
resulted from the introduction of new sites for adsorption of NH; and improved reducibility, while
excessive formation of nitrous oxide observed for FeCuMCM22 ads was a consequence of the formation
of CuO aggregates, which are active in NHz oxidation reaction. In contrast to Cu, introduction of cerium
hindered NO conversion in the case of both zeolites. The limiting influence was assigned to aggregation
of iron species caused by introduction of Ce and formation of catalytically inactive Fe,O3 particles.
Besides, oxygen vacancies in CeO, promoted adsorption of O, from the gas phase and consumption of
NHs for side-reactions of NHs-SCR.

FeCuClin cop and FeCuMCM22 ads were poisoned with SO, and subjected to catalytic tests.
Alternatively, the materials were tested in NH3;-SCR using gas mixture containing various
concentrations of sulfur dioxide. It was observed that poisoning with SO, had minor impact on low-
temperature activity, however, strongly affected high-temperature NO conversion. This effect was
explained by the possible formation of metal sulfates in the materials, pore blocking and occupation of
the active sites of the catalysts. Higher acidity of clinoptilolite was the reason of better resistance of
FeCuClin cop to the poisoning comparing to FeCuMCM22 ads. However, in the presence of SO, in the
gas mixture, clinoptilolite-supported catalyst was slightly less active.

Taken together, the reported findings indicated that utility of each zeolite in NH3-SCR is strongly
determined by the temperature region of the reaction. Additionally, modification procedure should be
adjusted with caution, taking into account specification of the zeolitic framework. It was also found that
the promoting effect of Cu was dependent on the type of zeolite, while cerium was not beneficial for the
catalytic performance of the investigated Fe-modified zeolites. Moreover, the obtained results indicated

that both FeCu-clinoptilolite and MCM-22 were not severely deactivated by sulfur dioxide.
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Nevertheless, still closer inspection is needed to improve SO- resistance of the materials. All in all, the
results of this study highlight that both natural clinoptilolite and hierarchical mesoporous layered MCM-

22 have a great potential to be the supports of new NH3-SCR catalysts.
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Wroctaw, 21.11.2018 — polish conference, ,,Modyfikowane materiaty warstwowe jako katalizatory

selektywnej redukcji katalitycznej tlenkow azotu”
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> Posters

1. 15" European Congress on Catalysis EUROPACAT2023, Prague, 27.08.-1.09.2023 — international
conference, ,,Natural and synthetic zeolites modified with Fe and Cu as the catalysts for selective

catalytic reduction of nitrogen oxides with ammonia”

2. 15" European Congress on Catalysis EUROPACAT2023, Prague, 27.08.-1.09.2023 — international
conference, ,,One-pot synthesized Fe-1TQ-2 as the catalyst for selective catalytic reduction of nitrogen

oxides with ammonia — the effect of iron loading”

3. 15" European Congress on Catalysis EUROPACAT2023, Prague, 27.08.-1.09.2023 — international
conference, ,,NH;-SCR catalytic performance of natural clinoptilolite modified with hydrotalcite-like

phase”

4. The 3 Advances in Green Chemistry Conference, Poznan, 26-30.09.2022 — international

conference, ,,Catalytic properties of one-pot synthesized layered zeolites”

5. 20" International Zeolite Conference, Walencja, 3-8.07.2022 — international conference,
,,Comparative study of the catalytic performance of natural and synthetic zeolites in selective catalytic

reduction of nitrogen oxides with ammonia”

6. XXIII Forum Zeolitowe, Niepotomice, 21-25.06.2022 — international conference, ,,Catalytic

performance of modified MCM-22 in selective catalytic reduction of nitrogen oxides with ammonia”

7. 63. Zjazd Naukowy Polskiego Towarzystwa Chemicznego, Polskie Towarzystwo Chemiczne,
L6dz, 13-17.09.2021 — polish conference, ,,Catalytic properties of natural and synthetic layered
aluminosilicates intercalated with metal oxide pillars in selective catalytic reduction of nitrogen

oxides with ammonia”

8. 3" European Mineralogical Conference EMC2020, Krakow, 29.08.-2.09.2021 — international
conference, ,,Catalytic potential of modified natural clays in selective catalytic reduction of nitrogen

oxides with ammonia”
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9. Fizykochemia granic faz — metody instrumentalne, Lublin, 22-26.08.2021 — polish conference,
,1TQ-2 modyfikowany metalami d-elektronowymi jako katalizator w reakcji selektywnej redukcji

katalitycznej tlenkdw azotu amoniakiem”

10. Balard Chemistry Conferences 2021, Montpellier, 15-18.06.2021 — international conference,
,»,Natural clinoptilolite modified with iron or/and copper as an effective catalyst of selective catalytic

reduction of nitrogen oxides with ammonia (NHs;-SCR)”

11. IV edycja migdzynarodowej konferencji ,,Jnnowacyjne pomysty mtodych naukowcéw: nauka —
startup — przemyst”, Krakow, 11-13.05.2020 — polish conference, ,,Katalizator komercyjny procesu

selektywnej redukcji katalitycznej — wspotczesne wyzwania i nowoczesne rozwigzania”

12. IV edycja miedzynarodowej konferencji ,,Innowacyjne pomysty mtodych naukowcéw: nauka —
startup — przemyst”, Krakéw, 11-13.05.2020 — polish conference, ,,Poréwnanie wiasciwosci
katalitycznych zeolitow naturalnych i syntetycznych w procesie selektywnej redukcji katalitycznej

tlenkéw azotu amoniakiem”

13. VII edycja konferencji naukowej KRK InnoTech Summit (KITS) 2019, Krakéw, 25.10.2019 —
polish conference, ,Zastosowanie glinokrzemianéw w redukcji tlenkow azotu ze zrodet

stacjonarnych”

14. Energetyka, Paliwa i Srodowisko 2019, Krakow, 18.10.2019 — polish conference, ,,Rola miedzi
w tlenkach pochodzenia hydrotalkitowego jako katalizatorébw w reakcji selektywnej redukcji

katalitycznej tlenkéw azotu amoniakiem (NHs-SCR)”

15. Sorbenty Mineralne Surowce, Energetyka, Ochrona $rodowiska, Nowoczesne technologie,
Jerzmanowice k. Krakowa, 16-17.09.2019 — polish conference, ,,The application of modified layered

double hydroxides in selective catalytic reduction of nitrogen oxides by ammonia (NH3-SCR)”

16. VSS Vienna Young Scientists Symposium, Wieden, 13-14.06.2019 — international conference,

»Selective catalytic reduction of NOx with ammonia over catalysts derived from fly ash”
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17. VSS Vienna Young Scientists Symposium, Wieden, 13-14.06.2019 — international conference,

,comparison of structure of hydrotalcite materials prepared by different synthesis methods”

18. Fizykochemia granic faz - metody instrumentalne, Lublin, 13-17.05.2019 — polish conference,
,Popioty lotne jako prekursory alternatywnych katalizatorow procesu selektywnej redukcji

katalitycznej tlenkéw azotu amoniakiem (NHs-SCR)”

19. V edycji konferencji Mtodych Naukowcow KRK InnoTech SUMMIT 2019, Krakéw, 5.03.2019
— polish conference, ,,Selective catalytic reduction of nitrogen oxides with ammonia (NHs-SCR) over

fly ash-derived catalysts”
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Patent application

Patent Application for an invention “Zeolitowy katalizator do selektywnej redukcji NOx amoniakiem

i sposdb jego wytwarzania”; Application no. P.441039 [WIPO ST 10/C PL441039]

Research projects

1. Principal Investigator of Preludium 19 financed by National Science Centre

(nr 2020/37/N/ST5/00186) (2021-2024).

2. PhD candidate carrying out the tasks of the project ,,System grantéw uczelnianych na prace
badawcze realizowane z udziatem doktorantéw” Excellence Initiative for AGH University of Science

and Technology.
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Internships and summer schools

1. Instituto de Tecnologia Quimica, Universitat Politécnica de Valéncia, Valencia, Spain — Erasmus+

traineeship/realization of the tasks of the research projects (2020-2023)

2. Paul Scherrer Institut (PSI), Villigen, Switzerland — training (2020)

3. Université de Lyon, Lyon, Francja — summer school ELITECAT2019 (2019)

4. Sorbonne Université, Paris, France — training (international exchange of PhD candidates financed

by PROM NAWA) (2019)

5. Centrum Badawczo-Rozwojowe Grupy Azoty, Tarnéw, Poland — internship (2019)
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Awards

1. Maspex Foundation Award for the best PhD candidates at AGH (2022)

2. Award for the best oral presentation at Fizykochemia granic faz — metody instrumentalne (2022)

3. Best Ambassador of Grupa Azoty S.A. (2019)

4. Award for the best poster at Fizykochemia granic faz — metody instrumentalne (2019)

5. Award for the best oral presentation at 6™ Environmental Protection and Energy Conference (2018)

6. AGH Rector Scholarship for the best PhD candidates (2020-2023)
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