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Abstract

Strict air pollution restrictions have increased the need for effective low-temperature selective
catalytic reduction (LT-SCR) of NO, with hydrocarbons (HC), and as such, mixed metal oxides
and clay minerals supported catalysts have received significant attention. Pillared interlayered
clay (PILC) materials use clay mineral as a raw material for catalyst support coupled with metal
oxide particles to provide a porous structure between clay mineral layers through ion exchange.
PILC has been widely used in catalysis and adsorption applications, due to its meso-microporous
structure, good surface acidity, large specific surface area, adjustable pore size, interlayer ion-
exchange nature, and good thermal stability. It is a widely used catalyst carrier material with
excellent performance for LT-SCR of NO, with HC. Notably, the montmorillonite (Mt) based
Cu- and Fe-PILC catalysts exhibited a high LT-SCR activity, which can be assigned to the
excellent redox capability of the co-existing Fel'YFe!' and Cu!/Cu!. In addition, the presence of
Cu'l isolated species, as well as the strong interaction between Fe, Cu, and PILC support is
believed to increase the SCR activity. This review study is primarily focused on the clay mineral
importance and Mt-based PILC-supported catalysts for LT-SCR of NO, with HC. In addition, the
SCR performances of various metals-supported PILC-based catalysts were compiled, in order to
study their proposed reaction mechanisms, the influence of metal loading, effects of Oz, H>O,
and SO» poisoning for HC-SCR of NO, conversion. This study provides a detailed review of Mt-
based PILC catalysts for LT-SCR technology, including recent challenges and future prospects.
Keywords: Montmorillonite; Pillared interlayered clay; Low-temperature selective catalytic

reduction; NO,; Hydrocarbons
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1. Introduction

Air pollution has become a serious environmental issue in recent years and is continuously
affecting the natural characteristics of the atmosphere such as environment temperature, gaseous
contents, humidity level, and the ozone layer, etc. Motor vehicles and coal-fired power plants are
the two main sources to emit pollutants (e.g., NO,, SOy, and CO») into the atmosphere. Nitrogen
oxides (NO,) are one of the major atmospheric pollutants, mainly composed of NO (>90%),
NO2, NO3, N2>O, and N>Os, which cause detrimental impacts on the environment and human
health. NOy is not only the reason for nitric acid rain but also the formation of ground ozone ad
photochemical smog via reacting with volatile organic compounds (VOC) through a series of
reactions (Peng et al., 2014; Liu et al., 2017; Xu et al., 2017; Alzaky et al., 2021). Further, NOx
could also react with ozone in the stratosphere, leading to the destruction of the ozone layer
(Wang et al., 2021; Zhang et al., 2021). Medical studies have proved that NO, can easily combine
with the hemoglobin in the human blood to cause methemoglobinemia, which can lead to the
symptoms, such as shock and respiratory failure, while NO> can stimulate the lungs and cause
respiratory diseases such as asthma (Li et al., 2021; Zhang et al., 2021). NO, sources, chemical
transformations, and their effects on the environment and the human body are presented in Fig.

Error! Not a valid bookmark self-reference.t.

Very recently, the selective catalytic reduction with hydrocarbons (HC-SCR) over clay mineral
catalysts has become a new research focus (Dong et al., 2018; Yuan et al., 2019; Kashifet al.,

2020, 2022). The sources of hydrocarbon compounds are very abundant and cost-efficient. For
instance, methane, and ethane are the main components of natural gas, and their corresponding
application cost is very low (Pels and Verhaak, 2000; Zhao et al., 2020; Yedala and Aghalayam,

2022). Generally, flue gases from stationary gas-fired boilers and exhaust gas from vehicles
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contain a small amount of incompletely combusted hydrocarbon compounds, which can react
with NOy to form O3 and cause secondary pollution. Therefore, HC-SCR technology can
simultaneously eliminate both the NO, and the unburned HC. The critical point in this
technology focuses on the design and synthesis of effective catalysts for HC-SCR. In the past
years, many studies have reported on the synthesis methods of different catalysts, types of
carriers, catalyst stability, and NO, conversion rate under different reaction conditions (Mrad et
al., 2015; Yuan et al., 2018, 2019; Halepoto et al., 2020; Kashif et al., 2020, 2022; Khan et al.,
2020; Wen et al., 2020; Tang et al., 2022; Vignesh and Ashok, 2022; Xu et al., 2022; Yedala and
Aghalayam, 2022). Metal oxide-supported catalysts have been found to be easy to prepare and
have good hydrothermal stability at high temperatures (above 400 °C) under high space velocity
conditions (Miyahara et al., 2008; Mrad et al., 2015; More, 2017). Precious metal catalysts such
as platinum, silver, rhodium, gold, and palladium supported on Al,O3, SiO2, TiO2, and ZrO»,
showed good NO, reduction and better resistance to SO, and water vapor above 400 °C (Zhou et
al., 2018; Jia et al., 2021; Yedala and Aghalayam, 2022) but they usually have a relatively low N»
selectivity and they may produce N>O as an undesired by-product. In this respect, three-way
catalysts (TWC) were prepared to carry out multiple oxidation reactions and reduction reactions
simultaneously to convert air pollutants (NO,, CO, and unburned HC) in the exhaust into
harmless gases such as N2 and H>O (Obuchi et al., 1993; Kobayashi et al., 2001). However,
under the condition of excessive oxygen, the TWC cannot effectively reduce NO, into N> and it
is difficult to meet the exhaust emission requirements. The main disadvantages of precious metal
catalysts lie in the facts, e.g., high cost, limited reserves, and a narrow temperature activity
window (Mrad et al., 2015). Therefore, they are not suitable for the treatment of large-scale

stationary sources of NOx.
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Clay and clay mineral-based materials play a significant role in the everyday life and industrial
activities of modern society. The development and utilization of raw clays and clay minerals can
be traced back to the distant Neolithic age (Zhou and Keeling, 2013; Singh, 2022). Nowadays,
these clay and clay minerals play an important role in absorption (e.g., methylene blue),
adsorption (e.g., heavy metals removal and organic contamination), sorption (e.g., water and oil),
and catalysis (e.g., CO> capture, NO, reduction, and organic reactions). Clay mineral-based
catalysts have generated interest in the pharmaceutical, chemical industries, and petroleum
refineries (Bergaya et al., 2006; Zhou and Keeling, 2013; Kumar Dutta et al., 2015; Kurian and
Kavitha, 2016).

The long history of pillared interlayered clay (PILC) started in the 1950s, but the first extensive
studies appeared from the 1970s (Barrer and MaclLeod, 1954; Brindley and Sempels, 1977;
Yamanaka and Brindley, 1979; Vaughan, 1988; Maes et al., 1997; Cool and Vansant, 1998).
Porous clay mineral modified by polyoxocations was successfully prepared for the first time,
which uses clay minerals, e.g., montmorillonite (Mt), saponite (Sep), hectorite (Ht), and
beidellite (Bd) as raw material and metal oxide as pillars to build a porous structure between the
clay mineral layers through cation exchange after calcination. PILC has micro-mesoporous
formation, large specific surface area, strong surface acidity, and thermal stability (Su et al.,
2020; Wen et al., 2020; Macias-Quiroga et al., 2022). Clay mineral-based catalysts also naturally
function as Brensted and Lewis acids or both (Kashif et al., 2019, 2020, 2022; Su et al., 2020,
Wen et al., 2020). PILC catalysts have been used as a green environmental catalytic material
(Kumar et al., 2014) and have been studied for biosensor development (An et al., 2015),
pollution remediation (Pandey and Saini, 2018), enzyme immobilization (Cheng et al., 2006),

wastewater treatment (Najafi et al., 2021), and NO oxidation and reduction reactions (Fernandes
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et al., 2013). In addition, PILC catalysts have been applied as active solid materials in
photocatalysis, catalytic wet air oxidation (CWAQ) (Zhou et al., 2014), catalytic wet peroxide
oxidation (CWPO), fenton processes for toxic organic pollutants in waste water (Baloyi et al.,
2018) and the combustion of toluene (Torres et al., 2021). Therefore, PILC has a broad variety of
types and applications (Bergaya et al., 2006; Vicente et al., 2013; Kumar Dutta et al., 2015).
PILC catalysts modified with transition metals, precious metals, and rare earth metal ions can be
more effective for the NO, conversion with HC (Yang and Li, 1995; Belver et al., 2004a, b;
Sadykov et al., 2005; Lietal., 2011; Lu et al., 2011). The cations-exchange nature of clay
minerals and the interlayer oxide pillars support effectively improve the thermal stability of this
type of catalyst. Changing the metal species between the interlayered clay minerals via cation
exchange can improve the NO, conversion at low temperatures and a series of experimental
studies broadly investigated the reactivity of PILC-based catalysts for the HC-SCR of NOy and
the SCR reaction mechanism by in-situ diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopic study (Qian et al., 2017; Dong et al., 2018; Su et al., 2020; Wen et al., 2020). All
the results demonstrated that the PILC-based catalysts were active for HC-SCR and it was
possible to lower the reaction temperature by introducing a second metal to modify the catalysts
(Qian et al., 2017; Dong et al., 2018; Su et al., 2020). Therefore, the design and preparation of
innovative and suitable catalysts based on clay minerals for NO, conversion with HC have
become a key concern.

The current study represents a review of PILC materials, with a special focus on the LT-SCR of
NO; with HC as reductants. Herein, the emphasis is placed on SCR performance, possible
reaction mechanisms, types of active sites, the effect of metal loading, the influence of the

carrier, the effect of reaction conditions, and the influence of Oz, SO, and H,O over metal-
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supported Mt-based PILC catalysts.

2. Pillared interlayered clay (PILC)

PILC is a porous material with great research interest and application prospects in different
environmental and chemical processes (Macias-Quiroga et al., 2022). This type of clay is
typically prepared by introducing different multivalent cations, such as Fe'', AI"!, Ti'V, Zr!V,
Ga'", and many others, which can form polycations and later on, the oxide pillars formed inside
the interlayer space after calcination. The typical method for the preparation of PILC involves (1)
the preparation of a clay mineral suspension solution and a pillaring polyoxocations solution; (2)
the cation exchange between interlayer inorganic cations of the clay mineral and polyoxocations
(dilute solution of the single or mixed metal precursors) in the clay suspension solution; and (3)
the treated clay is calcined to anchor the pillars and to covert the polyoxycations to its oxide
form at the same time, typically with calcination temperatures ranging from 350 to 600 °C (Gil et
al., 2008, 2011; Su et al., 2020; Wen et al., 2020), leading to stable materials with a higher basal
spacing, compared to the host clay mineral.

Natural interlayered clay materials have a wide range of sources and abundant reserves in a
broad variety of types, including the most common Mt for LT-SCR of NO, with HC. These clays
have stable pillars by metal oxide in the interlayer of clay structure to improve stability and their
unique interlayer cation exchange characteristics can be used in the synthesis and modification of
different materials (Kloprogge, 1998). They have excellent chemical and physical properties,
e.g., large specific surface area, porosity, and acidity that make them attractive for use in solid
material, chemical, and electrochemical industries (Gil et al., 2008; Stagnaro et al., 2012;
Macias-Quiroga et al., 2022).

Specifically, PILC prepared using Mt as a raw material has good hydrothermal stability, strong
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surface acidity, a large specific surface area, and adjustable pore size (Su et al., 2020; Wen et al.,
2020). Na*, Ca?*, and Mg?" are typically present in the interlayer space between the layers of Mt
as compensatory cations for the charge imbalance. The cations are only partially located in the
hexagonal cavity in the case of complete dehydration. Normally though the hydrated interlayer
cations are located near the negative charge locations on the siloxane surfaces. After being
treated with water, these cations move to the interlayer space where they can be exchanged with
a variety of organic/inorganic cations, such as AI**, Fe**, H3;O", alkylammonium (R4N"),
phosphonium (R4P*), ammonium (NH4") and tetramethylammonium (TMA). This is one of the
most useful properties of the Mt. Mt-based catalysts also function as Lewis acid sites, Bronsted
acid sites, or both. A" and Fe'"! at the crystal edges are sources of the Lewis acidity in the Mt
and it can be enhanced by exchanging the interlayer space cations Na* and Ca?" by treating the
clay minerals with AI** in dilute pillaring solutions (e.g., AICI3 or AI(NO3)3). The primary source
of the Bronsted acidity of clay minerals is intercalated water molecules which are coordinated to
interlayer cations between the clay mineral layers (Yotsuji et al., 2021).

In the very early research stage, Barrer and McLeod prepared PILC materials with Mt for the
sorption of polar and non-polar gases. Since then, over the last five decades, extensive and
intensive research has been conducted on this material including synthesis methods,
physicochemical properties by different characterization methods, and application in catalytic
reactions and removal of various pollutants (Chae et al., 2001; Ding et al., 2001; Hart and
Brown, 2004; Reddy et al., 2007; Gil et al., 2008; Vicente et al., 2013). In general, the synthesis
of this type of material is to introduce a target cation into the interlayer space of clay minerals
through cation exchange. After calcination (350 to 600 °C), these groups undergo

dehydroxylation to form stable oxide “pillars”, which are anchored on the clay mineral layers
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surfaces inside interlayer spaces, keeping them separated.

In more detail, the synthesis steps for PILC generally include (1) pretreatment of Mt with NaCl
and the exchange of Na* ions with a large hydration radius into the clay mineral layers, which
supports the full exchange of cations between the clay mineral layers; (2) making an appropriate
dilute pillaring polyoxocations solution for the full exchange process by adjusting the precursor
concentration, and pH value and (3) drying and producing the final PILC material after
calcination (350 to 600 °C). At certain conditions (e.g., temperature, time, pH, and addition of
the polyoxocations pillaring solution to the clay suspension), interlayer cations of sodium Mt and
pillaring cations are exchanged between the interlayer space of the clay mineral layers. The
target cations are exchanged into the interlayer space between the clay mineral layers at specific
conditions and finally, the treated clay mineral is calcined at the exact temperature (350 to

600 °C) as shown in Fig. 2a. In other words, cationic clay interacts with an inorganic pillaring
solution in the cation exchange process, and after the maximum level of cation exchange
reaction, it compensates the clay mineral layers by the negative charge. Finally, a calcination
process (350 to 600 °C) converts the metal cations into stable oxide pillars. These specific
conditions (e.g., temperature, time, pH, and addition of the polyoxocations pillaring solution to
the clay suspension) play a significant role in the formation of PILC and rigid oxide pillars.
Different types of PILC materials, such as titanium dioxide (TiO;), aluminum oxide (Al>O3), and
iron oxide (Fe>O3) can be prepared by changing the types of interlayer exchange ion groups
(Yang and Li, 1995; Ding et al., 2001; Yang and Cheng, 2002; Bergaya et al., 2006; Manohar et
al., 2006; Vicente et al., 2013; Bahranowski et al., 2015; Torres et al., 2021). The PILC material
is a group of micro-mesoporous solid formations with a good porosity and a high specific surface

area. Mt-based-PILC catalysts reveal disordered flaky external surfaces and a layered structure,
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to form a chaotic porous structure by adhering together with different angles as observed in Fig.
2b. In general, the surface morphology of all PILC depends on the drying conditions (e.g.,
temperature, surrounding environment). A slow-drying condition (air drying) generates a more
ordered arrangement of the crystalline phases, while a fast-drying method (frozen drying) fixes
the crystalline phases in random orientation in the slurry stage, which is known as a ‘house of
cards’ structure (Maes et al., 1996, 1997). Further, the surface morphology of PILC catalysts is
observed as irregular and distributed with different-sized particles, which could be a reason for
the different particle sizes of metal oxides (Fig. 2b). In addition, the PILC catalyst displays
mainly slit-like pore shapes with a layered structure. However, as also observed from TEM
images, there were no larger particles on the surface of the PILC catalyst (Su et al., 2020). It is
believed that oxides were intercalated into the interlayer of the clay mineral or supported (using
the impregnation method) on the surface in the form of nanoparticles. Furthermore, as can be
observed in Fig. 2b (E) the Pd-consisted particles were exhibited as dots and they can be
determined from the less dense support (Mt-based PILC) material. In other words, the images
show that impregnation results in the formation of nanoparticles, spread across the external
surface of the support. As observed in the HRTEM image of Mt-based Pd-Zr-PILC catalyst (Fig.
2b, F), according to analysis with the corresponding selected area electron diffraction (SAED)
patterns, Pd is existing in the catalysts in the form of PdO nanocrystals. In addition, the presence
of PdO nanoparticles suggests that a hydrolytic transformation of Pd" occurs upon impregnation,
and polymeric species rather than monomeric Pd species become anchored to the PILC support
(Michalik-Zym et al., 2015). On the other hand, mixed metal PILC-based catalysts exhibit high
acidity, tunable pore size, and the nature of bimodal pore size distribution with pore size larger

than zeolites-based catalysts. However, the pore distribution often shows two peaks due to a
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mixture of different species in the resulting mixed oxide pillars, which is referred to as the
bimodal distribution (Seefeld et al., 1995), which is more beneficial for the catalytic reaction
(Carriazo et al., 2008; Rejeb et al., 2016). Further details on the active sites and reaction
mechanism will be discussed in sections 3.1 and 3.6.

3. PILC-based catalysts

As green and eco-friendly catalytic materials, PILC-based catalysts have attracted much attention
with great potential in different applications. For example, the PILC structure and the properties
of the oxide pillars are adjustable and suitable for use as a carrier, so it can be used in several
fields such as the chemical industry and environmental pollutant removal (Gil and Vicente, 2020;
Chmielarz and Dziembaj, 2021; Nagendrappa and Chowreddy, 2021; Serwicka, 2021; Li et al.,
2022; Macias-Quiroga et al., 2022; Tesfay Reda et al., 2022). To date, Mt has been widely used
as a host material in the preparation of several types of PILC for NO; reduction with HC (Table
1). The PILC prepared with Mt have a large pore diameter (~8 to 12 nm), specific surface area
(~150 to 270 m?/g), and a regular pore structure, and it can simultaneously function as Brensted
acid and Lewis acid sites for catalytic reactions (Reddy et al., 2009; Su et al., 2020; Wen et al.,
2020). As reported in previous studies (Maes et al., 1997; Konin et al., 2001; Yang and Cheng,
2002; Carriazo et al., 2008; Kumar et al., 2014; Lu et al., 2015; Asgari et al., 2021; Yotsuji et al.,
2021), the pore size or interlayer free spacing of a PILC can be altered by changing the pillaring
species (Al, Zr, Fe, Ti). Considering the cation exchange capacity (CEC) of the Mt, the height
distance within the interlayer space can primarily be altered by changing the metal cations in the
pillar. However, the lateral distance between pillars can also be changed (smaller or larger) by
changing the pillaring agents. Not only the interlayer free spacing will be affected, but at the

same time, the number of oxide pillars and their homogeneity in size and distribution is also
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changed. Maes et al. (1997) prepared Mt-based PILC by using different pillaring species, among
different pillaring species (Al, Zr, Fe, Ti), due to higher crystallinity, a narrow pore size
distribution was reported for the Al-PILC as compared to Zr-PILC. The BET-specific surface
area was in order: AlI-PILC (341 m?/g) > Ti-PILC (282 m?/g) > Zr-PILC (271 m?/g) > Fe-PILC
(134 m?/g), the basal spacing was in order: Ti-PILC (23-27 A) > Zr-PILC (19.6 A) > Al-PILC
(18.6 A)> Fe-PILC (12.1 A) and the micropore volume was in order: Ti-PILC (0.1540 cm?®/g) >
Al-PILC (0.1320 cm?/g) > Zr-PILC (0.0935 cm?/g) > Fe-PILC (0.0366 cm?®/g). It was concluded
that small changes during synthesis will simultaneously affect BET-specific surface area, and the
basal spacing of the PILC layers. These changes in the properties stem from the distribution of
charge density and the pillaring nature of precursors. In addition, the characteristics of the PILC
do not only depend on the pillars, but also the stacking nature of the clay mineral layers into
aggregates was shown to have a big impact on the physical and chemical properties (Maes et al.,
1996; Gil et al., 2008; Gil and Vicente, 2020). However, the number of pillars, pore size
distribution, and their homogeneity in size and distribution are also crucial for the pore volume
and adsorption strength, which can also influence the interlayer free spacing. In conclusion, it
was demonstrated that the introduction of different pillars leads to PILC with specific properties
such as different interlayer free spacings, specific surface area, defined adsorption strength, and
corresponding changes in the SCR activity.

The acidity of PILC is a crucial characteristic of catalytic reactions. Lewis and Bronsted acidities
are primarily present in PILC, and their ratio varies depending on the clay mineral type and
pillaring agents. The primary source of the Bronsted acidity of PILC is the dissociation of the
intercalated water molecules coordinated to cations, while the oxide pillars are the main sources

of Lewis acidity. Higher levels of acidity could be achieved when highly polarizing ions (Cr*")
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have been exchanged with naturally occurring interlayer cations (e.g., Na®, Ca?") in the clay
mineral, and when H>O content is low (Long et al., 2001; Hart and Brown, 2004; Reddy et al.,
2007, 2009). Acidic concentration in the catalyst support plays an important role in the SCR of
NO conversion with HC and can prevent the deposition of coke on the catalyst surface,
stabilizing the active phases and thus leading to high N selectivity (Halepoto et al., 2020; Su et
al., 2020; Wen et al., 2020; Kashif et al., 2022). In addition, previous studies suggest that the
enhancement of SCR activity is attributed to the increase of acidity due to the existence of sulfate
species, which improves the activation of hydrocarbon for LT-SCR technology (Haneda et al.,
2001; Dong et al., 2018; Zhang et al., 2019; Su et al., 2020). The role of acidity in the LT-SCR of
NO: over PILC catalysts will be further discussed in Section 3.1 (active sites).

Recently many scholars have given much effort to producing clean, efficient, and low-cost
catalysts that can be applied to LT-SCR technology. The PILC materials have been observed to
be a good carrier for LT-SCR catalysts and have also displayed good resistance to H>O/SO> in
SCR catalytic activity with ammonia (NH3) and HC (Yang and Li, 1995; Boxiong et al., 2014;
Dong et al., 2018; Su et al., 2020; Wen et al., 2020; Zhu et al., 2022). Meanwhile, PILC alone as
a carrier displayed SCR activity (Anderson and Klinowski, 1990; Yang et al., 1992). Yang et al.
(1995) reported for the first time that the Cu?*/TiO-PILC can efficiently convert NO with C2Hs
under aerobic conditions. After adding Ce>03 (0.5 wt.%) to Cu?*/TiO2-PILC catalyst, the NO
conversion was further improved, and the maximum NO conversion rate reached 90% at 300 °C.
Compared with the Cu-ZSM-5 type catalyst previously reported by Traa et al. (1999), the Ce-
Cu/Ti-PILC not only had a wider reaction temperature window but also greatly improved the
SCR activity. It can also maintain high catalytic performance and can be used at the industrial

level. In addition, different reducing agents (e.g., CsHs, C2Ha) and metals have a distinct impact
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on catalyst conversion ability resulting in the divergent catalyst's performance order. In this
respect, Valverde et al. (2003b) also studied the effects of Ce' on the SCR of NO with C3Hs over
Cu-Ti-PILC catalyst and found that the highest catalytic efficiency of Ce/Cu-Ti-PILC belongs to
Cu-Ti-PILC. The small addition (1 wt.%) of Ce'! in the Cu-Ti-PILC catalyst slightly increased
the NO conversion (45 to 56%) at 235 °C. However, the further doping of Ce"' (2 wt.%) to the
Cu-Ti-PILC catalyst decreased the specific surface area (283 to 256 m?/g) and NO conversion by
45% at 235 °C. The Ce-Cu-Ti-PILC showed better catalyst stability than the Cu-Ti-PILC
catalyst, and it was proposed that the Ce species can prevent the agglomeration of Cu!' species
and stabilize the catalyst performance in presence of O, and H>O feed conditions. Lin et al.
(2007) prepared the Al-Ce-PILC with Mt as a host material, and the Cu and SO4** were
introduced with the impregnation method by using the solution of cupric nitrate (Cu(NO3)2) or
ammonium sulfate ((NH4)2SO4). The Cu/Al-Ce-PILC catalyst only showed 20% NO conversion
at 350 °C with CsHp. After modification of the Al-Ce-PILC catalyst with SO4%, the Bronsted
acidity and corresponding catalytic efficiency increased. They reported a maximum 58% NO
conversion at 350 °C with C3Hs under normal conditions. Based on characterizations (e.g., XPS
and H,-TPR) and SCR results, they suggested that Cu' and Cu'! species were present on the
external surface of the catalyst, and by increasing the Cu loading in the catalyst, other CuO
aggregates were observed which enhanced the combustion of CsHs. Further, Lu et al. (2011) used
the ion-exchange method to prepare the Cu-Ti-PILC catalyst to explore the effect of pH in
catalyst synthesis for the SCR activity and discovered that the catalyst prepared at pH 6 had the
maximum NO conversion (42%). Based on the XPS results and quantitative analysis of the H»-
TPR profile, these authors proposed that new Cu!' species were formed when the pH value of the

solution increased to 5, and with a further increase in pH value to 6, the isolated Cu", Cu', and
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CuO species were also increased. It was observed that Cu'' sites had a strong connection with the
conversion of NO at low temperatures. However, on further increase in pH value, the Cu'' species
rate decreased slightly. Only a 10% NO conversion at 240 °C was achieved with the catalyst
prepared at pH-9 and the specific surface area also decreased from 159.5 to 143.1 m?/g. It was
reported in previous studies (Kim et al., 2001; Li et al., 2011) that isolated Cu'! species can be
reduced to Cu’ with Hz in two steps: Cu'! to Cu!, Cu' to CuO; while CuO is reduced to Cu® in one
step, CuO to Cu’. This shows that the redox behavior of Cu species plays a direct role in the
reaction mechanism of NO reduction over copper catalyst and further details will be discussed in
Section 3.6 (reaction mechanism). In addition, SCR activity completely depends on the nature of
the species and the reducing environment for the catalytic reaction. It can be concluded that, by
considering the LT-SCR activity of PILC catalysts, the Cu-Ti/PILC catalyst showed the high
activity at below 300 °C, whereas the Cu-Al/PILC catalyst was active at a high temperature
above 300 °C (Table 1). Generally, an increase in the metal content in both catalysts enhances
the SCR activity up to its maximum value, thereafter further increasing the metal content leads to
a decrease in the SCR activity (section 3.2). As a result, metal species and pillars play a crucial
part in the PILC catalysts for the SCR process. Meanwhile, it is also important to note that the
catalytic activity increased with increasing temperature (kinetic regime, for example, 50 to

300 °C for Mt based PILC catalysts), leading to maximum NO conversion, and then decreases at
higher temperatures (equilibrium regime).

Broad studies have been conducted on the SCR of NO, with HC over Mt-based PILC catalysts.
Table 1 summarizes the results of catalytic activities in LT-SCR of NO, with HC for several
metal-modified Mt-based PILC catalysts. Overall, these PILC catalysts were reported to have

good catalytic activity at low temperatures (100 to 300 °C), but their denitration efficiency is
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generally low at high temperatures (300 to 600 °C).

3. 1. Active sites

In typical heterogeneous catalysis terms, the active site of catalytic reaction refers to the
structural region in which the reactants can be adsorbed on the catalyst surface and at this site,
the overall reaction activation energy can be reduced to make the reaction proceed faster. For
metal-modified PILC clay catalysts, the supported metal, the type of support, and the preparation
method can all affect the properties of the active sites on the surface. According to existing
literature reports (Dong et al., 2018; Su et al., 2020; Wen et al., 2020), the active sites of HC-
SCR on the surface of metal-modified PILC catalysts can be divided into metal ion active sites
and acid sites according to the catalytic mechanism.

The active sites of metal ions on the surface of the metal-modified PILC catalyst are mainly
produced by the active components of supported metals. It is generally believed that metal active
components mainly exist in the form of isolated metal or metal oxide (MxO,) clusters onto the
external/edge surfaces of PILC. The interlayer inorganic cations in the clay mineral exchange
with the polyoxocations in the pillaring solution by intercalation while catalyst nanoparticles
could agglomerate at high metal loading or high reaction temperatures (Fatimah et al., 2022).
Meanwhile, some protons remain present in the interlayer space of the PILC and they are still
available for further ion exchange. It has been reported that the interlayer composition of PILC
could be preserved upon calcination, resulting in distinct bonding between Si-O-M or Al-O-M.
This has been inferred based on results from methods such as IR and solid-state nuclear magnetic
resonance (NMR) spectroscopy. Notably, the clay mineral layers do not tend to react, and
pillaring is most likely the result of van der Waals interactions or stems from the formation of

dative bonding among the oxygen in the layer and the coordinatively unsaturated sites on the
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oxides pillars (Pinnavaia et al., 1985). Li et al. (1997) prepared the Cu?*-PILC catalyst to
compare the SCR activity with Cu?*-ZSM-5 catalyst. The Cu®>*-PILC catalyst was highly active
than Cu?"-ZSM-5 for SCR of NO, with C2Has. The high activity of Cu?*-PILC catalyst was due to
a combination of the redox behavior of the Cu''-sites and the strong acidity of the PILC support.
Based on their results and the proposed mechanism, the Cu'! anchored on the Al pillar, resulting
in Cu-O-Al bonding and a corresponding increased acidity in the catalyst. The C2H4 chemisorbs
on the Lewis acid sites on the Cu?*-PILC, which is then activated and produces the oxygenated
species in the presence of O; and further details will be discussed in Section 3.6 (reaction
mechanism). The Cu'! sites in this structure is the active site of the CoHs-SCR reaction. Alkenes
are known to interact with alumina through Al-O ionic pairs in the presence of oxygen, this has
been concluded based on results from IR spectroscopy (Raval, 1991). Kim et al. (2001) studied
the performance of Cu/Ti-PILC catalyzing the reduction of NO by propene and found that
isolated Cu'' sites had higher catalytic performance, and the agglomerated CuO species reduced
C3He-SCR reaction activity. They reported that the state of copper species on the surface of Ti-
PILC depended on the mass ratio of Cu, TiO2, and PILC dehydration temperature and confirmed
this by hydrogen-temperature programmed reduction (H2-TPR) and X-ray photoelectron
spectroscopy (XPS) characterization analysis. Kundakovic et al. (1998) reported a similar study
on the redox characteristic of copper species with the function of copper content. Mendioroz et
al. (20006) coincidently found that the metal ion M"" is the main active site for NO oxidation and
activation, and the metal oxide cluster MO, could increase the combustion reaction between
hydrocarbon compounds and oxygen, resulting in a decrease in the NO conversion rate.
However, Dorado et al. (2006) believed that both isolated Cu"! and CuO clusters can adsorb

CsHs, and CuO clusters could be the main active sites for C3Hg adsorption and activation. They
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suggested from temperature programmed desorption (TPD) and Fourier transform infrared
spectroscopy (FTIR) analysis that the amount of desorbed O; is directly related to the amount of
CuO, thus CsHs and O; are adsorbed via CuO species. They further proposed that C3Hs is
oxidized by CuO species, and as a result, CyH,O; intermediates are now readily available to
move on Cu', where NO is anchored, to form additional reaction intermediates (organic nitrite
and organic nitro compounds), which in turn lead to N> and CO> as the primary final products of
LT-SCR of NOy. Therefore, the isolated Cu'' species and CuO clusters on the surface of the
Cu/Fe-PILC catalyst are both effective for the LT-SCR of NO conversion by C3He. In this
respect, Lu et al. (2011) prepared the Cu-Ti-PILCs catalyst by the ion exchange method at
different pH values (4, 5, 6, 7, 8, and 9). They proposed that the isolated Cu?* ions on the surface
of the Cu/Ti-PILC catalyst are beneficial to improving the SCR activity at low-temperature
stages, and the Cu™ ions active site has high catalytic performance at high temperatures. They
identified the Cu species on the catalyst by XPS and quantitative analysis of H>-TPR profiles,
three different Cu species of Cu!, Cu'!, and CuO were observed on the Cu (5) sample, and Cu"
and CuO were produced over Cu (6, 7 and 9) samples. On the other hand, it was reported that a
higher pH value of the pillaring solution favors the hydrolysis reaction, which might increase the
degree of polymerization. For other types of metal active sites, Sadykov et al. (2005) found that
Pt ions can promote the formation of nitrite and nitrate species. Based on this study, Pt atoms
strongly interact with Zr nanopillars, compared to bulk zirconia support, which is reflected in
stronger bonding and reduced oxygen reactivity when bound to those active components, leading
to a high SCR of NOx reduction with HC. Further, Valverde et al. (2002) prepared the Fe, Ni, and
Cu metal-loaded Ti/PILC-based catalysts via the ion exchange method and investigated the effect

of metal content (wt%), catalyst acidity (mmol NH3/g), surface area (m?/g), micropore area
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(m?/g) and pore volume (cm?/g) on the SCR activity. They suggested that metal loading
influences the position of the metal onto the pillars or external surface of the clay and observed
an increase in LT-SCR activity (up to 20%) and an increase in acidity with higher metal content
(5.8 to 8 wt% Fe, 1.6 to 3.6 wt% Ni and 4.6 to 9.0 wt% Cu) in the catalyst. They believed that
Ni'l sites on the surface of Ni/Ti-PILC catalyst surface are the main active sites for the NO
conversion into N», and the SCR activity on the Fe/Ti-PILC surface is mainly affected by the
acid sites, but it has little connection to the Fe*" ion contents. Compared to other metals, the Cu-
Ti/PILC catalyst showed better SCR results with up to 50% NO conversion and high acidity at
7.4 mass ratio of Cu, which is probably due to the intrinsic acidity of the Cu" sites and redox
characteristics of the Cu species. In order to investigate the effect of the pillars on the properties,
Guimaraes et al. (2010) prepared the PILC by using different pillaring agents (Al, Ti and Zr) to
compare the specific surface area, pore size distribution and basal spacing. Their results showed
that the order of the surface area (m?/g) was Al-PILC (281.7) > Zr-PILC (217.9) > Ti-PILC
(207.2), and the order of the basal spacing (A) was: Ti-PILC (30.59) > AI-PILC (18.31) > Zr-
PILC (17.37). It was observed that the Zr-PILC catalyst has more mesopores (65%) formation,
whereas the Ti-PILC sample was more mesoporous (85%) and the AI-PILC catalyst displayed
60% microporous formation. It is suggested that the particle size of the AI-PILC catalyst was
smaller than the Ti- and Zr-PILC samples due to the more pronounced delamination formation.
Regarding the second type of active sites, the acid sites on the surface of metal-modified PILC
catalysts can be divided into Lewis acid sites and Brensted acid sites, as shown in Fig. 3a.
Among them, the Lewis acid sites are electron-pair acceptors, which are mainly located on the
metal oxide pillars between the clay mineral layers, formed by the PILC or supported metal ion

M"*" and could be used to accept lone pairs of electrons or multiple indefinite regions. There are
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currently two types of opinions on the formation mechanism of Brensted acid sites on the PILC
surface. Some scholars (Kloprogge and Frost, 1999; Wen et al., 2019) have observed the
formation of Si-OH- linkage of the Ali3-PILC Bd. It is suggested that these protons may interact
with Si-O-Al upon calcination and that they can form a new Si-OH-Al linkage. These protons
could expose silicon-oxygen-aluminum bridges near aluminum sites of the tetrahedral sheet and
subsequently, the reaction of these acidic OH with pillar peripheral OH, bonded to Al, would
anchor the pillars to the layer. On the other hand, in the protonated Si-OH-Al structure, bridges
and pillars react with one another to produce either Si-O-Al or Al-O-Al linkages. However, the
catalyst acidity is related to Si-OH groups that are produced by the proton attack of Si-O-Al
bonding of the tetrahedral sheet. In addition, during the calcination step, the metal ion groups are
thermally decomposed to subsequently produce metal oxides, and at the same time, protons H*
are generated and they migrate to the catalyst surface to form Brensted acid sites (Long and
Yang, 1999a, b). Meanwhile, it is believed that the Lewis acid and Brensted acid sites on the
surface of metal-modified PILC catalysts are effective active sites for NO conversion with HC.

Their catalytic mechanism for the reaction on the surface of the catalyst is an acidic catalytic

reaction without involving any redox process (Chen et al., 2004). In this respect, Li et al. (1997)

suggested that Lewis acidity plays a dominant role in the activation process of HC. In addition,
Mendioroz et al. (2006) agreed and proposed that methane adsorption at Lewis acid sites is
activated to form oxygenated species. This process is affected by the number and strength of acid
sites, according to a similar phenomenon reported by Wen et al. (2020). Both studies observed
that Lewis concentration was the dominant factor for NO conversion with C3Hs at low

temperatures over PILC-based catalysts as shown in Fig. 3b. However, Yang and Li (1995)
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believed that Breonsted acid sites promote the oxidation and activation of HC for the SCR of NO..
It is generally suggested that Bronsted acidity facilitates the catalytic reaction, and it is required
in order to bind and disperse the metal ions; however, its direct function is not well defined. In
addition, higher acidity may significantly enhance SCR activity by increasing HC concentrations
near active sites. Lin et al. (2007) pretreated Cu/Al-Ce-PILC catalyst by using SO4* to prove
that Brensted acid sites could promote the adsorption and activation process of propylene on the
catalyst surface. The acidity of the catalyst was determined by FT-IR spectra of chemisorbed
pyridine (Py-IR) to investigate the effect of SO4? , while the insight into the sulfation effect on
the SCR reaction mechanism was not revealed, it was shown that the sulfation effects of the Ce-
PILC catalyst on NO reduction are different at different reaction temperatures. Specific
identification of active sites for a catalytic mechanism is complex because the SCR is
simultaneously taking place with the oxidation of the reductant gas by the large concentration of
oxygen in the flow stream and it is not instantly apparent whether the oxidation of the
hydrocarbon by dioxygen takes place on identical sites. On the other hand, contrary to SCR,
transition metal ions are required for the activation and oxidation of HC, and one may assume
that it should occur on any metal active sites which proceed by a surface redox mechanism. On
acidic surfaces, it can proceed by the oxidation of the carbonaceous residue formed within the
cracking of the reductant gas on the acid sites.

3. 2. Effect of metals and their loading

For the overall understanding of the SCR process, it is very important to examine the influence
of active metals on the SCR of NO, with HC over PILC catalysts. Yang et al. (1998) examined
the C2H4-SCR of NO conversion performances by using different metals (Fe, Cu, Co, Ce, Ag,

and Ga) with Ti-PILC clay catalysts. Their results showed that the order of the maximum NOx
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conversion rate on the surface of these catalysts was: Cu/Ti-PILC > Ga/Ti-PILC > Ce/Ti-PILC >
Fe/Ti-PILC > Co/Ti-PILC > Ag/Ti-PILC. Among them, Cu/Ti-PILC has the best catalytic
activity at low temperatures, and the NO removal rate was close to 60% at 300 °C and Ag
catalyst was least active for SCR activity up to 15% NO conversion at 300 °C. It was reported
that the loading of Cu when it reached 245% ion-exchanged caused an improvement in the SCR
activity. However, a further increase in copper loading beyond 245% caused a decline in NO
conversion at 300 °C due to the low specific surface area and pore volume of the catalyst. The
Ga/Ti-PILC catalyst showed a good NO removal rate at middle and high temperatures. After
comparing the SCR results of metal-loaded Ti-PILC-based catalysts with the reductant gas
conversion, it is observed that reductant ethylene gas oxidation was a catalyzed reaction and it
was not a homogeneous reaction as earlier suggested by Yang et al. (1998). Further, the redox
nature of Cu is effective to execute the catalytic reaction for NO, conversion with C3He, and the
redox properties of copper species can be directly related to the LT-SCR reaction. In this respect,
the Cu-PILC catalyst appears to be the most active catalyst for HC oxidation and LT-SCR
technology. On the other hand, it is generally believed that NOy is reduced by reacting with
intermediates generated from partial oxidation of HC used as reductants and that increased
availability of these species either by more C atoms in the reductant, or their easier formation
from less saturated HC describes the enhancement of NO, reduction (Marquez-Alvarez et al.,
1997; Valverde et al., 2003a, b; Dorado et al., 2010; Yuan et al., 2019; Su et al., 2020; Zhao et al.,
2020; Goncalves et al., 2021). The C3Hg-SCR performance of Cu, Fe, and Ni-modified Ti-PILC
catalysts was explored by Valverde et al. (2003a). The maximum NO, conversion using the
Cu/Ti-PILC catalyst was 55% at 240 °C, 35% at 425 °C of the Ni/Ti-PILC, and 32% NO

conversion at 225 °C of the Fe/Ti-PILC catalyst. Belver et al. (2008) prepared the Ni-modified
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AI-PILC catalyst, and the C3Hs-SCR of NO, conversion rate was only 20% at 450 °C. As
observed in previous studies (Belver, 2010; Asgari et al., 2021), not all metals can be
incorporated with co-pillaring procedures due to their acid-base characteristics. This occurs
frequently with Ni-based catalysts. A major reason is that Ni is not active to form the optimal
polycations for intercalation between clay mineral layers and it was also reported to have a low
redox characteristic in the SCR reaction (Valverde et al., 2003). Bahamonde et al. (2001)
compared the CH4-SCR activity of Rh, Pt, and Pd-modified AI-PILC catalysts and found that the
Rh catalyst showed the best catalytic performance for NO, conversion (60%) at 400 °C, mainly
due to their high surface acidity and porous structure. However, this again appears to suggest that
surface acidity can play a significant role in LT-SCR of NO. conversion, although factors such as
pore volume, specific surface area or even metal dispersion could also be determinants of the
overall activity of AI-PILC catalysts. On the other hand, it is observed that the SCR activity of
those catalysts is controlled by the loading of metal, synthesis method, textural characteristics,
and feed conditions. The promoter of the pillaring solution can change the formation of pores
within the clay mineral and the distribution of pore sizes and specific surface area. It is also
important to remark that several PILC have different types of inorganic polyoxocations that have
their own specific characteristics (specific surface area, basal spacing, or pore size distribution)
and applicability for SCR catalytic reaction. Single metal Ti/PILC-based catalysts were reported
to have a high catalytic effect on the reaction of NO removal at low temperatures, and their
catalytic activity at low temperatures follows a general order of Cu > Ce > Fe > Co > Ag > Ga,
as shown in Fig. 4a. The addition of small concentrations of earth metals or precious metals was
found to effectively improve the SCR reaction activity of PILC catalysts. The rare earth metal Ce

oxide is widely reported to have good oxygen storage capability and transport capacity
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(Kundakovic and Flytzani-Stephanopoulos, 1998; Coérdoba et al., 2001; Carriazo et al., 2005; Lin
et al., 2007; Boxiong et al., 2014), which is beneficial for improving catalytic performance. In
this respect, Yang et al. (1995) introduced a small amount of Ce>O3 promoter (0.5 wt.%) into the
Cu/Ti-PILC catalyst by the impregnation method, and the maximum NO, conversion rate on the
catalyst surface was increased from 80% to 90%. Valverde et al. (2003b) added rare earth metal
Ce and noble metal Ag promoters (1.0 wt.%) to Cu/Ti-PILC and the denitration efficiency of the
catalyst was increased by 8% and 7%, respectively. This improvement was related to the oxygen
storage capacity and transfer ability of the cation promoter. In addition, the structural function of
Ce in Cu/Ti-PILCs catalyst could be to keep Cu'! species dispersed by controlling their
movement and hence, inhibiting the formation of large CuO clusters. Mainly, Cu'! dispersed
species are the active sites for the LT-SCR reaction. The addition of Ag in the Cu/Ti-PILCs
catalyst resulted in a small shift of the maximum NO conversion (55%) toward higher
temperatures. As observed in previous studies (Li and Flytzani-Stephanopoulos, 1999a, b;
Furusawa et al., 2002), the redox activity of the catalyst can improve with the addition of noble
metals for HC-SCR technology. Additionally, TPR analysis also confirmed that the addition of
the Ag promotor could shift the reduction peak towards a lower temperature, which can improve
the LT-reduction capacity of the PILC catalyst (Zhang et al., 2019). Further, Lin et al. (2003)
introduced the rare earth metal La (0.5 wt.%) to Cu/Al-PILC catalyst and found that the La
promoter could help to improve the dispersion of Cu species on the catalyst surface and improve
the heat resistance of the catalyst. Furthermore, Sadykov et al. (2006) examined the addition of a
small amount of noble metal Pt (0.3~0.5 wt.%) in the Cu/Zr-PILC catalyst and noticed that the
small addition of Pt (0.5 wt.%) can improve the low-temperature SCR activity of PILC-based

catalyst. This suggests that Pt is located on zirconia nanopillars that are partially collated with Cu
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cations. Based on the infrared (IR) spectroscopic study of absorbed CO, they suggested that Pt is
in a very partly oxidized state due to interaction with Cu cations. This synergetic interaction
between Pt and Cu cations considerably increases the catalytic oxidation and stability of the
catalyst. In addition, efficient oxidation of NO into NO- caused by Pt in realistic feeds could
contribute to the high performance of Pt-Cu/Zr-PILC catalyst. Further, Lu et al. (2015) believe
that the addition of precious metal Pd is beneficial to increasing the chemisorption performance
of NOy on the surface of the PILC catalyst. This is generally suggested in previous studies that
PdO is the more active phase for hydrocarbon oxidation and Pd existence in the form of Pd",
which is beneficial for high SCR activity with HC in the presence of O». In addition, Konin et al.
(2001) also reported that the introduction of Ag can inhibit the carbon deposition of HC on the
surface of clay mineral catalysts.

As stated above and by considering Table 1 data, it can be concluded that high SCR activities
and good physicochemical properties (e.g., larger BET-specific surface area, basal spacing,
acidity) were the results of successful pillaring agents. The redox behavior and type of cations in
SCR catalysts are also important because cations are the main active species in the NO
conversion with HC. The Cu-Ti/PILC had a larger BET surface area and higher LT-SCR activity
as compared to other metal-supported onto Al- or Zr-Mt-based PILC catalysts and a large
specific surface area could provide more accessible active sites for the catalytic reaction. Among
the noble metals, Ag, Pt, Rh, and Pd were broadly studied for HC-SCR, but they are found to be
not very active at low temperatures (100 to 300 °C).

On the other hand, the HC-SCR activity of PILC catalysts is closely connected to the loading of
active metal components. Previous studies have demonstrated that the loading of metals at a

certain level can increase the SCR activity of PILC-based materials. However, further increases

25



586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

in metal loading in the catalyst support may have an impact on SCR activity as shown in Fig. 4b
(Lin et al., 2005). The main reason is generally believed to be the low loading of active metals so
that the appropriate concentration of metal ions M"* active site catalytic reactant molecules
cannot be formed. Conversely, when the metal loading is too high, the metal species can
agglomerate and block the pores of the catalyst, leading to a decrease in the specific surface area
as well as active sites of the catalysts. These conditions are known to be unfavorable for the
overall SCR reaction (Kashif et al., 2020; Su et al., 2020; Wen et al., 2020). Hence, the LT-SCR
activity of a metal-supported PILC catalyst is highly dependent on its metal characteristics,
nature, and its loading in the catalyst.

3. 3. Effect of carriers

The SCR catalyst activity is affected by the type of support, the loading of metal, and the
synthesis procedure, for example, impregnation, ion-exchange, and co-precipitation method (He
etal., 2016; Chen et al., 2022). The type of catalyst support can significantly affect the
physicochemical properties of the catalyst such as specific surface area, pore diameter, and
catalyst acidity, and it can also have a big impact on the SCR activity with HC (Zhou et al., 2018;
Liu et al., 2020). Metal oxide catalysts are mainly prepared by using Al2O3, ZrO, TiO2, and SiO2
as carriers and supporting different metal oxides. The SCR performances of metal oxide catalysts
are higher at medium and high temperatures. However, the main drawback of metal oxide-
supported catalysts is their low denitration efficiency at low temperatures and poor resistance to
SO> (Sohn and Bae, 2000; Worch et al., 2011; Liu et al., 2013).

PILC is an attractive material with a sufficient porous structure, large interlayer spacing, and
good thermal stability. Due to these features with simple synthesis, PILC is an excellent catalyst

carrier for SCR application and has also been applied for several organic reactions, due to its
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easy structural modification and activation, low cost, abundant availability, and ability to act as
acidic and basic material without being corrosive. Previous studies compared PILC with
molecular sieves and metal oxide catalysts that were prepared with the same active metal and
found that the catalysts with PILC as the support have high activity at low temperatures and good
resistance to H2O and SO (Li et al., 1997; Bahamonde et al., 2001; Belver et al., 2004a). As
stated above in previous sections, the physicochemical properties of the PILC support can
change with the pillaring agents, which can also affect the SCR activity of the prepared catalyst.
In this respect, it was found that the basal spacing of Ti-PILC (~30.59 A) is greater than that of
AI-PILC (~18.31 A) and Zr-PILC (~17.37 A), and BET-specific surface area order was: Al-PILC
(281.7 m?/g) > Zr-PILC (219.9 m?/g) > Ti-PILC (207.2 m?/g) (Yamanaka and Brindley, 1979;
Guimaraes et al., 2010). This is believed to be beneficial to increase the gas diffusion rate
between clay mineral layers and subsequently facilitate the gas molecule interactions (Yang et
al., 1998; J L Valverde et al., 2005). Q1 et al. (2004) compared the catalytic activity of Pd-
supported Ti-, Al-, Zr-, and Fe-based PILC catalysts, and found that the specific surface area
was: Ti-PILC (336 m?/g) > Zr-PILC (236 m?/g) > Al-PILC (190 m?/g) > Fe-PILC (91 m?%/g),
while the pore volume was: Ti-PILC (0.31 cm?/g) > Fe-PILC (0.61 cm3/g) > Zr-PILC (0.11
cm?/g) > Al-PILC (0.10 cm?/g) and the pore diameter was: Fe-PILC (58.87 A) > Ti-PILC (31.59
A)> Zr-PILC (28.01 A) > Al-PILC (26.92 A) and the Ti-PILC catalyst showed large specific
surface area, pore volume and highest catalytic activity. However, the maximum SCR of NO
removal efficiency at low temperature (140 °C) was: Pd/Ti-PILC (75%) > Pd/Zr-PILC (45%) >
Pd/Fe-PILC (38%) > Pd/Al-PILC (32%). It is generally believed that the large specific surface
area, pore volume or pore diameter of PILC materials is not only beneficial to more active sites

but also improves the dispersion of the loaded active components on the surface of the carrier,
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thus also contributing to the form of isolated M"* metal ions (Valverde et al., 2003; Ye et al.,
2011). As reported in previous studies (Sterte, 1986; Ming-Yuan et al., 1988; Bahranowski et al.,
2015), Ti-PILC catalysts are well-known materials with high surface acidity (the Bronsted and
Lewis type) as compared to other PILC (Al-PILC or Zr-PILC). On the other hand, Li et al.
(2011) found that when the Ti/clay ratio was 10 mmol/g, the largest number of TiO> oxide
columns could be formed between the layer of Ti-PILC carrier, which is beneficial to the
bonding of Cu" on the surface of the TiO> column to form the active site for SCR activity.

By changing clay minerals and pillaring agents, different pore sizes, basal spacing, and specific
surface area could be obtained. Different organometal pillaring species could increase thermal
stability and introduce active elements in the PILC. In this respect, it also becomes possible to
tune the porosity of the PILC catalysts. The pore size of PILC could be varied from 5 to 20 A,
depending on the synthesis conditions such as the host clay minerals, the CEC of the clay
mineral, and thermal treatment temperature and type of metal oxide pillars in the sample. This
porosity, combined with the properties of both pillar and host clay minerals, is very important for
certain applications, such as SCR reactions and selective gas adsorptions. The properties of PILC
with different pillar species generally follow this order for specific surface area (m?/g): Al,O3
(200-400) > Cr2 O3 (250-350) > TiO2 (250-330) > ZrO2 (200-300) > Fe203 (100-300), and for
interlayer free spacing (A); TiO2 (16£6) > Fe,0s3 (15+5) > Cr205 (12+3) > Zr0O; (4-14) > ALLO;
(7-10) (Cool and Vansant, 1998). Kloprogge et al. (1994a, b) studied the pillaring process of Bd
and Mt with Al and Ga. The pillaring of Mt results in a basal spacing of 17 to 19 A and an
increase in specific surface area from 35 m?/g to 350 m?/g. Similarly, pillaring with Al of
synthetic Bd resulted in an increase in basal spacing from 12.4 A to 18.4 A (Plee et al., 1985,

1987; Kloprogge et al., 1994a). However, the basal spacing decreased to 16.4 A after calcination
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at 500 °C. Here, once again, an increase of the specific surface area from 65 m?/g to 345 m?/g
was obtained after pillaring (Kloprogge et al., 1994b). Mt is the most investigated member of the
clay minerals for NO, reduction with HC. Chmierlaz et al. (2004) investigated the effect of
pillars on the LT-SCR of NO, with C2Ha. They introduced Ag into the Zr-, Al-, and Ti-Mt-PILC
by using the ion-exchange method. The NO, conversion was not so effective at low temperatures
and the maximum NO, reduction (%) at 400 °C was in order: Ti-PILC (60) > Zr-PILC (20) > Al-
PILC (18). The BET-specific surface area (m?/g) displayed a similar trend: Ti-PILC (210) > Zr-
PILC (156) > Al-PILC (151). Overall, these Mt-based Ti-PILC catalysts are well known to have
a large specific surface area with high surface acidity (Lewis and Brensted type), as compared to
other Zr- and Al-PILC catalysts (Sterte, 1986; Ming-Yuan et al., 1988; Bahranowski et al., 2015).
As previously stated, the large specific surface area with the high acid function is crucial for
designing alternative SCR catalysts for LT-SCR of NO, with HC.

3. 4. Influence of synthesis

In-depth studies are currently being conducted on the loading method, calcination temperature,
and pretreatment method of the metal-modified PILC catalyst. The impregnation and the ion-
exchange methods have been widely studied and reported for the loading of active metals on the
PILC support. The impregnation method is easy to perform, fast, economical, and can more
accurately control the loading of active metals. The ion-exchange method has received more
attention due to the exchangeability of ions between the interlamellar space of the clay minerals
and active metal ions. The ion exchange sites between PILC layers facilitate the dispersion of
active components on the surface of the catalyst support and affect the formation of active
centers. However, the distribution of added pillars can be changed by changing the pillars (e.g.,

TiO2, Fe203, or A,O3) and their mass ratio. This pillar distribution also depends on the specific
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synthesis procedure, the type of clay mineral, the CEC, and the calcination conditions to obtain
the final product (Wang et al., 2012; Wen et al., 2020; Macias-Quiroga et al., 2022). In this
respect, the quantity of pillar precursors, which becomes intercalated, completely depends on the
CEC of the clay and the charge of the pillar. Clay minerals have a CEC that allows them to
acquire the best swelling and alkali or alkaline ions in the interlayer space, which can be easily
exchanged. The pillaring cation requires a high positive charge and must be dissolvable in the
polar solvent used to swell the clay. Valverde et al. (2003b) compared the Cu/Ti-PILC catalysts
prepared by the impregnation method and the ion exchange method and found that the catalyst
prepared by the ion exchange method has a higher content of isolated Cu' species and Lewis
acidity, and it showed higher SCR performance. Strong Lewis acidity was related to the number
of Cu?*-ions in the ion-exchange sample. Based on their results and H>-TPR profiles, they
identified three types of Cu species: isolated Cu'! anchored at the pillars rather than at the surface
of the silica layer, Cu'! clusters as patches of amorphous CuO, and cupric oxide. The presence of
Cu' clusters increased with the Cu content in the catalyst. As isolated Cu-ions and Cu'! (patches
of amorphous CuO) clusters were located in the interlayer space of the clay mineral, an increase
in Cu content resulted in a decrease of the turnover frequency (TOF) from 86 to 27.5x10* k! and
pore volume (0.236 to 0.217 cm?/g) due to the filling of the interlayer space. Based on the XPS
analysis results, Mendioroz et al. (2006) posited that Rh'! species and Rh,O3 oxide clusters exist
on the sample, either on the external/edge surfaces or in the pillars of the interlayer of the Rh/Al-
PILC catalyst that was prepared with the impregnation method, while the Rh ions on the surface
of the ion-exchange series’ samples can form a strong interaction with charge-compensating
cations (e.g., Na*, K" and Ca®") in the AI-PILC carrier before the calcination of the catalyst. A

longer contact time resulted in a higher incorporation Rh species, which is beneficial to improve
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the reaction activity of the catalyst. Further, the authors suggested from the reaction mechanism
study that exchanged Rh3* in the Al-PILC matrix and oxidized Rh,O, in combination with the
acidity of support contribute to forming oxygenated species as the key step for SCR of NO, with
CHa.

The pH value of the metal ion solution has a specific effect on the loading of the active
components. For example, a high solution acidity can promote the formation of polymeric
species, which can improve active sites in the catalyst but can reduce the activation energy
during the LT-SCR reaction. In other words, the highly acidic nature of the catalyst could reduce
the redox capability, and the physiochemical properties and significantly decrease the LT-SCR
catalytic activity. Additionally, the high solution acidity (during the exchange of the interlayer
inorganic cations of the clay mineral with polyoxocations) can also lead to the leaching of atoms
from the clay structure. Dorado et al. (2006) reported that the Fe,O3 column structure of the Fe-
PILC support was easily destroyed under strongly acidic conditions (pH = 1.0), and the specific
surface area, pore volume, and acid sites content of the catalysts also decreased, while under
alkaline conditions (pH = 10.5), Cu/Fe-PILC easily generates agglomerated CuO species, which
blocks the catalyst pores and reduces the reaction activity. Further, Lu et al. (2011) investigated
the effect of pH with copper acetate solution on the morphology of Cu species over the catalyst
surface. When the pH value increased from 4 to 6, the number of isolated Cu'' species increased,
which was useful to increase the NO conversion rate and low-temperature reaction activity, yet
when the pH value continued to increase up to 9, at that moment, the isolated Cu'! species
decreased while the CuO species increased, resulting in a significant decrease in catalyst activity.
In general, the stability of clay mineral structure is affected at low pH because acid attacks the

edges of the clay mineral structure and releases atoms. Acidic treatment can have a significant
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724 impact on the crystal structure and morphology of clay minerals, it may cause the release of

725  structural atoms and changes in the properties (e.g., specific surface area, pore volume, acidity)
726  of the PILC catalysts (Dorado et al., 2006; Hao et al., 2019).

727  The Ti, Fe, Zr, or Al precursors are changed into rigid metal oxide pillars during a calcination

728  stage at 350-600 °C. The calcination temperature in the catalyst preparation process can also

729  affect the SCR activity (Choo et al., 2003; Wang et al., 2012; Li et al., 2017). Studies have shown
730 that high calcination temperature (> 700 °C) can give rise to a strong dehydroxylation reaction of
731 the oxide pillars between the PILC layers as well as the clay mineral structure itself. This reduces
732 the number of active sites on the surface of the interlayer columns that can fix metal ions and

733 therefore, the catalytic activity of the catalyst will decrease (Valverde et al., 2002, 2003; Wang et
734 al., 2012). In other words, depending on the clay mineral used, such high temperatures may

735  result in the start of the dehydroxylation of the clay mineral layers, where the octahedral sheet
736  starts to lose its hydroxyl groups, and the layer structure changes as a result. It is believed that
737  the layer characteristics of the host clay play a very significant role in determining the layer

738  reactivity upon heating. In this respect, Plee et al. (1985) proposed that the layer reactivity is

739  solely related to the origin of the layer charge, and it only occurs in the case of tetrahedrally

740  charged smectites. Further, they proved that the mechanism of layer crosslinking was also

741 possible for the octahedrally substituted fluorohectorite clay. Furthermore, Wang et al. (2012)
742 found that when the calcination temperature reaches 700 °C, it strongly affects the interlayer

743 structure of the Ti-PILC catalyst, which reduces the specific surface area and pore volume and
744 also decreases the denitrification performance of the catalyst. However, an excessively high

745  calcination temperature (> 700 °C) can cause the collapse of the interlayer structure of PILC

746 (Baloyi et al., 2018). In other words, it will destroy the clay structure, reduce the active centers of
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the reaction, and also decrease the SCR activity of the PILC catalyst. It is also demonstrated in
previous studies (Table 1), the authors widely used 400 to 500 °C calcination temperature for the
Mt-based PILC catalyst.

Further, the pretreatment of the PILC support has also been reported to effectively improve the
catalyst reaction activity. Sadykov et al. (2006) found that the pre-sulfurization treatment of
Cu/Zr-PILC can reduce the combustion of HC on the catalyst surface and slightly influence NOx
reduction. The sulfated Pt-Cu/Zr-PILC catalyst was observed to suppress the combustion of the
hydrocarbon, thus improving NO, conversion (58%) at low temperatures (200 °C). Therefore,
the effect of Pt in the complex active component can be attributed to a faster rate of decane
oxidation for sulfated Pt-Cu/Zr-PILC catalyst. Another factor that could be considered is the
efficient NO oxidation to NO2 by Pt even in wet conditions. Finally, it was reported that the
presence of Pt in sulfated bulk zirconia with supported transition metal cations catalyst is at least
one of the leading factors for low-temperature activity in decane-SCR. Meanwhile, Lin et al.
(2007) reported that the catalytic efficiency of the Cu/Al-Ce-PILC catalyst could be increased up
to 36% after SO4> pretreatment. They found that SO4? pretreatment can increase the ratio of
Brensted acid sites on the catalyst surface, and it contributes to the activation and oxidation
process of propylene. However, Bronsted acidity promotes the adsorption of propylene to
produce intermediates that are beneficial for the conversion of NO to N». A similar phenomenon
was reported by Yang et al. (1995).

3. 5. Influence of reaction conditions, and presence of SOz and H,O

The type and concentration of HC as reductants are important aspects to be considered in the
reaction system for LT-SCR technology. In order to improve the performance of LT-SCR with

HC, many HC has been investigated, such as CHa, C3Hs, C3Hs, C4H10, CsHis, and CioH22 are the
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most generally tested HC. Recently, among several HC as reductants, the C3Hg has been broadly
studied in LT-SCR with clay minerals-based catalysts due to its relatively strong reactivity
(Valverde et al., 2005; Belver, 2010; Dong et al., 2018; Yuan et al., 2018, 2019; Kashif et al.,
2020, 2022; Su et al., 2020; Wen et al., 2020). Lin et al. (2006) investigated the effect of
hydrocarbon reductant concentration on the performance of C3Hs-SCR over Cu/Al-Ce-PILC
catalyst, and the results showed that the maximum NO, conversion rate increased initially and
then decreased with the increase of the reducing agent C3Hs concentration (~0.24 to 0.28%).
When the CsHs concentration is higher than the critical value (~0.24%), HC could burn violently
on the surface of the catalyst and can release massive heat, which reduces and deactivates the
catalyst activity due to coke deposits on the catalyst surface, meanwhile, it can also destroy the
PILC structure. Carbon deposition caused by the burning of HC compounds on the surface of the
PILC has often been reported as one of the main reasons for the decrease in SCR activity (Konin
et al., 2001; Sadykov et al., 2006).

The O concentration also has a great influence on the LT-SCR activity of the PILC catalyst. It
has been suggested that O> could oxidize NO to produce NO> or oxidized HC to form oxygen-
containing compounds, and it complicates the NO reaction mechanism in SCR catalytic activity
(Petunchi and Hall, 1993; Hernandez-Huesca et al., 2001; Kashif et al., 2019). It was also
reported that O> could be adsorbed on the catalyst surface to form Oags, and lattice oxygen can be
produced through migration to promote the activation of HC (Argyle et al., 2002; Swislocki et
al., 2014). Further, Li et al. (1997) reported that the Cu/Al-PILC catalyst had no CoH4-SCR
reaction activity under oxygen-free conditions. With the gradual increase of Oz concentration (0
~4%), the SCR activity of the catalyst first increases and then decreases. In addition, Valverde et

al. (2005) defined the minimum oxygen concentration required for the complete oxidation of HC
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on the metal-modified PILC catalyst as the critical oxygen concentration [1%0Oz]eit. They found
that when the concentration of O> was lower than [O2]crit, the maximum NO reduction was 42%
at 300 °C, and a small increase in O concentration increased the NO conversion from 42% to
59% at low temperatures (250 °C). Further increases in O> concentration (1.5 to 7.5%) could
reduce the catalytic reduction efficiency of the Cu/Ti-PILC catalyst, and the reaction temperature
window shifts to the low-temperature ranges. This may be related to the activation of Cu! in the
reaction by O, the oxidation of carbon, and the formation of lattice oxygen species in the
reaction; when the oxygen concentration is higher than [Oz]eit, the maximum NO conversion rate
decreases as the O, concentration increases. Notably, they suggested that the O> concentration of
around 1% is sufficient for the complete oxidation of C3He at 300 °C, when the O concentration
is at a critical point, the reaction system can be in a reducing environment. They reported that
this reducing environment is favorable for Cu! reduction. The reduced Cu species is recognized
to have a significant role in the LT-SCR of NO, (Amiridis et al., 1996). However, Belver et al.
(2004b) reported that Al-Fe/PILC catalyst displayed significant C3Hs-SCR catalytic performance
in the absence of O». They found that once Oz was introduced into the SCR system, the NO
removal efficiency gradually declined, as shown in Fig. 5a. However, it is proposed that there
was a lower influence of the iron content in the catalytic reaction in the presence of O,. They
believe that the decrease of reductants involved in NO reduction due to the combustion reaction
of the large number of C3Hg with O could be the main reason for the decrease in NO conversion.
It is also observed that the effect of oxygen concentration on HC-SCR is different on the surface
of different kinds of metal-modified PILC catalysts. This can be related to the difference in types
of active sites and reaction paths. On the other hand, it is reported that O, concentration inhibits

the formation of isocyanates species on the Fe catalyst, thus reducing their SCR activity for LT-
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SCR with HC. To date, the specific reaction mechanism needs further detailed investigation.
Several relevant studies have been conducted that investigate the effect on the SCR activity of
the PILC catalyst, such as NO concentration, reaction space velocity, and pretreatment
atmosphere. The research results have reference values for the practical application and
development of NO, reduction with HC over PILC catalysts (Valverde et al., 2005a, b). In
general, high SCR operating temperature may cause an increase in NO, generation rather than
NO; reductions.

The LT-SCR technology is a cost-efficient and effective technique for reducing NO, emissions
from non-power industrial sources (Guo et al., 2021; Zhu et al., 2022). In commercial
applications, the resistance for H-O and SOz is an important factor for SCR catalysts, particularly
for diesel engines. Stationary sources of flue gas and mobile exhaust gas might contain water
vapor (~3 to 8%) and SO2 (~300 to 600 ppm) (Lee et al., 2004; Licki et al., 2015). These
conditions directly influence the SCR catalytic activity, and catalyst deactivation could happen in
this reaction atmosphere. For example, the framework structure of molecular sieve catalysts is
easily dealuminated in water vapor conditions at high temperatures and this leads to a decrease in
SCR activity (Martinez-Hernandez and Fuentes, 2005). The metal oxide catalysts in the SO
atmosphere could form poison sulfate species (e.g., ammonium sulfate/bisulfate or metal
sulfates) on the catalyst surface, which might reduce the life of the catalyst (Liu et al., 2011).
Therefore, the water and sulfur resistance on the HC-SCR catalyst is a very important application
for NO conversion. It is generally believed that the adsorption of water vapor at the active site of
the catalyst surface with the reactant molecules is the main reason for the decrease in catalytic
SCR activity. Compared with molecular sieve catalysts, pillaring promoters form rigid stable

oxide pillars in PILCs after calcination, thus leading to PILC materials with higher specific
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surface area, thermal stability, and more acidity. These oxide pillars have a high degree of
hydrophobicity (Han et al., 1999), which can improve the water vapor resistance of metal-
modified PILC catalysts (Kim et al., 2001). Valverde et al. (2003b) examined the Cu/Ti-PILC
catalyst under water vapor conditions, and the NO, conversion rate declined from 50 to 22% at
240 °C, as H20 molecules were adsorbed on the active sites between the catalyst, inhibiting the
adsorption of NO molecules and C3Hg molecules and reducing the rate of reaction. This
supported the finding of Chajar et al. (1998). Further, Li et al. (1997) also reported the LT-SCR
activity of the Cu/Al-PILC catalyst under H>O conditions. A negligible decline was observed in
SCR activity (80 to 78%) at high temperatures (500 °C) under the same conditions. However,
higher deactivation (38 to 4%) was observed at low temperature (350 °C), which may be related
to the decline of adsorption capacity of water vapor at high temperatures.

The results also show that water vapor can promote the HC-SCR reaction to a certain level.
Shimizu et al. (2000) investigated the effect of HO on HC-SCR by using a series of n-alkanes
(CsHs, n-C4Hio, n-C¢Hu14, n-CgHis), and found that the alkanes with higher carbon numbers
revealed better water resistance. Meanwhile, a 10% difference in the SCR activity was observed
for n-CsHi4. Particularly, for n-CsHjs, the presence of H>O had not reduced the NO conversion
but enhanced the LT-SCR activity by up to 20% for NO.. Based on these findings, it is assumed
that one of the causes of water vapor’s promotive effect on the SCR process is its selective
inhibition of the oxidation of n-octane. Further, the promoting effect of H>O in the SCR reaction
was explained by in-situ infrared experiments, which notably showed that H>O reduces the
concentration of carboxylate and carbonate species, rather than the surface concentration of
nitrates. It is assumed that H>O inhibits the formation of carbonaceous deposits and/or promotes

their removal, as reported in similar studies by Haneda et al. (1998, 2001) and Misono et al.

37



862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

(1998). Sadykov et al. (2006) found that the higher water vapor content in the reaction
atmosphere was beneficial to reduce the carbon deposition on the catalyst surface, thereby
increasing the de-NOx activity on the Pt-Cu/Zr-PILC catalyst surface, as shown in Fig. S5b. Sato
et al. (1997) suggested that water vapor on the surface of the Ag ion-exchange saponite catalyst
could inhibit the formation of by-product N>O, and improve the N> selectivity.

There are two main reasons for the deactivation of catalysts in the SO, atmosphere. The first
reason is similar to the deactivation of the catalyst in the steam gas, which is due to the
competitive adsorption of SO2 molecules with the reactant molecules at the active site of the
catalyst (Chen et al., 2011). Another reason is that SO, is oxidized on the surface of the catalyst
to form sulfate compounds. The poisoning effect of SO> gas can decrease the reaction activity of
the catalyst (Liu et al., 2014). Sadykov et al. (2006) also studied ultra-microporous zirconia PILC
catalyst by NO-TPD for NO, SCR with decane and propylene and reported that the number of
nitrate species formed on the surface of the catalyst after the SO» atmosphere reaction was
significantly decreased, indicating that the metal ions could not activate between PILC, which
could be covered by sulfate compounds and can also affect the active sites of the catalyst. It also
found that SO» closely interacts with metal oxides to produce metal bisulfite species, which
could block the catalyst pores (Qian et al., 2017; Dong et al., 2018; Jiang et al., 2020).
Meanwhile, the resistance of H,O and SO, was examined for the Fe/Al-PILC and Ag/Fe/Al-
PILC catalysts by Zhang et al. (2019). A 7% to 9% reduction in the catalytic performance was
observed after introducing SO, and H>O in the feed conditions; however, after stopping the SO>
and H>O feeds, the NO conversion values quickly recovered for both catalysts. Thus, the Fe/Al-
PILC catalysts with the 2.1wt% Ag loading performed better than the monometallic Fe. They

reported that the synergistic effect of Fe and Ag caused by electronic transfer affected the
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valence states of metals and improved their SCR performance with C3He. The addition of Ag
displayed high LT-SCR activity and improved the Bronsted acidity. Recently, Su et al. (2020)
investigated the effect of H>O and SO> on the NOx conversion with C3He over Cu-Fe/Al-PILC
catalyst. They reported that NO conversion decreased by 10 to 15% after introducing 0.02% SO»
and 10% H>O in the flow system. It is observed that the influence of H>O and SOz on the SCR
reaction was reversible after removing the H>O and SO» from the reaction system. To date,
solutions for improving SCR activity in the presence of H-O and SO are still being researched.
In this respect, the primary area of research continues to focus on improving the H,O and SO,
tolerance on the PILC-based catalyst for LT-SCR of NO, with HC.

3. 6. Reaction mechanism

The SCR reaction mechanism of NO, conversion with HC is relatively complicated. Many
previous studies have investigated and reported a possible mechanism, but there is still no fully
defined conclusion. The type of catalyst, surface-active sites, and reaction conditions can affect
the intermediate products and reaction pathways of the HC-SCR process. At present, the HC-
SCR reaction mechanisms are defined over different PILC-based catalysts and are mainly
divided into two types: redox mechanism and adsorption decomposition mechanism.

Typically, the process of HC-SCR redox mechanism is as follows: NO molecules are activated
and oxidized on the catalyst surface to form different ad-NO species such as nitrate (NO; ), and
nitrite (NO2 ), and adsorb NO,, while at the same time, some hydrocarbon compounds are
partially oxidized on the catalyst surface to form C,H,0: species, mainly acetate (CH;COO ).
After this, CH3COO and other adsorbed CH, 0. species react with ad-NO on the surface of the
catalytic agent to form nitrogen-containing organic intermediates (R-NO) (Burch et al., 2002).

Although the exact type and form of nitrogen-containing organic intermediates are still unclear,
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the formation process of these species is considered to be a significant step in the HC-SCR
reaction (Tanaka et al., 1994). R-NO; species quickly transform to R-NCO, R-CN, NHj3, and
other species on the surface of the catalyst, and react with NO and NO; to obtain the final N>
product.

As observed in the previous study (Burch et al., 1994), the mechanism of adsorption and
decomposition considers the fact that the hydrocarbon compound first consumes surface oxygen
atoms of the catalyst and converts them into active sites (reduced metal ions). NO molecules
subsequently adsorb on these sites and they dissociatively decompose into Nag and O.g atoms.
The product N is obtained by the mutual combination of two Nag atoms, and at the same time,
when Nag¢ and NOags are combined, N2O is produced as a by-product.

However, by considering the process of HC-SCR reaction on the surface of some catalysts, the
redox mechanism can better explain the experimental phenomena as observed in previous
studies. For example, Long et al. (1998) found that the Pt ion-exchange MCM-41 molecular
sieve catalyst had almost no catalytic activity for NO conversion with HC in the absence of
oxygen. Further, Gruenert et al. (1994) also reported a similar phenomenon over the Cu-ZSM-5
catalyst, where O plays an important role in promoting the hydrocarbon SCR reaction. These
observations prove that NO and HC need to be activated and oxidized first in the redox
mechanism. On the other hand, the adsorption decomposition mechanism can better explain the
formation of the by-product N>O in the reaction process and some catalysts still have good SCR
performance for NO under oxygen-free conditions. Therefore, there is debate on there being two
HC-SCR reaction paths: one being redox and the other being adsorption decomposition on the
surface of the catalyst in the actual HC-SCR process as shown in Fig. 6a.

As more data became available, particular interest was in the redox process for HC-SCR of NOy
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over metal-modified PILC catalysts. However, there is still a shortcoming about the intermediate
products that are involved in the specific reaction path in the SCR of NO, with HC.

In the very beginning, Li et al. (1997) proposed a reaction mechanism for the NO conversion
with CoHy on the surface of the Cu/Al-PILC catalyst. They reported that CoHs chemical
adsorption was activated and oxidized at the active site to form oxygen-containing compounds,
and then reacted with adsorbed NO; and NOs species to form nitrogen-containing organic
intermediates, which were further decomposed to produce N> and CO». Further, as the reaction
activity of C2H4 on the Cu/Al-PILC surface is significantly better than that of CHs4 as a reducing
agent, they believe that the coordination between HC and catalyst active sites is more important
for the formation of free radicals in the process of C,H, than the formation of free radicals by C-
H bond breaking. Furthermore, Mendioroz et al. (2006) studied the reaction mechanism of CHy-
SCR of NO conversion on the surface of Rh/AI-PILC catalyst. They believe that NO molecules
were mainly activated and oxidized on the surface of Rh!" sites to form reactive Rh-NO, species.
At the same time, CH4 is activated at the Lewis acidic site on the catalyst surface, and then it
reacts with the NO; species formed on the adjacent Rh!!! active site to form free surface radicals,
which react with NO and NO2 molecules to obtain the final product. The difference is that
Mendioroz et al. (2006) believe that the presence of oxygen is irrelevant to the activation process
of HC but plays a vital role in the oxidation of NO molecules to form Rh-NO; species, and this
process is the rate-determining step of the entire SCR reaction. Sadykov et al. (2006) have
reported that different HC-SCR reaction paths may exist on the surface of the same catalyst at
different temperature ranges. For the C3Hg-SCR process on the surface of the Pt-Cu/Zr-PILC
catalyst at low-temperature ranges, propylene is activated at acidic bridged hydroxyl sites to

form isopropanol compounds, and NO molecules are oxidized at the active sites of Pt atoms to
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generate NO; and the rapid formation of NO, and NOs species. Next, the bridged or bidentate
NOs species interacts with isopropanol to produce dinitro propane, which further reacts to
produce N and oxidation products. Cu'! sites can promote the reaction of NO3  species to
produce nitrogen-containing organic intermediates. It is believed that the oxidative conversion of
isopropoxide compounds to acetate and nitromethane conversion to isocyanate species are
catalyzed on the active site of Pt and Cu catalysts. However, acetates could efficiently be
transformed into nitromethane by acid-catalyzed reaction without any redox activity (Sadykov et
al., 2006). In addition, Valverde et al. (2005) used in-situ DRIFTS technology to study the C3He-
SCR reaction intermediates on the surface of Cu/Ti-PILC catalyst, and the result showed that the
nitrogen-containing organic intermediates (C3H7-NOy), acetate, and nitrate species were the main
intermediate products. Dorado et al. (2010) studied reaction mechanisms over Cu/Fe-PILC
catalyst surface by in-situ DRIFTS technology as shown in Fig. 6b. The first step of the reaction
was that the NO is oxidized on the surface of the catalyst Cu'' species to produce NO> and nitrate
species. The formation of nitrate is affected by the distribution of metal active sites and is mainly
divided into monodentate nitrate and bidentate nitrate. In the second step of the reaction,
hydrocarbon compounds are adsorbed on Cu'' or CuO cluster sites and are activated to form
C.H,0: species. In the next step, C<H,O: species are further oxidized by NO> and NO3  to
acetate species and nitrogen-containing organic compounds (R-NO). Finally, the R-NO; species
are converted into i1socyanate, and the final products (N2, CO, and H>O) are produced by rapid
hydrolysis.

Many scholars (Yuan et al., 2018, 2019; Su et al., 2020; Wen et al., 2020) believe that isocyanate
species are important intermediates in the HC-SCR reaction. For example, during the C3Hs-SCR

reaction on the surface of the Cu-ZSM-5 catalyst, the SCR reaction intermediates are nitrogen-

42



977  containing organic compounds (R-NOy) and cyanide (CN), which are transformed into

978  isocyanate species (NCO ), then NCO is hydrolyzed to form NH and NH3, and finally, NH3

979  reacts with NO molecules to form the final product N». The existence of Cu-NCO species was
980  found in DRIFTS spectral data. However, the formation and conversion process of NH3 could
981  not yet be proved. This may be caused by the rapid reaction of NH3 with NO and being

982  consumed after the formation of NH3, which is difficult to capture by the existing technology

983  (Gruenert et al., 1994; Liu et al., 2013; Lai et al., 2015).

984  Meanwhile, Ye et al. (2012) further studied the catalytic cycle of the copper-PILC catalyst for the
985  SCR reaction, as shown in Fig. 6¢. Based on the previous studies of Valverde et al. (2005) and
986  Dorado et al. (2010), Cu' active sites first adsorb NO and form Cu! -NO-, and then are reduced
987  to Cu! or Cu in the process of reacting with C,H,O: to generate organic nitro compounds (or

988  organic nitrites), and finally, Cu' or Cu® can be oxidized by NO or O in the reaction to form Cu"
989  species, thus forming a closed catalytic cycle. This cyclic mechanism clearly illustrates the cyclic
990  conversion process of C!! species as the important reactive sites of copper-based PILC catalysts
991  in HC-SCR.

992  Remarkably, Sirilumpen et al. (1999) found that in the absence of reducing agents, NO can be
993  directly decomposed into N> with a small concentration of N>O on the surface of the Cu/Al-PILC
994  catalyst. They proposed the Eley-Rideal redox mechanism for the decomposition of NO on the
995  copper-functionalized PILC surface. Cu! species on the surface of Cu/Al-PILC catalyst form Cu!
996 sites under the combined action of surrounding H>O molecules and lattice oxygen O* and NO
997  are adsorbed at this site to form Cu'(NO); and decomposed into Cu'O  and N>O. NO molecules
998  can generate monodentate nitrite or bidentate nitrite species on the Cu''O  active site and are

999 further oxidized to produce monodentate nitrate species by lattice oxygen O*. Finally, nitrate
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interacts with NO to form N> or a small amount of N>O and produces new Cu''O  sites and
lattice oxygen O* for the next catalytic cycle. The coupling of the N-N bond is considered to be
an important step in this process. These results show that the addition of external oxygen can
only be used to supplement the lattice oxygen O* species in Cu/Al-PILC but did not affect the
formation of nitrates species. This mechanism provides a reasonable explanation of the formation
cycle of N2O on the surface of copper-based PILC catalyst and complements the NO
decomposition in the HC-SCR catalytic reaction.

In summary, although good progress has been made on the HC-SCR reaction mechanism over
the surface of metal-modified PILC catalysts, there are still many challenges that need to be
investigated in detail. For example, the activation mechanism of HC is still not clear, the
structure of nitrogen-containing organic intermediates needs to be analyzed, and the types and
functions of isocyanates need to be explored and analyzed more deeply in order to achieve a full
understanding of the SCR reaction mechanism over PILC-based catalysts.

4. Summary and future outlook

Mt-based PILC clay has received considerable attention as a catalyst support material in SCR
catalysts over the last five decades. Metal-supported PILC catalysts have shown good catalytic
activity at low temperatures (150 to 300 °C) with HC as reductants. Among them, the Fe- and
Cu-PILC catalysts have displayed high SCR activity for NO, conversion by C3He at low
temperatures.

At present, although research on the HC-SCR reaction mechanism on the surface of metal-
modified PILC catalysts has made some progress, there are still many shortcomings. For
example, PILC catalysts have low HC-SCR activity under lean-burn conditions and also at high

O2 concentrations, but their SCR efficiency is generally low at high temperatures (300 to
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600 °C). The activation mechanism of HC is still unclear, the structure of nitrogen-containing
organic intermediates needs to be analyzed, and the types and functions of isocyanates require
more in-depth experiments to explore and analyze.

In the years ahead, a future research direction for PILC-based catalysts will be further
improvement of the catalyst stability at low to high temperatures. Hence, a major challenge will
be to improve catalytic activity and N> selectivity at high temperatures, as well as to prepare
highly stable metal-supported PILC-based catalyst for NO, reduction with high H,O and SO,
resistance. Furthermore, PILC catalysts are in the powder state, which can easily transform into
the required shape, which is more beneficial for commercial application. In recent advances,
research is ongoing in the development of PILC catalysts to convert NO, via NH3 and HC as a
reducing agent, pollutant removal, and organic chemical reactions such as condensation,
alkylation, isomerization, oxidation, hydrogenation and dehydrogenation, protection-
deprotection, hydroboration, iodine capture, and H> production.
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(2018) RSC Adv., from (Baloyi et al., 2018) and (b) Mt-based PILC catalysts, A, B (CrCe/Ti)
average particle size < 10 nm, copyright (2013) Elsevier from (Zhang et al., 2013), C, D (Cu-
Fe/Al), estimated d > 1.4 nm, copyright (2020) American Chemical Society from, (Su et al., 2020)
and E, F (Pd-Zr) showing a < 5 nm PdO nanocrystal with the corresponding SAED pattern (in the

white rectangle), copyright (2015) Elsevier from (Michalik-Zym et al., 2015).
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catalysts (Ti/clay ratio, x = 5, 10 and 30 mmol/g), copyright (2020) Elsevier from (Wen et al.,

2020).
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reproduced data with permission from (Yang et al., 1998) (b) effect of the metal loading on SCR

of NO, over Mt-based PILC catalysts modified with Cu, Fe and Ni, copyright (2003) Elsevier from

(Valverde et al., 2003a).
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Table 1 Results of HC-SCR of maximum NO; conversion over Mt-based PILC catalysts.

Catalvsis Calcination  Specific Surface Reaction Conditions and NO Temp. References
¥ Temp. (°C)/h Area (m%g) Catalyst mass Conversion (%) (°C)
Al-PILC 180 0.05%N0+0.3%C; Hs+1%0, 15
500/5 Flow rate=200 ml/min, 350 (Qianetal.,2017)
RIWAI-PILC 200 60 400 % 1 l
0.05%NO+0.5%CH4+1%0, (Bahamonde et al.,
Pt/AI-PILC 500/2 206 GHSV=4000h" 5 500 2001)
Pd/AI-PILC 193 30 400
0.1%N0O+0.2%CH;+1.2%0, (Mendioroz et al.,
Bh/Al-EILC 500/2 125 GHSV=40000 h! 2% s 2006)
= 0 0/ 0
Pd/AI-PILC 193 L ,agr}([);g: ;%%g[ff k% 30 400 | (Mohino et al., 2005)
CwTi-PILC A 300
Ce/Ti-PILC 30 500
0 9 2 4 0 2 =
Fe/Ti-PILC -- glé\/:i?:fzé?gﬁi—f go?é 30 450 (Yang et al., 1998)
Ga/Ti-PILC T 38 450
: 400/12
Ag/Ti-PILC 20 450
Ag/Ti-PILC 210 - - - 60
Ag/Z1-PILC 156 0'2%1”;‘??;2340;65;%:%‘2:02 20 400 | (Chmielarz et al., 2004)
Ag/Al-PILC 151 T 18
9 9 2 V. 0 y) 0 2 -
CwTi-PILC 400/12 250 0L;ﬁg%?&)/ﬁgﬁ};\jiégéég?iofiséo‘ 60 300 (Lietal., 1997)
0/ 0 1 4%,05 o H, 3 )
CwTi-PILC 500/5 240 4l °NF%*£IZ£££8 iiﬁﬁh%?s?io% 70(58) 300 (Kim et al., 2001)
Cu/Ti-PILC 234 55(28) 260
0 0 0 5 0
Fe/Ti-PILC 500/2 217 s ’éN%Ig'Sl\}/“:(ltfolgg‘;fl%-zgg i 35 325 | (Valverde et al., 2003a)
Ni/Ti-PILC 236 ‘ T 35 425
500/2 190 0.1%NO+0.1%CsHe+1%0: 90 375 (Dong et al., 2018)
Fe/T1-PILC Flow rate=100 ml/min,
700/2 193 GHSV=12000h" 0.4g 95 325 (Wen et al ., 2020)
CwTi-PILC 350/5 159 0.1%NO+0.1%C:Hs+10%0 43 237 (Luetal, 2011)
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GHSV=25000h", 0.2g

0.1%NO+0.1%C:Hs+10%0;

Flow rate=100 ml/min, 0.2g = 240
SWRTIC 2 0.1%N0+0.1%CsHg+5%0; (10%H,0) 208 2l
: 1% NO+0.1%CsHg+5%0; 20), i
Ag/Cu-T}-PILC 400/2 270 GHSV=15000h, 0 25g 55(35) (250) | (Valverde et al., 2003b)
Ce/Cu-Ti-PILC 283 75(65)
0.1%NO0+0.025%C,H,+2%0,
CwTi-PILC (0.05%S0:+5%H,0) 80(65) 300 . N
400/4 -- Flow rate=150 ml/min. 0.5g e LIS,
. _ 0.19%N0+0.025%C,H,+2%0, e B S
Ce-Culi-PINg Flow rate=150 ml/min, 0.5g 2 0
0 0
CwFe-PILC 400/2 214 LS A‘N_OJrQHﬁ’ oo (Dorado et al., 2010)
Flow rate=125ml /min, 0.25¢g 54 260
0.09%NO0+0.09%C3Hs+10%0, : - -
Cu/Fe-PILC 400/2 158 GHSV=15000h", 0.25g (Garcia et al., 2007)
Z1/Pt-PILC 0 0 %05 60
400 s L L f’C3H6+2,1'5 %0, 300 | (Sadykov et al., 2005)
Ca/Pt-PILC GHSV=18000h 05
0.2%N0+0.2%CsHe+2.5%0:+
0.02%S 0:+3%H.0, 95 300
Pt-Cw/Z1-PILC 500 180 GHSV=70000 h! (Sadykov et al., 2006)
0.2%N0+0.2%C:He+2.5%0; 78 250
GHSV=30000h"! -
Cw/Ce-Z1-PILC 0sNO+0.2° %0, 50 300 "
— 600/-- 200-320 M e R s (Sadykov et al., 1999)
Ag-Cw/Ce-Z1-PILC 60 400
0.22%N0+0.12%C3Hs+2%02 56 350
GHSV=70000h, 0.5g X : : R
u- z b= al., 2007
Cu-Ce/Al-PILC 500/6 161 3206NO+0.12%CHs 1270510930 - 100 (Linet al., 2007)
GHSV=24000h", 0.5g
Fe/AI-PILC . 61 0.05% NO+0.2% C5Hg+1%0; 65 400 . e
500/4 . 5 (Suetal., 2020)
Cu-Fe/Al-PILC 81 GHSV=17.000b", 0.4¢ 90 250
e 500/3.5 = N0, Oil1~1000, 00~ 1vs, Y 400 | (Zhangetal,2019)
Ag-Fe/Al-PILC T 72 GHSV=22000h"", 0.4g 95 N
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