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Featured Application: Catalytic NOx emission control.

Abstract: Cu-CHA zeolites have proven to be effective for NOy reduction, but a drawback in using
CHA zeolites is the cost associated with using expensive organic structure-directing agents. To
overcome this drawback, we are reporting here the synthesis of Cu-CHA zeolite catalysts in both
their NHy-form as well as K-form that do not require the use of organic structure-directing agents.
After comprehensive characterization by XRE, XRD, 27 A1 NMR spectroscopy, FE-SEM, SEM/EDS,
Nj-adsorption/desorption, NH3-TPD, Hp-TPR, and XPS, the zeolite catalysts were tested for NOx
conversion by NHj-selective catalytic reduction (NH3-SCR). Cu-NH4-CHA zeolite catalysts exhibited
remarkable activity and thermal stability over a wide temperature window, outperforming their
counterpart K-forms. Among the NH;-forms of CHA zeolite catalysts, the 0.1 M Cu-NH;-CHA
showed the best catalytic performance, achieving 50% NOx conversion at a temperature as low as
192 °C, and reaching full conversion of NOy at 261 °C. These Cu-based CHA zeolite catalysts are
promising thanks to their environmentally friendly synthesis and offer the opportunity of maximizing
DeNOy strategies in applications for NOy pollution abatement.

Keywords: organic structure-directing agent; selective catalytic reduction; Chabazite; zeolite

1. Introduction

Nitrogen oxides (NOy) are pollutants introduced into the environment during fos-
sil fuel combustion in automobiles and various non-road vehicles (such as construction
equipment, boats, etc.) [1]. NOy is also emitted from industrial sources such as power
plants, boilers, cement kilns, and turbines. NOy is a common term comprising a mixture
of N»O (a potent greenhouse gas with 300 times more atmospheric warming effect than
COy), NO, NO,, N»O3, and NO [2]. All these are formed from molecular nitrogen in the air
and nitrogen contained in fossil fuels during combustion at high temperatures [3,4]. NOx
emissions constitute environmental and health hazards, facilitating the depletion of the
ozone layer and the formation of acid rain, haze, and photochemical smog [3]. Hence, many
countries have introduced increasingly stringent regulations and policies on air pollution
to reduce NOy emissions.
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As part of these measures and enforced actions, reducing emissions directly by creating
and optimizing low-NOy-formation combustion processes is one strategy. Other techniques,
including combustion chambers with lower NOx formation, have also been developed [5].
Different approaches to reducing NOy formation include removing nitrogen from flue
gas (denitrification), recycling flue gas, and altering combustion parameters [6]. However,
the NOy generated after applying such methods is still beyond the allowed threshold
limit. Thus, further advanced technologies have been developed to reduce NOy emissions
effectively. Among the most widely adopted technologies are three-way catalysts [7], NOx
storage, selective non-catalytic reduction (SNCR), and selective catalytic reduction (SCR)
using a reducing agent such as ammonia to reduce NOy to N; gas [8]. SCR is characterized
by using a catalyst that achieves high levels of conversion of NOy into N, and HyO at lower
temperatures when compared with alternative technologies [6].

In this context, different materials have been used as catalysts for SCR. For example,
metal oxides have been used as catalysts, such as vanadium and titanium oxides supported
on tungsten, molybdenum, and other elements [6]. For instance, V,05-WO3(MoO3)/TiO,
has been used as a commercially effective catalyst. However, the major constraints in
the application of this material are the hazardous nature of V,Os, the temperature range
(300-400 °C), and the side reaction activity towards the oxidation of SO;. Depending on
the application, catalysts that work at lower temperatures are required. Generally, metal-
based catalysts work best at temperatures between 232 and 427 °C [6]. In applications that
require even lower temperatures, between 177 and 288 °C, platinum and palladium are the
best options.

On the other hand, to apply SCR under harsh conditions, zeolite-based catalysts
ion-exchanged with Cu or Fe are an appealing, practical alternative for reducing NOy to
molecular nitrogen. Cu-exchanged zeolites have proven effective catalysts for the SCR
process [9-13]. The hydrothermal stability of these zeolites is related to their pore size. For
instance, zeolites with medium and large pore sizes (such as Cu-ZSM-5, Cu-BEA, and Cu-Y)
tend to be less stable, while zeolites with small pore sizes (such as SSZ-13 and SAPO-34)
have higher thermal stability and catalytic activity [14]. This stability difference, related to
pore size, is connected to the fact that, compared to small pore-sized zeolites, the porous
geometry of medium and large pore-sized zeolites is more susceptible to collapse, with a
consequent decrease in their surface area and the sintering of surface catalytic active sites.

Although the SAPO-34 and SSZ-13 materials are examples of small pore-sized zeolites
with the same structure (CHA topology), the composition difference results in different
catalytic performances in the SCR reaction. For instance, Brensted acid sites in S5Z-13
are related to the aluminum content in the framework. In contrast, the Bronsted site in
SAPO-34 is controlled by introducing Si to the AIPOy4-34 structure [15], as the introduction
of Si at a higher concentration causes the formation of isolated pure Si structures that
hold no acidity. Accordingly, controlling the acidity of SAPO-34 is more difficult than its
counterpart, SSZ-13. Moreover, the form, location, and concentration of the copper (Cu) in
the CHA structure generally plays a crucial role in the catalytic performance in NOx SCR
catalysis. The Cu might exist as isolated Cu* in the CHA structure, which is the active form
in most cases, or as copper oxides (CuxOx_1) [16]. Even though SSZ-13 and SAPO-34 are
structurally similar, the role of each form of Cu?* and CuO is different. Yu et al. confirmed,
by using electron paramagnetic resonance (EPR), that Cu?* was the active form of copper
in SAPO-34 [17]. Conversely, in a similar study, it was found that both isolated Cu?* and
CuO were the significant actors in contributing to the catalytic activity of Cu/SAPO-34 [18].
However, it was further found that CuO species were more active at lower temperatures
while the isolated Cu?* species were preferentially active at higher temperatures [19]. This
indicates that it is not only the material’s intrinsic composition that controls which form of
Cu is present in SAPO-34 but also the condition under which the material works.

Additionally, apart from the Cu distribution and its chemical forms, inherent zeolite
composition, such as the Si/Al ratio, affects the hydrothermal stability of the materials. For
example, the low Si/ Al ratio of CHA improved the material’s stability and the widespread
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distribution of Cu?* over the material, making ammonia more reactive, enhancing the NOy
SCR activity [13]. Therefore, the Si/ Al ratio in the material influences the distribution and
concentration of Cu species, their forms, and their locations in the CHA structure. At a
lower concentration of Cu, isolated Cu?* might be in the six-member ring and function as
an active site, while at a higher concentration, the Cu?* ions agglomerate to form CuO and
exist in the eight-member ring. However, in SAPO-34, it has been found that both Cu?*
and CuO coexisted even at lower concentrations of Cu loading. A higher Si/ Al ratio gave
rise to a higher concentration of Al sites in the six-member ring (6 MR). In comparison,
with a lower Si/ Al ratio, it is unlikely for the material to acquire two Al sites ready to be
compensated by the Cu?* [20]. Consequently, Cu?* species are located in the 6 MR at a
lower Si/ Al ratio and in the 8 MR at a higher Si/ Al ratio. Additionally, the chemical form
in which Cu exists in the CHA framework also depends on the technique followed during
Cu loading. Several approaches can be used to incorporate Cu into the structure of a zeolite,
such as ion exchange, solid-state ion exchange, vapor deposition, wet mixing, impregnation,
and in situ incorporation within the organic structure-directing agents. Among all of the
methods mentioned, the ion exchange was the most effective approach for forming isolated
Cu?* in CHA zeolite’s structural framework.

Cu-CHA zeolites have been used as an efficient catalyst for NOy reduction at tempera-
tures higher than 200 °C. However, the major bottleneck in using CHA zeolite is the cost
required to synthesize the CHA structures, which mainly revolves around using expensive
organic structure-directing agents (OSDAs) [21,22]. Also, the use of OSDAs is accompanied
by energy-consuming calcination treatment necessary to completely remove the OSDA
molecules from the zeolite structures [23,24]. Therefore, the development of a low-cost,
environmentally friendly, and direct methods for synthesizing zeolites free of OSDAs is
highly desired.

In this direction, we previously reported a low-cost template-free route for fabricating
silicoaluminate CHA zeolite [21]. Here, we report a modified method for the OSDA-free
CHA zeolite synthesizing method for the selective catalytic reduction of NOy. Copper
was loaded into the CHA framework under different conditions, and several character-
ization techniques were employed to reveal the catalyst properties. The chemical and
structural composition of the synthesized Cu-CHA zeolites were found promising for
NOy conversion.

2. Materials and Methods
2.1. Synthesis of CHA

The environmentally friendly CHA catalyst was synthesized in accordance with
our previous work [25]. The synthesis method involved the addition of an aluminum
precursor to an alkaline solution heated at 80 °C. This was followed by the addition of
required amounts of ammonium fluoride and silica precursor. Precisely, 4.2 g of KOH
(85% pellets, Panreac) was dissolved in deionized water and heated at 80 °C in an oil
bath. Then, 3.0 g of aluminum hydroxide (PRS Panreac) was transferred to the alkaline
solution while heating at 80 °C and stirred vigorously for 30 min. The solution was
allowed to cool to room temperature (RT), after which 1.1 g of ammonium fluoride (ACS
reagent, >98% Sigma Aldrich, St. Louis, MO, USA) was added. The mixture was further
stirred at room temperature for 10 min, followed by the addition of 14.4 g of colloid silica
(40 wt%, suspended in water. Aldrich) and allowed to age for 24 h. The final aged gel was
then hydrothermally crystallized for 3 days at 160 °C. Finally, the synthesized CHA was
separated and washed with plenty of water to decrease the pH to ~7.

2.2. Preparation of Cu-CHA

For the Cu-CHA catalysts, the as-synthesized CHA (K-CHA) was used as the parent
material. Before loading Cu onto the framework of CHA zeolites, some of the potassium
form of CHA zeolite (K-CHA) was transformed to an ammonium form of CHA zeolite
(NH4-CHA). This was obtained by ion exchange of K-CHA with 1 M of ammonium nitrate
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(NH4NO3, >98% Sigma-Aldrich). For each gram of K-CHA, 30 mL of 1 M NH4NO;3 was
used and heated at 80 °C for two h. The process was repeated with a fresh solution of
ammonium nitrate. The aqueous solution ion exchanging technique introduced copper
ions over K-CHA and NH4-CHA zeolites. As the Cu source, Cu(NO3),3H,O (>99%,
Wako) was employed. In a typical synthesis procedure, 1 g of each K-form and NHy-form
of CHA were ion-exchanged with nominal Cu concentrations of 0.05 and 0.1 M. In the
procedure, the nominal Cu concentrations were dissolved in deionized water, followed by
adding 1 g of each form of as-synthesized CHA powder under continuous stirring at room
temperature for 24 h and 80 °C for three h, separately. Then, the solution was centrifuged to
separate the products. The obtained solid products were washed, dried overnight at 110 °C,
and then calcined at 500 °C (heating rate 10 °C/min) for five h using a muffle furnace. The
products were labeled according to the CHA-form and its respective Cu concentration,
as well as the temperature at which the product material was synthesized. Thus, that
describes how the Cu ion exchange was carried out over the K-form and NHy-form of
the as-synthesized CHA zeolite catalyst. The ion exchange of CHA catalyst with different
nominal Cu concentrations is summarized in Table 1.

Table 1. Experimental conditions of the modified Cu-CHA catalysts and relative crystallinity.

Crystallinit Crystallinit

S/N Formcolflgarent Name Conc. (M) Temfoecr;lture I:Zlative toy I?ellative toy

NHy-Form (%) K-Form (%)
1 NH4-Form 0.05 Cu-H-CHA 0.05 80 124.96 185.11
2 NHy4-Form 0.1 Cu-H-CHA 0.1 80 108.47 160.68
3 NHy-Form 0.1 Cu-H-CHA-RT 0.1 25 98.25 145.53
4 K-Form 0.05 Cu-K-CHA 0.05 80 76.03 112.63
5 K-Form 0.1 Cu-K-CHA 0.1 80 79.03 118.37
6 K-Form 0.1 Cu-K-CHA-RT 0.1 25 79.6 117.9

2.3. Characterization Techniques
2.3.1. Structure Study

The parent CHA and copper ion-exchanged CHA (Cu-CHA) zeolite catalysts were
characterized by several characterization techniques. To study the catalysts’ crystalline
phases, X-ray diffraction (XRD) was carried out on a Rigaku Miniflex diffractometer
equipped with Cu K« radiation, A = 0.15406 nm. The XRD patterns were recorded over
20 = 5-50° with a scan speed of 3° per min and step size of 0.02°. Nuclear Magnetic Reso-
nance (NMR) spectroscopy was used for molecular identity and structure. The coordination
of aluminum of CHA and Cu-CHA zeolites catalysts was investigated using 2” Al solid-state
Nuclear Magnetic Resonance (MAS NMR) using Varian 500 MHz spectroscopy. The 2/ Al
NMR spectra were acquired via a single pulse experiment with a 30° pulse and a sample
spinning frequency of 13 kHz. A combined relaxation delay and acquisition time of 1.1 s
was used. A total of 2000 scans were accumulated for each spectrum. External referencing
was established using an AI(NO3)3 solution (0 ppm). The TESCAN instrument was used to
conduct elemental and morphology analysis through scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDS) by utilizing secondary electrons.

2.3.2. Acidity Analysis

The acidity of the catalysts was evaluated using temperature-programmed desorption
of ammonia (NH3-TPD) using a BELCAT II Chemisorption analyzer. About 50 mg of a
sample was placed in a quartz tube and initially treated at 500 °C for one hour under
helium flow. The sample was then ramped to 100 °C and exposed to ammonia blended
with helium (10% He) at a 50 mL/min flow rate for 30 min. The sample was then ramped
to 600 °C at a ramping rate of 10 °C per minute. The desorbed ammonia was detected by a
DTC detector and quantified as a function of temperature.
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2.3.3. Surface Area and Pore Volume Distribution

The surface area, pore volumes, and pore size distribution were determined from the
N, adsorption/desorption isotherm using a Micromeritics ASAP 2020 machine (National
Scientific Company Ltd., Jeddah, Saudi Arabia). Firstly, 100 mg of a sample was outgassed
at 300 °C for twelve h, and then the analysis was conducted at —195.86 °C in a liquid nitro-
gen bath. The surface area was calculated by the Brunauer-Emmet-Teller (BET) method,
while the pore size distribution was determined using the Horvath-Kawazoe method.

2.3.4. Study of Cu Species in the CHA Structure

The reduction of Cu species was studied by hydrogen temperature-programmed
reduction (H,—TPR) on a Micromeritics Autochem 2910 instrument (National Scientific
Company Ltd., Jeddah, Saudi Arabia). Typically, 100 mg of each synthesized catalyst was
placed in a U-shaped quartz tube and then preheated at 300 °C for one hour under helium
flow. After cooling the sample to 35 °C, the catalyst was heated gradually at 10 °C/min to
850 °C under the flow of 10% Hj; balanced by Ar. The H; uptake was measured from the
effluent stream using a thermal conductivity detector (TCD). The oxidation states of Cu
species were investigated using X-ray photoelectron spectroscopy (XPS) with a scanning
X-ray microprobe (Escalab 250, Thermo Fisher Scientific, Waltham, MA, USA) using Al
Ko radiation (1486.6 eV). Cls peak with binding energy (BE) of 284.6 eV was used as a
standard to calibrate the BE peaks. Prior to the analysis the samples were dispersed in
ethanol and then casting on Ta substrate and allowed to evaporate the ethanol.

2.4. Catalytic Evaluation

A fixed-bed reactor made of quartz was used for the catalytic performance evaluation of
different series of Cu-CHA catalysts in the NOx ammonia-selective catalytic reduction (NHs-
SCR) process. Before the evaluation test, 50 mg (40-80 mesh) of a catalyst was mixed with a
similar amount of silica gel that was pretreated at 800 °C for 4 h. After that, the combined
mixture was heated from room temperature up to 600 °C at a heating rate of 10 °C/min
under the flow of oxygen and nitrogen gas (14% O, /N;) and held for 30 min as illustrated in
Figure 1. Moreover, a gas mixture of 5% HyO + 14% O, /N3 + 5% CO, + N, was allowed to
flow over the sample at the same temperature for two h. Afterward, the reactor was cooled
to 120 °C and stabilized for 20 min. Then, a gas feed consisting of 500 ppm NO + 500 ppm
NH; + 14% O, /N3 + 5% CO; + 5% HpO + N; was allowed to flow over the catalysts, and
the temperature was ramped up to 550 °C at a heating rate of 2.5 °C/min.

0.5h 2h

550 °C

.Ss

> C
9
Y

5% H,0 + 14% 0,/N, + 5% CO, + N, £205C; 20min

Figure 1. Pre-treatment and reaction procedure. A: pretreatment in 14% O, /Nj; B: pretreatment in
5% HyO + 14% Oy /N3 + 5% CO, + N gas mixture; C: temperature-programmed reaction in flow of
500 ppm NO + 500 ppm NH3 + 14% Oz/Nz +5% COZ +5% Hzo + Nz.



Appl. Sci. 2023, 13, 13001

6 of 18

3. Results and Discussion
3.1. Structure Study

The crystalline phases and structure of the parent CHA zeolite and Cu-modified CHA
zeolites at different conditions were studied using XRD and %’ Al NMR, respectively. The
XRD patterns shown in Figure 2 revealed that all the as-synthesized CHA zeolites featured
diffractograms identical to the well-known XRD patterns of the CHA framework [26],
indicating that the as-synthesized CHA zeolites were successfully fabricated. After the ion
exchange with ammonium nitrate (NH4-CHA) and potassium (K-CHA), the XRD patterns
remained unchanged, as evidenced by the fact that no new diffractogram peaks or changes
were observed and, therefore, the fingerprint of the CHA structure with enhanced peak
intensities was maintained during the ion exchange. Generally, loading the Cu to the CHA
zeolite in both forms enhanced the relative crystallinity with a noticeable enhancement
when the loading was carried on the ammonium form (NH4-CHA), as presented in Table 1.
However, although Cu was loaded onto both the K-CHA and NH4-CHA zeolite forms, the
XRD diffraction patterns of their Cu-modified forms still corresponded mainly to the single
K-CHA and NH4-CHA zeolite phases. This is likely related to the lower loadings of Cu
onto the zeolite forms.

0.1M Cu-K-CHA-RT

0.1M Cu-NH,;-CHA-RM

0.1M Cu-K-CHA

-
5
) me conveon
>
=
w
5 0.05M Cu-K-CHA
g
£
1 0.05M Cu-NH,-CHA
A
|
L A NHgCHA . = . .
A K-CHA
5 10 15 20 25 30 35 40 45 50

20 [7]

Figure 2. XRD patterns of parent CHA zeolites and CHA zeolite catalysts ion-exchanged with Cu
solution at different conditions; K-CHA: CHA as-synthesized, NH4-CHA: CHA after ion exchange
with ammonium nitrate.

For studying the distribution of aluminum in the CHA structure, 2’ Al NMR was used.
As XRD could not give an account of and indications where Al was located in the structure
of all the synthesized zeolite forms, the coordination of aluminum can be determined by
the 2 Al NMR spectrum, which has signals at a chemical shift of ca. 50-60 ppm and ca.
0 ppm for tetrahedral and octahedral coordination, respectively [27-29]. In an attempt to
understand the zeolite structure—activity relationship, the location of aluminum atoms in
the catalyst framework, the nature or specificity of aluminum bonding in the framework,
the closeness of Al framework sites, and the distribution and structure of Al species in
non-framework structures are critical factors [30]. In addition, the overall reactivity and
activity of the zeolite catalyst may also be influenced by the closeness of framework and
non-framework of Al species. Accordingly, in a typical zeolite structural analysis, > Al
NMR excitation is used to probe the distribution of Al atoms between framework and non-
framework sites in zeolite catalysts. Figure 3 shows the 2 Al NMR spectra of all Cu-CHA
catalysts in this context. The Cu-CHA catalysts that were ion-exchanged in the ammonium
form showed the presence of tetrahedrally coordinated framework Al at bridging acid
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0.05Cu-NH,-CHA

sites in contrast to non-framework octahedrally coordinated Al at the integrated areas
of the ~56 and 0 ppm spectral peaks, respectively. A similar result was also observed
and reported in the literature [31]. A main spectrum around 56 ppm has been attributed
to the tetrahedral coordination of aluminum, while a small peak of ~0 ppm in all the
samples designating the presence of an extra framework of aluminum assumed to be non-
framework octahedrally coordinated Al in the zeolite structural configuration [32]. The
presence of an extra framework in NHy-form zeolite catalysts resulted from dealumination,
which occurred during ion exchange with ammonium ions from the ammonium nitrate
solution, as earlier reported in the literature [25]. On the other hand, a different scenario
was observed with the K-form of CHA zeolite, as only one peak was observed at ca. 56 ppm,
corresponding to the tetrahedral coordination of aluminum in the zeolite catalysts.

0.1M Cu-NH,-CHA L 0.1M Cu-K-CHA-RT

0.05M Cu-NH,-CHA

0.05M Cu-K-CHA

0.1M Cu-NH,-CHA-RT

0.1M Cu-K-CHA

150 100 50 0 -50 -100 150 100 50 0 -50 -100
Chemcial shift (ppm) Chemical shift (ppm)

Figure 3. 27 Al NMR spectrum of CHA zeolite catalysts ion-exchanged with Cu at different conditions.

3.2. Morphology and Physical Properties

Figure 4 reveals the morphology of the Cu-CHA catalysts prepared at different Cu
concentrations and different temperatures. The FE-SEM images presented in Figure 4 have
again confirmed the shape and particle size of the catalysts with reference to the OSDA-free
CHA zeolite reported previously [25]. In principle, the particles are cuboids in shape and
submicron in size. These cuboids were agglomerated and formed larger particles with sizes
ranging from 5-8 pum. It was observed that the modifications to the parent CHA zeolite did
not alter the morphology of the Cu-CHA zeolite catalysts. The loading of Cu to the CHA
structure was confirmed by the elemental distribution map (EDS/EDX), as presented in
Figure 5 and Table 2.

0.1Cu-NH,-CHA  0.1Cu-NH,;-CHA-RT  0.1Cu-K-CHA 0.05Cu-K-CHA 0.1Cu-K-CHA-RT

2 I76D

Figure 4. FE-SEM images of CHA zeolites catalysts ion-exchanged with Cu solution at different conditions.
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0.05Cu

-NH,-CHA 0.1Cu-NH,-CHA

Figure 5. Elemental distribution map (SEM/EDS) of Cu-CHA catalysts prepared from NH4-CHA.

Table 2. Surface area and pore volume distribution of a series of Cu-CHA catalysts.

Sample Surface Area (mZ/g) Pore Volume (cm3/g) Cu/Al *
Sext Smicro Stot- SL Vmicro Vmeso Vtot

0.05 M Cu-NH4-CHA 20 409 429 465 0.150 0.024 0.174 0.72

0.1 M Cu-NH4-CHA 21 422 443 482 0.155 0.025 0.180 0.81

0.1 M Cu-NH4-CHA-RT 13 457 470 498 0.167 0.018 0.185 0.66
0.05 M Cu-K-CHA 29 158 186 240 0.060 0.037 0.098 -
0.1 M Cu-K-CHA 23 296 319 364 0.112 0.033 0.145 -
0.1 M Cu-K-CHA-RT 6 63 69 90 0.024 0.023 0.047 -

* Elemental analysis was conducted using EDX.

The textural properties of as-synthesized catalysts were determined by the N, ad-
sorption/desorption method. Figure 6 shows the N, adsorption/desorption isotherms
of the Cu-exchanged zeolites and their corresponding pore width distributions against
the differential volumes using the Horvath-Kawazoe model. The numerical treatment of
N, isotherms provides surface area and pore volume presented in Table 2. Remarkably,
the isotherms of the NH4-CHA zeolite type catalysts exhibited higher uptake of N; than
the K-Form of zeolite catalysts. The poor N, uptake by the Cu-CHA catalysts prepared
from the K-Form of CHA highlights the importance of pore openings of CHA, which were
blocked by potassium ions prior to any modifications. The previous Ny analysis showed
no adsorption/desorption for the K-CHA [25]. However, an increase in ion exchange tem-
perature from room temperature (RT) to 80 °C enhanced the degree of potassium exchange
with Cu, as indicated by an increase in the BET surface area and pore volume, Table 2. The
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higher ion-exchange temperature facilitated the ion-exchange process even when the Cu
concentration was 0.05 M.

Noticeably, both the NH4-CHA and K-CHA forms of the zeolite synthesized catalysts
exhibit a sharp increase in the relative pressure below 0.01, indicating the abundant presence
of micropores [11]. However, as seen in Figure 6, all the K-CHA forms of zeolite samples
exhibit a mixed type 1 and type IV isotherm with an H1 type hysteresis loop in the range
of P/PY > 0.8, indicating the representation of dominant mesoporosity with only a small
contribution from macroporosity [33]. Similarly, based on the pore size distribution curves
and SEM images, it can be inferred that the mesoporous structure was predominantly
formed between cuboid crystal particles of all the as-synthesized zeolite catalysts. Therefore,
considering the surface area and pore volume of the as-synthesized zeolite catalysts, it can
be inferred that their textural properties are highly similar to those of the conventional
SAPO-34 and SSZ-13 zeolites. Thus, the synthesis procedure adopted is promising.

(A) (B)

~ 120+

—=— 0.05M-Cu-CHA —e— 0.1MCuCHA —— 0.1MCUCHA-RT
—v— 0.05MCu-K-CHA 0.1MCu-K-CHA 0.1MCu-K-CHA-RT| 0.25 1— 0 1MCuCHA

AAAAAAAAA

——0.05M-Cu-CHA

——0.1MCuCHA-RT
——0.05MCu-K-CHA
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o
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4
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i ' . i i 0.00
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Figure 6. N, adsorption/desorption isotherms of Cu-CHA zeolites treated under different condi-
tions (A) and the pore width distribution using the Horvath-Kawazoe method (B).

The acidity of the as-synthesized catalysts was evaluated using the NH3-TPD to corre-
late the different types of ion exchanges to the active sites of the catalysts. The NH3-TPD
profiles are presented in Figure 7, linking the form of the CHA used and the ion-exchange
conditions. The NH3-TPD is the most appropriate method for quickly determining the
acidic properties of solids acid materials [34], as it conveniently describes total acidity,
strength, and distribution from peak area, position, and shape, respectively. However, in
this study, attention is concentrated on the strength of the acid sites in the as-synthesized ze-
olite catalysts, which is determined by the relative position of the NHj3 desorption peaks in
the NH3-TPD curves. In the literature, the desorption profile of NHj from zeolite catalysts,
particularly Cu ion-exchanged CHA forms of zeolites, typically has three commonly known
peaks [35-38], namely, a low-temperature peak below 200 °C; an intermediate-temperature
peak at a range between 250 and 350 °C; and a high-temperature peak at 400-500 °C.
Accordingly, the low-temperature peak is assigned to NHj3 desorption from Lewis acid
sites. In contrast, the intermediate-temperature peak is characteristic of Cu-sites, and the
high-temperature rise is ascribed to Brensted acid sites. The ammonia desorption profiles
presented in Figure 7, along with their deconvolution in Figures 54-59, demonstrate that all
catalysts have three levels of acid sites. However, catalysts prepared using the NHy-form
of Cu-CHA zeolites have a higher acid density than those prepared using the K-form of
Cu-CHA zeolites, as presented in Table S1. This increase in acid density is due to the
removal of potassium ions during the ion exchange process with ammonium nitrate. The
N, adsorption/desorption isotherms confirm that the pores of K-form of CHA zeolites
were blocked, which limits accessibility to acidic sites. Consequently, this has elucidated
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the difference in the strength of the acid sites in the two forms of the as-synthesized zeolite
catalysts, which correlates to their different NH3-SCR activity.

—— 0.1MCu-NH4-CHA—— 0.1MCu-NH4-CHA-RM—— 0.05M-NH4-CHA

—— 0.1MCu-K-CHA 0.1MCu-K-CHA-RM 0.05MCu-K-CHA
3
A
(]
O
[t
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100 200 300 400 500

Temperature [ °]

Figure 7. NH3-TPD profile CHA zeolite catalysts ion-exchanged at different conditions.

3.3. Cu Loading to CHA Structure

In this work, H,-TPR experiments were carried out on the NHs-form and K-form
of Cu ion-exchanged CHA zeolite catalysts. Figure 8 presents the Hy-TPR profiles of
Cu-CHA catalysts under different conditions. The H,-TPR profile of the Cu-CHA ion
exchanged catalyst over the NH4-form showed a broad low-temperature peak centered
around 250 °C. The deconvolution of this peak into three peaks is shown in Figures S1-S3
(see the supporting information). The first peak is ascribed to the reduction of isolated
Cu?* to Cu*, while the second and third peaks are associated with the reduction of CuO
to Cu® and Cu* to Cu?, respectively [12,39-41]. Therefore, the catalysts are characterized
by the presence of Cu” and Cu* species independent of Cu loading. The intensities of
each peak depend on the Cu concentration and the ion exchange temperature. The 0.1
MCu-NH4-CHA catalyst showed the highest peak intensity, followed by 0.05 Cu-NH4-CHA
and 0.1 MCu-NHy4-RT catalysts. However, two other peaks are visible at 650 °C and 800 °C,
belonging to the reduction of highly stable Cu*, a characteristic of the CHA framework [42].
Accordingly, the main consideration is that the high-reduction peaks are denoted by the
reduction of Cu* to Cu’.

The catalysts developed from the K-form of the CHA showed well-defined low-
temperature peaks centered around 240 °C, which are ascribed to the reduction of the
Cu'"OH species [10,43,44]. Similarly, as seen from their H,-TPR, other well-defined peaks
assigned to Cu'! species [10,43,44] are apparent at about 364 °C.
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Figure 8. H,-TPR profile of CHA zeolite catalysts ion-exchanged under different conditions.

Information about the oxidation or chemical state of Cu species on the different
NHy-form CHA catalyst surfaces and their distribution was probed by XPS. It is worth
mentioning that copper XPS analysis should be carried out carefully as copper is highly
sensitive to radiation [45]. The exposure of X-ray radiation can lead to the reduction
of Cu species to Cu*. Therefore, for copper XPS analysis, sample freezing, minimizing
exposure time, using a monochromatized X-ray source, or a low energy X-ray source are
recommended. However, integration of H,-TPR and XPS analysis would conveniently
explain the presence of the type of Cu species in a sample. Figure 9 shows the XPS spectra
of Cu species before and after ion etching the samples for 30 s. All catalysts exhibited the
presence of the same Cu species but with different peak intensities due to variations in
Cu concentrations and ion exchange temperature. The XPS profile confirmed the presence
of Cu 2p3/2 at lower binding energy ca. 932 and 933 eV belonging to Cu* and Cu?*
respectively. Cu 2p1/2 was located at higher binding energy around 952 and 953 eV,
features indicating that Cu existed primarily in the as-synthesized catalysts as Cu* and
Cu?*, respectively [46]. The Shakeup peaks, a property of the dispersed Cu®*, were also
observed at binding energies between 942 to 943 eV. Similarly, weak satellite features
around 940 and 960 eV are generally assigned to Cu?* in the CuO phase [47,48].

0.05MCu-NH,-CHA 0.1MCu-NH,-CHA 0.1MCu-NH,-CHA-RT

970

960 950 940 930 920 970 960 950 940 930 920 970 960 950 9240 930 920
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lHM o &’ ul

II;I' T
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940 930 920 970 960 950 940 930 920 965 955 935 925
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Figure 9. The XPS spectra of Cu species before and after etching of the NHy-form of CHA zeolite
catalysts with different Cu loading.
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Concerning ion-etched samples, it was observed that the intensities of all the satellite
peaks that appeared in the as-synthesized zeolite catalysts were drastically reduced, and
some even disappeared. Still, the Cu 2p1/2 and 2p3/2 peaks of 0.1 M Cu-NH4-CHA
emerged sharply at their standard positions. The disappearance of those peaks means
that their assigned Cu species were removed, and the analysis reached close to the surface
of the as-synthesized zeolite catalyst. This finding points to preferential dealumination
close to the surface of the 0.05 M Cu-NH4-CHA and 0.1 M Cu-NH4-CHA-RT, presumably
caused by diffusion limitations experienced by the Cu ions in those mentioned catalysts.
By implication, since framework Al is related initially to acid sites, dealumination in those
catalysts caused a decrease in their acid sites. Hence, this suggests that Cu species within
the zeolite catalyst 0.1 M Cu-NH4-CHA were well distributed and stabilized and may not
be significantly affected by the working conditions, such as operating temperature, and by
the other reactive species present inside the catalyst’s microporous structure.

This reveals that ion-etching created contrast between the as-synthesized catalysts
through differences in the topographical nature of Cu species distribution on the surface
and within the microstructures of the catalysts. In addition, the etching process exposed
the supposedly catalytic active sites on the surface of the modified and Cu ion-exchanged
CHA zeolite catalysts. Because the impact of the etching technique unveiled the stability
of seemingly active sites, it could help understand the relationship between the surface
structure of the catalysts and their catalytic performance in NOy conversion.

3.4. Catalytic Evaluation

In NH3-SCR tests using the as-synthesized zeolite catalysts, Figures 10 and 11 depict
NOxy conversions as a function of the reaction temperatures ranging between 120 and
550 °C. As can be seen, the NOy conversion rose with temperature as the NH3-SCR process
was initiated, reached a maximum, and then declined. This is particularly noticeable in the
results manifested by 0.05 MCu-NH4-CHA and 0.1 MCu-NH4-CHA-RT, which perhaps is
associated with their inherent structural and catalytic characteristics that are, to a certain
extent, different from the 0.1 M Cu-NH4-CHA.

Among the synthesized catalysts, 0.1 MCu-NH4-CHA exhibited the best catalytic
performance for NOy conversion. The catalyst showed 100% conversion with steady
thermal stability over a wide range of higher reaction temperatures between ca. 261 and
520 °C. Interestingly, this zeolite catalyst achieved 50% NOy conversion at 192 °C and
reached complete 100% NOy conversion at temperatures from 261 °C. This result reveals a
significant catalytic improvement compared to the conventional Cu-based chabazite (Cu-
CHA) catalysts, whose NOx conversion efficiency is relatively low at temperatures below
200 °C. Thus, NOx must first be stored over conventional zeolite catalysts and converted
at higher temperatures [49]. In addition, while the local Cu/Al ratio varied among the
samples, the 0.1 M Cu-NH;-CHA is the material that has the highest Cu/Al ratio and,
much more likely, will have a higher Si/ Al ratio, too. It has been generally considered
that samples with a higher Si/ Al ratio are thermally stable [50,51]. It is known that the
thermal stability of Cu ion-exchanged zeolite-based catalysts also depends on the Cu/Al
ratio [50], as confirmed by this study’s results (Table 2). Therefore, it can be speculated
that the enhancement of the overall thermal stability of 0.1 M Cu-NH4-CHA over a wide
temperature range during NOy conversion could be attributed to the higher Cu/ Al ratio.
Furthermore, the abundance of stable Cu species, particularly Cu?* in the framework of Cu-
based CHA zeolite catalysts, is responsible for better NOy conversion during NH3-SCR [52].
To further support this point, it was indicated that different Cu active site locations were the
reason why Cu-based zeolite catalysts exhibited different catalytic activity profiles [9,43,53].
Therefore, as Cu?* species are well distributed and stabilized within 0.1 M Cu-NH4-CHA,
as shown in the XPS profile of the ion-etched sample in Figure 9; thus, 0.1 M Cu-NHjy-
CHA displayed the best catalytic performance relative to 0.05 M Cu-NH4-CHA and 0.1 M
Cu-NH4-CHA-RT over a wider operating temperature range.
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0.05M Cu-H-CHA

It is essential to point out that the NOy conversion efficiency of 0.1 MCu-NH4-CHA
zeolite catalyst presents a promising result, as its NOx conversion index outperformed the
earlier reported Cu-CHA zeolite catalysts, which achieved 100% NOy conversion only at
temperatures from 220 to 380 °C [52]. Similarly, Cu-based zeolite catalysts mainly showed
high NH3-SCR activity in the temperature window of 350-550 °C, where Cu-ZSM-5, Cu-
557-13, and Cu-BEA showed maximum NOy conversion at temperatures of 425, 450, and
550 °C, respectively [53]. In another similar study, ion-exchanged Cu-based SSZ-13 catalysts
achieved approximately 80% NOy conversion at temperatures between 175 and 400 °C [54].
Furthermore, the NOy conversion rate of V-based catalysts with Sb remained at 80% at
temperatures between 270 and 450 °C [55], far below the catalytic performance of 0.1 MCu-
NHy-CHA reported in this study. This study, therefore, clearly shows that the NOy catalytic
performance of 0.1 M Cu-NH4-CHA is superior to similar and other DeNOy catalysts, as
indicated above. Hence, the result presented by 0.1 M Cu-NH4-CHA proffers a solution
towards achieving more effective use of Cu-CHA catalysts in maximizing NOy conversion
strategies for abatement of NOy and pollution-free urban atmospheres.
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Figure 10. NOy conversion by the NHy-CHA zeolite catalyst ion-exchanged at different concentra-
tions and temperatures. Catalyst loading: 50 mg (40-80 mesh) mixed with 50 mg silica gel. Reaction
conditions: 500 ppm NO + 500 ppm NHjz + 14% O, /N; + 5% CO, + 5% H,O + Ny. Total gas flow
rate: 200 mL/min. Space velocity 240 L/h-g. Temperature ramp: 2.5 °C/min. Total reaction time:

172 min.

Similar catalytic behavior was observed between NH;-CHA and K-CHA forms of
the as-synthesized zeolite catalysts. Although, as seen in Figure 11, the NOx conversion
also increased with temperature, the catalytic NOx conversion efficiency exhibited by the
K-CHA forms of zeolite catalysts was unsatisfactory. Their conversion profiles were also not
maintained over a wide range of temperatures. Instead, it suddenly declined. This indicates
that the catalysts were thermally unstable, and as a result, the catalysts suffered a decrease
in NOy conversion even at temperatures far below 400 °C. At ca. 330 °C, the K-CHA form
zeolite catalysts achieved <80%, 40%, and ca. 68% NOx conversion for 0.05 MCu-K-CHA,
0.1 M Cu-K-CHA, and 0.1 M Cu-K-CHA-RT, respectively. Immediately after attaining
these apex conversions, the conversions dropped drastically due to deactivation. The
observed deactivation may be attributed to surface modifications caused by potassium
(K) masking or poisoning, as alkali metals (Na, K) and alkali earth-metals (Mg, Ca) are
documented as poisons for SCR catalysts [56]. In this case, the potassium (K) masking or
poisoning effect might be responsible for reducing the surface active sites of the K-CHA
catalysts or initiating the transformation of isolated Cu ions to CuxOy/ Cu'OH clusters,
respectively. The masking effect of K is usually caused by its ions anchoring to Brensted
acid sites because K has more affinity for Brensted acid sites than isolated Cu ions or
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directly supplanting Cu ions due to strong difference in electropositivity [57]. On the other
hand, the transformation of isolated Cu ions to CuxOy/ CullOH clusters might be initiated
by electronic interaction through which Cu species behave as anions by accepting electrons
from K via filled 4s orbitals and partially filled extended 4p orbitals [58]. This demonstrates
that the incorporation of K into the catalysts affected the surface active sites or acid sites
generated by the incorporation of Cu in the K-CHA zeolite catalysts. Therefore, Cu species,
particularly in isolated forms, are inferred to be the active sites in the NH3-SCR process, in
agreement with earlier observations [59]. This can be further supported by the apparent
difference in the H,-TPR profiles, where a blend of isolated Cu* and Cu?* dominated the
forms of Cu species in Cu-NH,-CHA zeolite catalysts. At the same time, Cu'OH was the
characteristic principal species in the Cu-K-CHA catalysts. The manifested difference in
DeNOy catalytic activity between the as-synthesized ion-exchanged Cu-NH;-CHA and
Cu-K-CHA zeolite catalysts finally confirmed this.
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Figure 11. NOy conversion by the K-CHA zeolite catalyst ion-exchanged at different concentrations
and temperatures. Catalyst loading: 50 mg (40-80 mesh) mixed with 50 mg silica gel. Reaction
conditions: 500 ppm NO + 500 ppm NHjz + 14% O, /Nj + 5% CO; + 5% HpO + Ny. Total gas flow
rate: 200 mL/min. Space velocity 240 L/h-g. Temperature ramp: 2.5 °C/min. Total reaction time:
172 min.

4. Conclusions

Room- and low-temperature Cu ion-exchanged NHy-forms and K-forms of CHA
zeolite catalysts were synthesized with Cu loadings of 0.05 and 0.1 M. All as-synthesized
Cu-NHy-CHA zeolite catalysts showed higher catalytic NOy conversion than the Cu-K-
CHA catalysts. The XRD profile revealed that all the as-synthesized CHA zeolites featured
diffractograms identical to the well-known XRD patterns of the CHA framework. The
27 Al NMR spectroscopic results indicated that the NH;-CHA possessed tetrahedral and
octahedral aluminum coordination within the zeolite framework. At the same time, the
K-CHA form was dominated by the tetrahedral coordination of aluminum. This signifies
that NH4-CHA zeolite catalysts possessed more Al coordination in the extraframework
position than in the K-CHA forms.

Morphologically, the NH4-CHA type formed more bundles of well-interconnected
cuboids than the other zeolite-type catalysts, beneficial for keeping them structurally
intact and perhaps advantageous to their thermal stability. In terms of textural properties,
considering the surface area and pore volume of the as-synthesized zeolite catalysts, it can
be inferred that their textural properties are similar to those of the conventional SAPO-
34 and SS5Z-13 zeolites. Thus, the synthesis procedure adopted is promising. The Cu
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ion-exchanged CHA forms of zeolites typically have three commonly known acid sites:
Lewis sites, Cu-sites, and Brensted sites. In this context, the prepared Cu ion-exchanged
NHjy-form of CHA zeolites showed mainly two acid sites characterized by Lewis and
Cu-sites. In contrast, the K-Form of Cu-CHA zeolite catalysts were characterized by only
Cussites and, thus, supported the notion that their NH3-SCR activity for NOy conversion is
undoubtedly dissimilar.

The H,-TPR profile of the Cu-NH4-CHA proved that the Cu species distribution over
the catalysts was dominated by a mixture of Cu* and Cu?* species, while in the other
CHA zeolite catalysts, the predominant Cu species were mainly Cu in the form of Cul'OH.
The XPS spectra of Cu-NH4-CHA further supported this: that Cu existed primarily in the
catalysts as Cu* and Cu?*.

To reveal this study’s most important finding, the as-synthesized Cu-NH4-CHA zeolite
catalysts, particularly 0.1 M Cu-NHy4-CHA, achieved superior performance in the NH3-SCR
reaction with 100% NOy conversion within the temperature window between 192 and
261 °C. This seems to be one of the lowest temperature windows compared to the windows
of NH3-SCR reaction for NOy conversions by Cu-zeolites-based catalysts reported in the
literature. In contrast to the Cu-NH4-CHA, the as-synthesized Cu-K-CHA zeolite catalysts
suffered significantly from the potassium (K) poisoning effect, causing notable deactivation
accompanied by the rapid loss of NH3-SCR catalytic activity.

Finally, this work shows that Cu-based CHA zeolite, particularly the NH4-CHA forms,
can be synthesized successfully without using an organic structure-directing agent (OSDA)
with desired morphology; texture; and framework Al coordination, which are key factors
for determining the structure—activity relationship in zeolite catalytic reactions. Thus, this
synthesis technique can be directed towards actual application for their synthesis and
utilization in DeNOx catalytic strategies.
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NH;-TPD deconvolution of 0.1 M Cu-NH4-CHA catalyst; Figure S5: NH3-TPD deconvolution of
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Figure S7: NH3-TPD deconvolution of 0.1 M Cu-K-CHA catalyst; Figure S8: NH3-TPD deconvolution
of 0.1 M Cu-K-CHA-RM catalyst; Figure S9: NH3-TPD deconvolution of 0.05 M-NHy-CHA catalyst;
Table S1: Amount of weak, medium, and strong acid sites.
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