Yes| materials

Article
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Abstract: Cu-containing hierarchical SAPO-34 catalysts were synthesized by the bottom-up method
using different mesoporogen templates: CTAB encapsulated within ordered mesoporous silica
nanoparticles (MSNs) and sucrose. A high fraction of the Cu centers exchanged in the hierarchical
SAPO-34 architecture with high mesopore surface area and volume was achieved when CTAB was
embedded within ordered mesoporous silica nanoparticles. Physicochemical characterization was
performed by using structural and spectroscopic techniques to elucidate the properties of hierarchical
SAPO-34 before and after Cu introduction. The speciation of the Cu sites, investigated by DR UV-Vis,
and the results of the catalytic tests indicated that the synergy between the textural properties of the
hierarchical SAPO-34 framework, the high Cu loading, and the coordination and localization of the
Cus sites in the hierarchical architecture is the key point to obtaining good preliminary results in the
NO selective catalytic reduction with hydrocarbons (HC-SCR).

Keywords: hierarchical SAPO-34; Cu active sites; Cu speciation; heterogeneous catalysis; propene or
isobutene as reductant; SCR of NO; UV-Vis spectroscopy

1. Introduction

One of the greatest challenges of our age is climate change mitigation and, in this
context, the reduction of nitrogen oxides (NO, NO,, N;O, referred to as NOy) in the
atmosphere represents one of the most urgent needs. In fact, NOx, which is emitted from
power stations, factories and vehicular traffic, is now considered to be one of the major
sources of atmospheric pollutants and significantly influences the global tropospheric
chemistry and our wellness. In the past few years, a research topic that has become more
and more popular deals with transition and noble metals (e.g., Cu, Fe, Ce, Mn, Ag, Pt)
exchanged into microporous zeolites (ZSM-5, Beta zeolite) [1,2]. In particular, there is a
raised interest in Cu-containing zeolites as catalysts for the abatement of NOy through
the selective catalytic reduction (SCR) process, which is an effective technology to remove
hazardous NOy. Among the various zeolitic systems, silicoaluminophosphate (SAPO),
microporous crystalline zeo-type materials are widely used as heterogeneous catalysts
because of their moderated acidity and well-defined microporous structure. In particular,
SAPO-34, with a chabazite (CHA) topological structure and 8-ring pore opening, represents
a good heterogeneous catalyst in terms of intermediate and product shape selectivity in
important industrial reactions such as methanol to light olefins (MTO) processes [3-5].

SAPO-34 microporous architecture is also suitable to host Cu sites in a well-defined
position, associated with charge compensating AlO4~ tetrahedra sites that are distributed
throughout the microporous framework, creating in this way the active sites to perform
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selective catalytic reduction (SCR) of NOy [6-8]. However, the narrow pore aperture
(3.8 x 3.8 A) of the CHA structure severely affects the substrate diffusion in the micropores
and enhances the possibility of catalyst deactivation due to coke formation and depo-
sition within the micropores. Generally, molecular transport has been regarded as the
rate-determining step of the catalytic reaction since the narrow channels of zeolitic catalysts
had a strong impact on mass transfer. In recent years, many efforts have been addressed
in the optimization of the framework structure to eliminate diffusion barriers in zeolite
catalysts, such as reducing crystal sizes, regulating morphology by exhibiting specific
crystallographic planes, and introducing mesoporous networks into microporous zeolitic
architectures [9]. Particularly, the latter approach has led to the development of hierarchical
porous materials that combine two levels of porosity (micro- and mesoporosity), expecting
an improvement in the catalytic performances owing to the overcoming of the diffusion lim-
itation in the micropore network [10,11]. Hierarchical zeolitic structures can be synthesized
using both top-down [12,13] and bottom-up [14] approaches. The top-down approach,
widely used for the production of hierarchical zeolites, is a post-synthetic modification
of the microporous structure, such as demetallation under acidic or basic conditions, to
extract framework constituents while preserving crystallinity. Nevertheless, the generation
of mesoporous voids can induce a localized collapse of the framework and further increase
the number of defect sites, thus altering both the textural and acid characteristics of the
parent framework [15].

In the case of SAPO structures, it has been reported that the top-down method can
irreversibly alter the microporous structure because of the relative instability of the frame-
work under strongly acidic or alkaline conditions [12], and, for these reasons, a bottom-up
approach is usually preferable. Although needful of a precise design, the aforementioned
approach is characterized by its simplicity, as it is capable of being employed in a “one-pot”
synthesis process. Furthermore, it provides ample opportunities for achieving a significant
level of control over the structure by means of modifying the micellar arrangement through
the careful selection of surfactant molecules [15]. Therefore, hierarchical SAPO-34 cata-
lysts, characterized by an additional mesoporous network connected with the microporous
structure, have been synthesized using a bottom-up approach to ensure a high degree of
structural control of the SAPO architecture with the retention of the Bronsted acid sites, in
contrast with the top-down method to produce hierarchical materials. In fact, the presence
of Brensted acid sites is essential owing to their exchangeable capacity that allows the
introduction of metal cations [8]. Among the various metal cations that are used for cat-
alytic purposes, copper is particularly noteworthy for its redox properties, specifically the
Cu (II) / Cu(I) couple. Owing to this feature, copper has extensive applications, especially
when it is introduced in a small pore zeo-type system such as the CHA architecture. In
such a configuration, copper serves as the active site for the selective catalytic reduction of
NOy using a wide range of reductants. Furthermore, some studies have shown that the
presence of additional mesoporous channels within the zeolite catalytic architecture results
in a higher dispersion of the metal component in comparison to conventional microporous
materials. Consequently, this enhanced dispersion ultimately leads to an enhanced cat-
alytic activity [16]. Typically, the synthesis of hierarchical SAPO-34 through the bottom-up
approach requires the presence of two structure-directing agents (SDAs), one to form the
microporous structure and the other to induce the mesopore channel development.

In this article, two types of hierarchical Cu-containing SAPO-34 materials with the
same Si loading were synthesized by the bottom-up approach using two different meso-
porogenic templates: CTAB (hexadecyltrimethylammonium bromide) encapsulated within
ordered mesoporous silica nanoparticles (MSNs) and sucrose, a simple, low-cost, and
widely commercially available molecule [8,17]. In both cases, tetraethylammonium hy-
droxide (TEAOH) was used as a template to induce the micropore formation typical of the
CHA structure. Cu cations were introduced following a single-step ion exchange strategy
into as-synthesized SAPO-34, still containing SDAs (for both microporous and mesoporous
network development). This method allows for reducing the number of synthetic steps as
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well as avoiding the drawbacks of the traditional multistep method, widely reported in the
literature [8]. In addition, this synthetic approach ensures the localization of the Cu ions
in the position adjacent to the 6-membered window of the CHA structure, as evidenced
by diffuse reflectance UV-Vis (DR-UV-Vis) characterization, which seems fundamental for
the activity in the NOy abatement through a selective catalytic reduction reaction. The
hierarchical Cu-exchanged catalysts were synthesized, characterized by using a structural
technique (XRD), volumetric analysis (N, adsorption/desorption isotherms at 77 K), and
electronic spectroscopy (diffuse reflectance UV-Vis) to evidence the oxidation state and
coordination of Cu-exchanged sites, and finally tested in a selective catalytic reduction of
NOy using different hydrocarbons as reductants (HC-SCR).

2. Materials and Methods
2.1. Synthesis of Hierarchical (HPS34CTAB, HPS34SUC) and Microporous SAPO-34
(534) Catalysts

Hierarchical SAPO-34 catalysts were synthesized using a gel of molar composition
1.0 A1/1.0 P/0.6 Si/0.067 SDAmeso/1 TEAOH /60 H,O, where the SDA 1eso Was sucrose in
the case of HPS34SUC and CTAB encapsulated within ordered mesoporous silica nanopar-
ticles (which serves also as a silicon precursor) in the case of HPS34CTAB.

HPS34CTAB. Aluminum isopropoxide (7.00 g, Sigma Aldrich, Milano, Italy) was
added to 15 mL of deionized water while stirring, and tetraethylammonium hydroxide
(TEAOH) (14.00 mL, 35 wt% in H,O, Sigma Aldrich, Milano, Italy) was added dropwise; the
mixture was stirred at room temperature for 1 h. Ordered mesoporous silica nanoparticles
with hexadecyltrimethylammonium bromide encapsulated within the mesopores (CTAB,
SDAmeso) (2.06 g, Sigma Aldrich, Milano, Italy) were suspended in 15 mL of deionized water
and slowly added to the reaction mixture, which was further stirred for 2 h. Phosphoric
acid (2.33 mL, 85 wt% in H,O, Sigma Aldrich, Milano, Italy) was added dropwise under
stirring and the gel was further vigorously stirred for 30 min to produce a white gel, which
was then transferred to a Teflon-lined stainless-steel autoclave and crystallized at 473 K for
60 h under autogenous pressure. The solid product from the autoclave was then recovered
by filtration and washed with water.

Ordered mesoporous silica nanoparticles (MSNs) were prepared using cetyltrimethy-
lammoniumbromide (CTAB) as a structure-directing agent. CTAB (1.9 mmol) was first
dissolved in 340 mL of water. Then aqueous NaOH (2.0 M, 2.45 mL) was added to the CTAB
solution, followed by adjusting the solution temperature to 80 °C. Finally, tetraethoxysilane
(TEOS, 3.5 mL, 18.1 mmol) was added simultaneously dropwise to the solution for a period
of 4 min. The mixture was stirred at 80 °C for 2 h to give rise to a white precipitate. The
solid product was filtered, washed with deionized water and ethanol, and dried in vacuo.

HPS34SUC. The reaction was carried out as reported for HPS34CTAB, with the only
difference being that amorphous silica fumed (1.24 g, Sigma Aldrich, Milano, Italy) was
added before the addition of the microporous template (TEAOH), and sucrose previously
dissolved in water (0.79 g, Sigma Aldrich, Milano, Italy) was used as SDAmeso-

534. The reaction was carried out as reported for the hierarchical analogue without the
use of any SDAneso and used silica fumed as the silicon precursor (1.24 g, Sigma Aldrich,
Milano, Italy).

A fraction of the as-prepared products were dried in air at 373 K and directly used,
without removing the templates, in the liquid aqueous solution (LIE) copper exchange
procedure. The remaining aliquots were calcined in a tube furnace under airflow at 873 K
for 16 h to remove organic surfactants and the micropore template, producing white
crystalline solids. The calcined samples were prepared to perform the analysis on the
hierarchical and microporous materials before the Cu exchange.

2.2. Preparation of Copper-Containing Catalysts

Hierarchical and microporous Cu-exchanged SAPO-34 catalysts were prepared by us-
ing a direct liquid aqueous solution ion exchange (LIE) method starting from as-synthesized
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materials containing all the templates [8]. A 0.2 M aqueous solution of CuSO4 5H,0O (Sigma
Aldrich, Milano, Italy) was used for the copper exchange. The Cu ion exchange of as-
synthesized SAPOs containing SDAs was carried out in the copper solution at 243 K for
4 h under vigorous stirring. The colored solids were then recovered by filtration, washed
several times with water, and finally calcined in airflow at 873 K for 4 h.

2.3. Physico-Chemical Characterization

N, physisorption measurements were carried out at 77 K in the relative pressure
range from 1 x 107 to 1 P/Py by using a Quantachrome (Boynton Beach, FL, USA)
Autosorb1IMP /TCD instrument. Prior to the analysis, the samples were outgassed at 573 K
for 3 h (residual pressure range lower than 10~ Torr) in order to remove water and other
adsorbed species. Specific surface areas (SSAs) were determined by the Brunauer-Emmett—
Teller (BET) method in the relative pressure range from 0.01 to 0.1 P/Py. The desorption
branch was analyzed by the NLDFT (non-local density functional theory) method to obtain
the micro- and mesoporous surface areas and pore size distributions of the hierarchical and
microporous samples.

X-ray powder diffraction (XRPD) patterns were obtained using a Bruker AXS D8
ADVANCE diffractometer (Karlsruhe, Germany), in reflection mode with Bragg—Brentano
geometry, operating with a radiation source of monochromatic X-rays Cu Ko (A = 1.5406 A)
and an LYNXEYE_XE_T high-resolution position-sensitive detector. XRPD patterns were
recorded in the 5-40° (20) range at the voltage and amperage of the source 40 kV /40 mA,
with a coupled 26-8 method, at a scan speed of 0.100 s/step and a step size of 0.01°.

Diffuse reflectance (DR) UV-Vis-NIR spectra were recorded with a Perkin-Elmer
Lambda 900 UV-Vis-NIR spectrophotometer (Waltham, MA, USA) equipped with the
integrating sphere optical system that allows recording in diffuse reflectance mode. DR
UV-Vis-NIR spectra were recorded in the spectral range 2500-200 nm (50,000-4000 cm 1) at
1 nm of resolution, measuring the reflectance (%R) with respect to the reference spectrum
of the BaSQOy.

2.4. Catalytic Tests

The hierarchical and microporous Cu-containing catalysts (30 mg) were transferred
to a glass-lined steel reactor and kept in place with quartz wool. All samples were heated
overnight in Ar (5 mL/min) reaching a temperature of 773 K and activated in O, (2% in
He) at 773 K for 1 h. The reaction was set to proceed from 773 K to 548 K with temperature
intervals of 25 K using a gas reaction mixture of NO (2000 ppm), propene (5000 ppm), and
2% Oy, giving a weight hourly space velocity of 2.35 greactants / 8catalyst Per hour. Following
this, a new sample was inserted into the reactor and after the activation procedure, isobu-
tane was introduced as the hydrocarbon reductant at the reaction temperature of 748 K,
under what were otherwise the same reaction conditions. The NO conversion for each step
was calculated according to Equation (1):

NO conversion [%] = (NOn — NOout)/NOy) x 100 €))

3. Results and Discussion

Two different hierarchical SAPO-34 catalysts were synthesized by the bottom-up
method using TEAOH as the structure-directing agent for the micropores and CTAB
encapsulated within MSNs (HPS34CTAB) or sucrose (HPS34SUC) as the templates for the
mesoporous network (SDAneso). The hierarchical materials were obtained starting from a
synthetic gel of molar composition 1.0 Al/1.0 P/0.6 Si/0.067 SDAmeso/1 TEAOH/60 H,O,
which was reacted under hydrothermal conditions at 473 K for 72 h under autogenous
pressure. For the sake of comparison, microporous SAPO-34 (534) was prepared under
identical conditions, excluding the presence of a mesoporogenic template. The morphology
and the shape of the hierarchical and microporous SAPO-34 catalysts investigated using
SEM microscopy were similar, as reported in ref. [8].
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The textural properties of calcined hierarchical SAPO-34, before Cu exchange, were
assessed by N adsorption/desorption volumetric analysis at 77 K and compared to the
textural properties of the microporous SAPO-34 reference material (Table 1 and Figure S1
in the Supplementary Materials). Hierarchical SAPO-34 materials presented a Type IV
isotherm with a hysteresis loop characteristic of a mesoporous system, while the Type I
isotherm was observed for microporous SAPO-34, as expected. The pore size distribution
of hierarchical catalysts, obtained by using the NLDFT (non-localized density functional
theory) method [18,19] on the desorption branch of their respective isotherms, evidenced
the presence of two families of mesopores characterized by diameters of around 35 and
50 A. Furthermore, substantial enhancements in mesopore volume (Vmeso), total pore
volume (Viot), and mesopore surface area (Smeso) were detected, strongly supporting the
successful preparation of hierarchical SAPO-34 characterized by the coexistence of multiple
levels of porosity. In particular, hierarchical SAPO-34 prepared with CTAB encapsulated
within ordered mesoporous silica nanoparticles (HPS34CTAB) showed a higher mesopore
surface area, volume, and a higher fraction of mesopores with a diameter of around 35 A
with respect to the hierarchical material prepared using sucrose as mesoporogen.

Table 1. Textural properties of hierarchical and microporous SAPO-34 catalysts.

. SBET SDFT  Smico  *Smeso  ViotDFT  Vmicro Vmeso

Materials (m?%/g) (m?/g) (m?/g) (m?/g) (cm®/g) (cm3/g) (cm3/g)
HPS34CTAB 641 783 511 272 0.58 0.13 0.44
HPS34SUC 554 808 590 118 0.36 0.17 0.19
S34 477 819 811 8 0.26 0.23 0.03

? Stmeso = sDFT - smicro‘

Cu-exchanged hierarchical and microporous SAPO-34 were prepared by a direct liquid
aqueous solution ion exchange (LIE) method at 343 K using a 0.2 M solution of CuSOy
5H,0 as the copper source, without removing the structure-directing agents [8]. In Table 2,
the acronymes, the theoretical framework composition, the structure-directing agents (SDAs)
used to template the microporous and the mesoporous networks together with the Cu
loadings, calculated using the Lambert-Beer equation on the UV-Vis spectra of eluate after
the washing procedure (Figure S2 in the Supplementary Materials) of the Cu-containing
hierarchical catalysts are reported and contrasted to the data obtained for the microporous
SAPO-34. It is worth noting that the highest Cu loading was observed for the Cu-containing
HPS34CTAB sample.

Table 2. Acronyms, framework composition, structure-directing agents (SDAs), and Cu loadings
calculated from UV-Vis spectroscopy.

Framework Elements SDA

Acronyms Al Si P SDApmeco SDA icro Cu Loading/wt%
Cu/HPS34CTAB 1 0.6 1 0.067 1 2.56
Cu/HPS34SUC 1 0.6 1 0.067 1 0.70
Cu/S34 1 0.6 1 - 1 1.92

The structural characterization of the catalysts, performed by X-ray powder diffraction
(XRPD), evidenced the diffraction pattern typical of CHA structure, confirming the phase
purity and crystallinity in both hierarchical catalysts (Figure 1A). After the Cu exchange
(Figure 1B), signals of CuO particles, expected at 35.6 and 38.8 20 degrees, were not formed;
nevertheless, a broad feature between 20 and 35 26 degrees, assigned to the presence of an
amorphous phase, can be observed.
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Figure 1. Section (A): XRPD pattern of HPS34SUC (curve a), HPS34CTAB (curve b), and S34
(curve c). Section (B): XRPD pattern of the samples after Cu exchange; Cu/HPS34SUC (curve a),
Cu/HPS34CTAB (curve b), and Cu/S34 (curve c).

Copper speciation and coordination in both hierarchical and microporous materials
were investigated by diffuse reflectance UV-Vis spectroscopy (DR UV-Vis), focusing on Cu
d-d electronic transitions. In fact, in the case of the Cu?*, characterized by 3d? electronic
configuration, a d-d band will appear in the Vis range, while no features will be visible
for colorless Cu* species, characterized by 3d'? electronic configuration [7,20]. The DR
UV-Vis spectra of hydrated and activated Cu-containing catalysts, reported in Figure 2,
revealed the presence of Cu?* d-d bands at 12,500 cm ™! for all the hydrated samples; this
feature is present in the Vis spectrum of Cu®* ions in aqueous solution and is assigned
to distorted octahedral coordination by the Jahn-Teller effect [7,20]. Upon activation
of the sample at 623 K in vacuo after calcination, a remarkable shift of the d-d band is
observed at 11,800 cm ™!, but only in the case of the microporous sample (Cu/S34) and of
the hierarchical Cu/HPS34CTAB. In contrast, no noticeable shift is visible in the d-d band
position for the hierarchical Cu/HP34SUC sample.



Materials 2023, 16, 5694

7 of 12

0.1

12,500
11,800

Cu/HPS34SUC

Cu/HPS34CTAB

Kubelka-Munk Function / a.u.

Cu/S34

20,000 18,000 16,000 14,000 12,000 10,000 8,000
Wavenumber / cm!

Figure 2. DR UV-Vis spectra in the Vis range of microporous Cu/S34 (a, b curves), hierarchical
Cu/HPS34CTAB (c, d curves), and Cu/HPS34SUC (e, f curves) hydrated (black curves) and activated
in vacuo at 623 K (red curves).

The occurrence of this red shift can be attributed to the change in the ligands present
within the Cu?* coordination sphere upon thermal activation. This results in the formation
of Cu?* sites characterized by square-planar coordination, wherein the adsorbed water
molecules acting as ligands in the hydrated forms are effectively replaced by framework
oxygen atoms [21].

The evidence of the removal of adsorbed water molecules upon activation is readily
observed in the NIR spectra (see Figure S3 in the Supplementary Materials). Specifically,
two features in the spectra of the hydrated samples are absent following thermal activation
at 623 K. Firstly, the broad signal at 7020 cm !, which arises from the overtone of O-H
stretching mode (2v), becomes undetectable. Additionally, the sharp band located at
5210 cm~!, which can be attributed to the combination of stretching and bending modes
(v + 8) of adsorbed water, also vanishes [7,8]. Simultaneously, new signals emerge in the
spectra after activation: signals at 4660 and 4550 cm ™!, due to the combination of stretching
and bending modes, and features at 7300 and 7120 cm~!, due to overtones of the O-H
stretching mode of Brensted sites, typical of SAPO-34 structure [22], highlighting that not
all the OH was exchanged with Cu cations.

On the basis of these features, it is possible to consider that the predominant Cu?*
sites formed upon thermal activation in the CHA architecture in microporous and hi-
erarchical Cu/HPS34CTAB catalysts are Z;Cu?*, where Z is a negative charge delocal-
ized on the framework oxygen atom close to the Al atom, stabilized in the 6 MR. This
phenomenon is less evident in hierarchical SAPO-34 prepared with sucrose as a meso-
porogen (Cu/HPS34SUC). The accessibility of Cu?* centers was studied by ammonia
adsorption at room temperature on activated Cu-containing catalysts (Figure 3). NHj
interacts directly with Cu?* sites with the formation of amino complexes and the d-d bands
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are blue-shifted, indicating the substitution of Cu?* ligands from framework oxygen by
NHj3 molecules [23,24].

0.1

14,600
14,200
12,500

S
S
<
-
—

Cu/HPS34SUC

Cu/HPS34CTAB

Kubelka-Munk Function / a.u.

Cu/S34

20,000 18,000 16,000 14,000 12,000 10,000 8,000
Wavenumber / em™!

Figure 3. DR UV-Vis spectra in the Vis range of microporous Cu/S34, hierarchical Cu/HPS34CTAB,
and Cu/HPS34SUC activated (black curves) upon NHj3 adsorption (30 mbar, red curves) and upon
NH; outgassing at room temperature (blue curves).

Although this blue shift was observed in all samples, it was more evident for the
microporous Cu/S34 and the hierarchical Cu/HPS34CTAB. As shown in Figure 3, the
band at 11,800 cm !, due to the d-d transition of Cu?* sites in square—planar coordination,
is shifted at 14,200 cm !, while the d-d band at 12,500 cm !, due to a more distorted
environment, is shifted at 14,600 cm~!. The original d-d bands were not restored upon
NH; desorption at room temperature (blue curves).

The NHj direct interaction with Brensted sites can be observed in the NIR region
(see Figure S4 in the Supplementary Materials). It can be observed that, upon ammonia
adsorption, the bands due to free O-H groups (4660, 4550, 7300, and 7120 cm 1) decreased
in intensity, and new bands at 6520, 4975 and 4695 cm ™! are visible. The signals at 6520
and 4975 cm~! are due to the N-H overtone and stretching and bending combinations,
respectively, of ammonia interacting via H-bond with the OH groups of the catalysts; the
band at 4695 cm ™! can be assigned to the combination of stretching and bending modes of
NH,* species formed by ammonia protonation by Brensted sites [25].

In order to assess the catalytic potential of the hierarchical Cu-based SAPO-34 catalysts,
a preliminary evaluation was conducted of the selective catalytic reduction of NO. The
reaction was carried out in the presence of either propene or isobutane, which served
as the reductants in the system. In stationary powder plants, NHj is usually used as
a selective reductant for NOy; nevertheless, for automotive applications ammonia has
some drawbacks such as NHj slip, storage, and deposit formation [26,27]. For this reason,
hydrocarbons can be used as reductants in SCR reactions (HC-SCR). The NO conversion
using propene as reductant was performed as a function of temperature from 548 K to
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773 K (Figure 4). Overall, Cu/HPS34CTAB showed the highest NO conversion compared
with the other Cu-containing SAPO-34. Specifically, at 748 K, Cu/HPS34CTAB had a 25.1%
NO conversion, whereas the NO conversions of Cu/S34 and Cu/HPS34SUC were 13.7%
and 5.0%, respectively.

30

—u— CwS34 L
25 A _e— CuHPSI4CTAB ./ .
—¥— CwHPS34SUC
0 /
~— 20-
=
.2
E 15_
2 u
g e
S 10- / /
e} o =
Z o< / /"
5 L [} v
/'f,«l _vv--V/
0- === s
523 573 623 673 723 773
Temperature / K
30
B
L 254
=S
S~
o
§15
2 154
)
o
© 104
Z
i .
' 0
! CwS34 CwHPS34CTAB CwHPS34SUC

Figure 4. NO conversion for hierarchical and microporous Cu/SAPO-34 with propene as a reductant
from 548 K to 773 K (A) and sample comparison at 748 K (B).

The performance of the Cu-containing catalysts was compared by dividing the to-
tal amount of NO converted (ppm) at 748 K by the Cu content (umol), hence giving the
amount of NO converted per mol of Cu (Table 3). Interestingly, as Table 3 illustrates,
whereas Cu/S34 and Cu/HPS34SUC converted the same amount of NO per mol of Cu
present in the sample (30 ppm NO pmol Cu~!), Cu/HPS34CTAB had a higher perfor-
mance value (42 ppm NO pmol Cu~?!). The best catalytic performances of the hierarchical
Cu/HPS34CTAB can be attributed to a synergistic effect between higher Cu loading with
respect to the other Cu-containing samples and the hierarchical pore system. Previous
reports in fact suggested that the CHA framework can host the Cu sites not only in 6-MR
but also, when the Cu loading is >2.4 wt%, inside the larger cages [28-30], enhancing
the accessibility of Cu sites and the catalytic performances. This phenomenon occurs in
hierarchical Cu/HPS34CTAB that has a high percentage of Cu more easily accessible to
propene (e.g., in mesopores), thus producing a higher conversion than expected.

Table 3. NO conversion and NO conversion per weight percent of Cu for all samples.

Catalysts NO Conversion (%)  Cu Loading (wt.%) NO Converted perjll mol
Cu (ppm pmol—1)
Cu/HPS34CTAB 25.1 2.56 42
Cu/HPS34SUC 5 0.7 30
Cu/S34 13.7 1.92 30

To confirm this hypothesis, HC-SCR was also conducted using isobutane as a reduc-
tant (Figure 5). While propene has a kinetic diameter of 0.45 nm and can access the active
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sites of both the micropores (0.37 nm) and the mesopores (>2 nm) of the CHA frame-
work [31], isobutane has a kinetic diameter of 0.53 nm and can only access active sites in
mesopores [32,33]. Thus, by using the inherent shape-selective properties of the CHA frame-
work, the different-sized reductants were used to differentiate the presence of active sites in
micropores and/or mesopores [34]. The microporous Cu/S34 had a higher NO conversion
when propene was used as a reductant, whereas the NO conversion was very low with
isobutane. This is similar to previously reported results on copper-containing conventional
SAPO-34 and is because isobutane cannot access the active sites in micropores [32].

30
B Propene
254 [ Isobutane
X 204
e
=
2 5
v 154
g
=
8 10 -
o
Z 5.
0_

Cu/S34 CuwHPS34CTAB  Cuw/HPS34SUC

Figure 5. A comparison of the NO conversion using different hydrocarbon reductants (propene and
isobutane) at 748 K.

The hierarchical Cu/HPS34CTAB, on the other hand, provided NO conversion both
when using propene (25%) and when isobutane was used as a reductant (10%), indicating
that it has active sites in micropores as well as in mesopores. This also confirms the
previously mentioned hypothesis of highly accessible Cu species being the reason for the
increased performance of the hierarchical Cu/HPS34CTAB sample when using propene
as a reductant. Finally, while 5% of NO conversion was achieved over the hierarchical
Cu/HPS34SUC sample using propene, the NO conversion was negligible when using the
isobutane reductant (<1%). This indicates that Cu/HPS34SUC has active sites mainly in
micropores, i.e., there are few active sites present in the mesopores of this sample.

4. Conclusions

Hierarchical SAPO-34 architectures prepared by a bottom-up approach using different
structure-directing agents to induce the formation of mesopores, sucrose, and CTAB encap-
sulated within ordered mesoporous silica nanoparticles were used as hosts for Cu active
sites. Cu centers were introduced into the CHA structure by the liquid aqueous solution
ion exchange (LIE) method without the SDA removal, avoiding the traditional two-step
procedure to prepare Cu-exchanged porous materials.

The physicochemical characterization evidenced the different effect of the mesoporo-
genic templates; the hierarchical HPS34CTAB had a higher mesopore surface area and
volume with respect to the hierarchical SAPO-34 prepared using sucrose, highlighting
the role of the hierarchical architecture in the exchange capacity of the materials. The
HPS34CTAB, in fact, was able to host a high Cu loading compared with the other Cu-
exchanged samples, and the Cu-exchanged sites showed a coordination and behavior
similar to that of the microporous counterpart.
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The improved performances of the Cu/HPS34CTAB catalyst in the selective catalytic
reduction with hydrocarbons of NO can be attributed to the synergistic effects resulting
from multiple factors. Firstly, the hierarchical pore architecture of the CHA structure played
a vital role in facilitating enhanced catalytic activity. Additionally, the high loading of Cu
within the catalyst, combined with the precise location and accessibility of the active sites,
further contributed to its better performance.

In addition, the results of the catalytic tests using propene or isobutane as reductants
in the selective catalytic reduction provide valuable insights. It was observed that the
Cu/HPS34CTAB exhibited a higher fraction of Cu ions allocated within highly accessible
mesopores. This allocation pattern leads to improved activity in terms of NO conversion
when compared to the other Cu-based SAPO-34 catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mal6165694/s1.

Author Contributions: Writing—review and editing, Writing—original draft, Conceptualization,
E.G,; Investigation. ].C.EP.B., D.A.,, M\M.A. and K.M.; Data curation, I.M.; Methodology, L.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Han, J.; Wang, A,; Isapour, G.; Harelind, H.; Skoglundh, M.; Creaser, D.; Olsson, L. N,O Formation during NH3-SCR over Different
Zeolite Frameworks: Effect of Framework Structure, Copper Species, and Water. Ind. Eng. Chem. Res. 2021, 60, 17826-17839.
[CrossRef]

Re, X.; Oord, R.; Monai, M.; Schmidt, ].E.; Chen, T.; Meirer, F.; Weckhuysen, B.M. New insights into the NH3-selective catalytic
reduction of NO over Cu-ZSM-5 as revealed by operando spectroscopy. Cat. Sci. Technol. 2022, 12, 2589-2603.

Tian, P.; Wei, W.; Ye, M.; Liu, Z. Methanol to Olefins (MTO): From Fundamentals to Commercialization. ACS Catal. 2015,
5,1922-1938. [CrossRef]

Cnudde, P; Demuynck, R.; Vandenbrande, S.; Waroquier, M.; Sastre, G.; Van Speybroeck, V. Light Olefin Diffusion during the
MTO Process on H-SAPO-34: A Complex Interplay of Molecular Factors. J. Am. Chem. Soc. 2020, 142, 6007—-6017. [CrossRef]
Yang, L.; Wang, C.; Zhang, L.; Dai, W.; Chu, Y,; Xu, J.; Wu, G.; Gao, M.; Liu, W.; Xu, Z,; et al. Stabilizing the framework of SAPO-34
zeolite toward long-term methanol-to-olefins conversion. Nat. Commun. 2021, 12, 4661. [CrossRef]

Yu, H,; Lin, C; Lin, Q.; Feng, X.; Zhang, Z.; Wang, Y.; Chen, Y. Grain size effect on the high-temperature hydrothermal stability of
Cu/SAPO-34 catalysts for NH3-SCR. |. Environ. Chem. Eng. 2020, 8, 104559.

Negri, C.; Signorile, M.; Porcaro, N.G.; Borfecchia, E.; Berlier, G.; Janssens, T.V.; Bordiga, S. Dynamic Cull/Cul speciation in
Cu-CHA catalysts by in situ Diffuse Reflectance UV-vis-NIR spectroscopy. Appl. Catal. A Gen. 2019, 578, 1-9. [CrossRef]
Gianotti, E.; Fernandes, P; Brito, J.C.; Miletto, I.; Marchese, L. Rational design of hierarchical porous Cu/SAPO-34 obtained with
sustainable templates. Micropor. Mesopor. Mater. 2022, 346, 112310-112319. [CrossRef]

Chen, L.H.; Sun, M.H.; Wang, Z.; Yang, W.; Xie, Z.; Su, B.L. Hierarchically structured zeolites: From design to application. Chem.
Rev. 2020, 120, 11194-11294. [CrossRef]

Hartmann, M.; Thommes, M.; Schwieger, W. Hierarchically-ordered zeolites: A critical assessment. Adv. Mater. Interfaces 2021,
8,2001841-2001878. [CrossRef]

Kerstens, D.; Smeyers, B.; Van Waeyenberg, J.; Zhang, Q.; Yu, Y.; Sels, B.F. State of the art and perspectives of hierarchical zeolites:
Practical overview of synthesis methods and use in catalysis. Adv. Mater. 2020, 32, 2004690. [CrossRef] [PubMed]

Verboekend, D.; Milina, M.; Perez-Ramirez, J. Hierarchical Silicoaluminophosphates by Postsynthetic Modification: Influence of
Topology, Composition, and Silicon Distribution. Chem. Mater. 2014, 26, 4552-4562. [CrossRef]

Pérez-Ramirez, ].; Christensen, C.H.; Egeblad, K.; Christensen, C.H.; Groen, J.C. Hierarchical zeolites: Enhanced utilisation of
microporous crystals in catalysis by advances in materials design. Chem. Soc. Rev. 2008, 37, 2530. [CrossRef] [PubMed]

Wang, C.; Yang, M,; Tian, P; Xu, S.; Yang, Y.; Wang, D.; Yuan, Y.; Liu, Z. Dual template-directed synthesis of SAPO-34 nanosheet
assemblies with improved stability in the methanol to olefins reaction. J. Mater. Chem. A 2015, 3, 5608-5616. [CrossRef]

Na, K.; Choi, M.; Ryoo, R. Recent advances in the synthesis of hierarchically nanoporous zeolites. Micropor. Mesopor. Mater. 2013,
166, 3-19. [CrossRef]


https://www.mdpi.com/article/10.3390/ma16165694/s1
https://www.mdpi.com/article/10.3390/ma16165694/s1
https://doi.org/10.1021/acs.iecr.1c02732
https://doi.org/10.1021/acscatal.5b00007
https://doi.org/10.1021/jacs.9b10249
https://doi.org/10.1038/s41467-021-24403-2
https://doi.org/10.1016/j.apcata.2019.03.018
https://doi.org/10.1016/j.micromeso.2022.112310
https://doi.org/10.1021/acs.chemrev.0c00016
https://doi.org/10.1002/admi.202001841
https://doi.org/10.1002/adma.202004690
https://www.ncbi.nlm.nih.gov/pubmed/32969083
https://doi.org/10.1021/cm501774s
https://doi.org/10.1039/b809030k
https://www.ncbi.nlm.nih.gov/pubmed/18949124
https://doi.org/10.1039/C4TA06124A
https://doi.org/10.1016/j.micromeso.2012.03.054

Materials 2023, 16, 5694 12 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Mohan, S.; Dinesha, P.; Kumar, S. NOy reduction behaviour in copper zeolite catalysts for ammonia SCR systems: A review. Chem.
Eng. J. 2020, 384, 123253. [CrossRef]

Miletto, I; Paul, G.; Chapman, S.; Gatti, G.; Marchese, L.; Raja, R.; Gianotti, E. Mesoporous Silica Scaffolds as Precursor to Drive
the Formation of Hierarchical SAPO-34 with Tunable Acid Properties. Chem.—A Eur. ]. 2017, 23, 9952-9961. [CrossRef]
Schlumberger, C.; Thommes, M. Characterization of hierarchically ordered porous materials by physisorption and mercury
porosimetry—A tutorial review. Adv. Mater. Interfaces 2021, 8, 2002181. [CrossRef]

Thommes, M.; Schlumberger, C. Characterization of nanoporous materials. Annu. Rev. Chem. Biomol. Eng. 2021, 12, 137.
[CrossRef]

Giordanino, F.; Vennestrom, PN.; Lundegaard, L.F,; Stappen, EN.; Mossin, S.; Beato, P.; Lamberti, C. Characterization of Cu-
exchanged SSZ-13: A comparative FTIR, UV-Vis, and EPR study with Cu-ZSM-5 and Cu-f3 with similar Si/ Al and Cu/ Al ratios.
Dalton Trans. 2013, 42, 12741-12761. [CrossRef]

Dedecek, J.; Wichterlova, B. Role of hydrated Cu ion complexes and aluminum distribution in the framework on the Cu ion siting
in ZSM-5. |. Phys. Chem. B 1997, 101, 10233. [CrossRef]

Alvaro-Munoz, T.; Marquez-Alvarez, C.; Sastre, G. Use of different templates on SAPO-34 synthesis: Effect on the acidity and
catalytic activity in the MTO reaction. Catal. Today 2012, 179, 27. [CrossRef]

Beale, A.M.; Gao, E; Lezcano-Gonzalez, I.; Peden, C.H.E; Szanyi, J. Recent advances in automotive catalysis for NOy emission
control by small-pore microporous materials. Chem. Soc. Rev. 2015, 44, 7371. [CrossRef] [PubMed]

Liu, C.; Kubota, H.; Amada, T.; Kon, K.; Toyao, T.; Maeno, Z.; Ueda, K.; Ohyama, J.; Satsuma, A.; Tanigawa, T.; et al. In Situ
spectroscopic studies on the redox cycle of NH3—SCR over Cu—CHA zeolites. ChemCatChem 2020, 12, 3050. [CrossRef]
Takeuchi, M.; Tsukamoto, T.; Kondo, A.; Matsuoka, M. Investigation of NH3 and NH4* adsorbed on ZSM-5 zeolites by near and
middle infrared spectroscopy. Catal. Sci. Technol. 2015, 5, 4587. [CrossRef]

Tabata, T.; Kokitsu, M.; Okada, O. Study on patent literature of catalysts for a new NOy removal process. Catal. Today 1994,
22,147. [CrossRef]

Acke, F; Skoglundh, M. Comparison between ammonia and propene as the reducing agent in the selective catalytic reduction of
NO under lean conditions over Pt black. Appl. Catal. B Environ. 1999, 20, 133. [CrossRef]

Wang, D.; Zhang, L.; Li, J.; Kamasamudram, K.; Epling, W.S. NH3-SCR over Cu/SAPO-34—Zeolite acidity and Cu structure
changes as a function of Cu loading. Catal. Today 2014, 231, 64-74. [CrossRef]

Hun Kwak, J.; Zhu, H.; Lee, ]. H.; Peden, C.H.F.; Szanyi, J. Two different cationic positions in Cu-SSZ-13? Chem. Commun. 2012,
48,4758. [CrossRef]

Borfecchia, E.; Beato, P.; Svelle, S.; Olsbye, U.; Lamberti, C.; Bordiga, S. Cu-CHA—A model system for applied selective redox
catalysis. Chem. Soc. Rev. 2018, 47, 8097. [CrossRef]

Pham, T.D.; Lobo, R.F. Adsorption equilibria of CO; and small hydrocarbons in AEI-, CHA-, STT-, and RRO-type siliceous
zeolites. Micropor. Mesopor. Mater. 2016, 236, 100. [CrossRef]

Serli, G.; Azim, M.M.; Ronning, M.; Mathisen, K. Improved lifetime and stability of copper species in hierarchical, copper-
incorporated CuSAPO-34 verified by catalytic model reactions. Phys. Chem. Chem. Phys. 2021, 23, 16785. [CrossRef] [PubMed]
Gehre, M.; Guo, Z.; Rothenberg, R.; Tanase, S. Sustainable Separations of C4-Hydrocarbons by Using Microporous Materials.
ChemSusChem 2017, 10, 3947. [CrossRef] [PubMed]

Ali, D.; Zeiger, C.R.; Azim, M.M,; Lein, H.L.; Mathisen, K. Evaluation of surfactant templates for one-pot hydrothermal synthesis
of hierarchical SAPO-5. Micropor. Mesopor. Mater. 2020, 306, 110364. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cej.2019.123253
https://doi.org/10.1002/chem.201701978
https://doi.org/10.1002/admi.202002181
https://doi.org/10.1146/annurev-chembioeng-061720-081242
https://doi.org/10.1039/c3dt50732g
https://doi.org/10.1021/jp971776y
https://doi.org/10.1016/j.cattod.2011.07.038
https://doi.org/10.1039/C5CS00108K
https://www.ncbi.nlm.nih.gov/pubmed/25913215
https://doi.org/10.1002/cctc.202000024
https://doi.org/10.1039/C5CY00753D
https://doi.org/10.1016/0920-5861(94)80098-7
https://doi.org/10.1016/S0926-3373(98)00100-3
https://doi.org/10.1016/j.cattod.2013.11.040
https://doi.org/10.1039/c2cc31184d
https://doi.org/10.1039/C8CS00373D
https://doi.org/10.1016/j.micromeso.2016.08.025
https://doi.org/10.1039/D1CP01898A
https://www.ncbi.nlm.nih.gov/pubmed/34320044
https://doi.org/10.1002/cssc.201700657
https://www.ncbi.nlm.nih.gov/pubmed/28621064
https://doi.org/10.1016/j.micromeso.2020.110364

	Introduction 
	Materials and Methods 
	Synthesis of Hierarchical (HPS34CTAB, HPS34SUC) and Microporous SAPO-34 (S34) Catalysts 
	Preparation of Copper-Containing Catalysts 
	Physico-Chemical Characterization 
	Catalytic Tests 

	Results and Discussion 
	Conclusions 
	References

