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Editorial

Catalysis on Zeolites and Zeolite-like Materials, 3rd Edition

Wladimir Reschetilowski

Fakultit Chemie und Lebensmittelchemie, Technische Universitidt Dresden, Helmholtzstrafie 14, 01069 Dresden,
Germany; wladimir.reschetilowski@tu-dresden.de

The scientific and practical interest in catalysts based on zeolites and zeolite-like
materials continues to be strong; therefore, this Special Issue of Catalysts, “Catalysis on
Zeolites and Zeolite-Like Materials, 3rd Edition,” continues the successful publication of
the preceding two volumes. These materials have regular pore systems with cavities and
channels in molecular dimensions, granting them unique properties such as high thermal
stability, intrinsic acidity, and well-defined, shape-selective pore structures. A growing
number of researchers are investigating the key catalytic properties of zeolites and related
materials, and they are additionally being used commercially in an expanding range of
fields. Ongoing research on the synthesis of novel structures and on the modification of
existing zeolite-based and zeolite-type catalysts continues to advance, opening up new
possibilities for innovative and environmentally friendly chemical processes. Beyond their
traditional use in the petrochemical industry, zeolites are gaining importance in sustainable
catalysis, and are beginning to play a key role in conversion of biomass or biomass-derived
compounds into green fuels and other basic chemicals. In addition, the zeolites are often
combined with photo(electro)catalytic components to further increase catalytic efficiency.

In this context, the reviews by Contributions 1 and 2 presented in this Special Issue
are of particular interest. Contribution 1 demonstrates the potential of zeolite-supported
TiO, for environmental applications, and highlights a sustainable approach for removing
pollutants from the environment. The combination of the regular pore structure, high
surface area, and adsorption capacity of various zeolites with the photocatalytic properties
of TiO; gives rise to synergistic effects. These effects enable the effective degradation of a
wide range of organic pollutants and hazardous substances found in wastewater. Contribu-
tion 2 discusses the mechanisms of photocatalytic and photothermal catalytic substances.
It summarizes recent progress in zeolite-based catalysts for treatment of environmental
pollutants through photocatalytic or photothermal catalytic processes. In addition, Con-
tribution 3 describes the synthesis of the core—shell-structured microspheres composed of
SiO,@Fe(Ill)-based metal-organic frameworks. These materials enable efficient Fenton-like
degradation of dyes, achieving degradation efficiencies of up to 96%. These catalysts can
also be easily recovered by filtration and washing, and maintain high catalytic activity
over six consecutive cycles in photo-Fenton wastewater purification processes. In Contri-
bution 4, the conversion of glucose to levulinic acid, catalyzed by synergistic Cr/HZSM-5
in a GVL/H,O biphasic system, was investigated. The study focuses on the effects of
the solvent GVL (y-valerolactone) using kinetic analysis. It shows that the presence of
GVL reduces the activation energy for the conversion of glucose to levulinic acid, thereby
improving the glucose dehydration process.

The review by Contribution 5 presents the recent progress in and strategies for de-
signing zeolite-based catalysts for the hydroformylation of olefins. The catalytic properties

Catalysts 2026, 16, 4 1 https://doi.org/10.3390/ catal16010004
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are defined by the characteristics of the zeolite channels, the method used to deposit the
active metal, the size of metal particles, and the microenvironment around them. Notably,
exceptionally high activity in the hydroformylation of styrene was achieved with an MFI-
type zeolite-based catalyst. This system also showed the highest reported n-regioselectivity
in the hydroformylation of linear x-olefins among phosphorous-free catalytic systems—
values close to 100%. For propylene hydroformylation, the best performance was obtained
using a Rh-loaded MEL zeolite-based catalyst.

In Contribution 6, the hierarchical structuring of BEA-type zeolite was investigated
using two different approaches. In addition, niobium pentoxide at different loadings was
impregnated into the hierarchical materials. Both treatments increased the SiO,/Al,O3
ratio and produced crystals with domains of approximately equal size. The hierarchical
methods produced secondary mesopores and reduced the micropore volume of the treated
zeolites. These structural changes had different effects on the dehydration of ethanol
and propanol. Contribution 7 reports on a multifunctional Na-promoted FeCo-modified
H-ZSM-5 zeolite catalyst for CO, hydrogenation to light aromatics via a modified Fischer—
Tropsch synthesis pathway. This study systematically varies the Si/ Al ratio of acidic zeolite
and investigates its crucial role in influencing selectivity toward light aromatics. The
results provide guidance for the rational design of bifunctional catalysts with targeted,
shape-selective functions. In Contribution 8, the dimethyl ether-to-olefin (DTO) reaction
was studied on ferrierite zeolites loaded with different amounts of phosphorus. The goal
was to maximize the n-butene yield by optimizing the amount of phosphorus loading.
Multiple regression analysis of the data obtained revealed that the ratio of strong-to-weak
acid sites and the total pore volume correlate strongly with the n-butene yield. Based
on these correlations, the DTO reaction mechanism was discussed using the dual-cycle
reaction model. Finally, Contribution 9 describes the use of different synthesized FER
zeolites as catalysts for n-butene skeletal isomerization. FER-type zeolites were successfully
prepared either with pyrrolidine as an organic template or without pyrrolidine, using
Na-form or H-form seeds. The seed-derived FER samples showed similar topological and
morphological properties compared to the pyrrolidine-derived sample, as well as similar
total acid densities. The study demonstrates that combining pyrrolidine-containing seeds
with an optimal aluminum distribution in the FER framework enhances the performance
in the zeolite in terms of the skeletal isomerization of n-butene.

Acknowledgments: As Guest Editor of this Special Issue, I would like to thank all authors for
submitting their high-quality reviews and articles and wish all contributors continued success.
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Abstract: FER zeolites have a unique framework structure and acid distribution, and are widely
studied as a catalyst for reactions such as n-butene skeletal isomerization and dimethyl ether car-
bonylation. The Bronsted acid site (BAS) located in the 10-member ring (10-MR) of FER zeolites
serves as the active site for the isomerization reaction of skeletal n-butene to produce isobutene. This
study prepared five types of FER zeolites using different methods: using pyrrolidine (PY) alone as
a template; using Na-form FER as seeds (SN) or H-form FER as seeds without organic structure
directing agents (OSDAs); and combining the seeds of SN or SH with PY as OSDAs. The differences
in the structure and acid distribution of the five zeolites were investigated, as well as their catalytic
performance for the skeletal isomerization of n-butene. Experiments and characterization results
showed that under hydrothermal synthesis conditions, the FER-PY+SH zeolites synthesized by using
both H-form zeolites seeds and pyridine exhibited the highest aluminum concentrations at T1 and
T3 sites, along with the greatest BAS located in the 10-MR. This unique composition contributed to
the highest selectivity of isobutene. The FER-PY+SH catalyst was continuously used for 720 h at
350 °C, 0.1 MPa, and an n-butene mass space velocity of 2.0 h~1 for three cycles of 2160 h. During
this period, the conversion of n-butene was over 39%, while the selectivity of isobutene exceeded
95%. The FER-PY+SH catalyst exhibited excellent stability and activity.

Keywords: FER zeolites; seed; pyrrolidine; Al distribution; n-butene; skeletal isomerization

1. Introduction

Isobutene is an important basic organic chemical raw material, which can be used to
produce many high value-added products, including butyl rubber, polyisobutylene, methyl
tert-butyl ether (MTBE), and methyl methacrylate. One of the primary industrial methods
of production involves the skeletal isomerization of n-butene to generate isobutene [1-3]. In
the past few decades, extensive research has focused on the production of isobutene through
the skeleton isomerization of n-butene, utilizing various catalysts such as phosphoric acid,
metal halides, aluminum oxide, phosphated and halogenated aluminum oxide, and zeolite
molecular sieves [4,5]. The pore structure of FER zeolite includes two vertically intersecting
two-dimensional pore systems: an 8-member ring (8-MR) pore (0.35 x 0.48 nm) along
the [010] direction, a 10-member ring (10-MR) pore (0.43 x 0.55 nm) along the [001]
direction, and a ferrierite cage with a diameter of approximately 0.6-0.7 nm formed by
the intersection of a 6-member ring (6-MR) and 8-MR [6,7]. FER zeolite is currently the
highest-performing n-butene skeleton isomerization catalyst and was successfully applied
in industrial applications in the 1990s [8]. In the following decades, extensive research was
conducted on the reaction mechanism of the skeletal isomerization of n-butene and on the
synthesis and post-treatment modification of high-performance FER zeolites [9-11].

Catalysts 2024, 14, 697. https:/ /doi.org/10.3390/ catal14100697 4 https://www.mdpi.com/journal/catalysts
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Numerous studies have demonstrated that the Bronsted acid site (BAS) located on the
10-MR in FER zeolite acts as a selective active site for catalyzing the skeleton isomerization
of n-butene to produce isobutene. In contrast, the Lewis acid site (LAS) and BAS located on
the 8-MR can exacerbate the occurrence of side reactions such as butene polymerization
and cracking [12-16]. As is well known, zeolites are crystal compounds composed of TO4
(T atoms are generally Si or Al) tetrahedra according to certain rules. Their acidity mainly
arises from the introduction of protons, which balance the negative charge of aluminum
atoms in the framework of zeolites. It can be seen that the catalytic performance of zeolites
is closely linked to the strength and position of acid sites. The strength and position of
these acid sites are directly influenced by the distribution of Al atoms within the zeolite
framework [17-20]. According to relevant information from the International Zeolite Asso-
ciation (IZA), the framework T atom of FER zeolites exhibits four distinct positions, namely
the T1/T3 position, which can be connected to a 10-MR, and the T2/T4 position, which is
solely connected through an 8-MR (note: labels of T atoms have been unified according to
the FER framework in the IZA). Xiong et al. [21-23] used characterization methods such
as MAS NMR and X-ray emission spectroscopy to study the distribution of framework
aluminum atoms in FER zeolites. The results showed that FER zeolites induced by differ-
ent organic structural directing agents (OSDAs) had different distributions of framework
aluminum. Moreover, they combined MAS NMR spectroscopy and density functional
theory to calculate the chemical shifts of aluminum located at positions T1/T2/T3/T4 in
FER zeolites, which were 61, 51, 53, and 58 ppm, respectively.

In the synthesis process of zeolites, OSDAs play a crucial role in balancing the negative
charge introduced by the aluminum atoms in the framework. Consequently, these OSDAs
significantly influence the distribution of aluminum in zeolites. Pinar et al. [14,24,25]
synthesized FER zeolites using a fluorinated system without the use of inorganic cations,
using a combination of 1-benzoyl-1-methylpyrrolidinium, trimethylamine (TMA), pyridine,
pyrrolidine (PY), and several organic template agents. The investigations indicate that
FER zeolites induced by different organic structure directing agents have different skeletal
aluminum distributions and exhibit different performances in n-butene skeletal isomer-
ization reactions. Due to the different sizes of template molecules and their interactions
with skeleton atoms, FER zeolites with different framework aluminum distributions can be
obtained. When larger size OSDAs are used, a longer crystallization time is required to
increase the distribution probability of aluminum atoms in the 10-MR, enhance the BAS of
the 10-MR, and improve the control of the activity and selectivity of n-butene skeleton iso-
merization. Conversely, this tends to lead to side reactions such as butene polymerization
and cracking, and accelerate catalyst deactivation. In addition, the studies of Leshkov [26]
and Chu [27] also indicate that when different sizes of cyclic or chain amines are used as
OSDAs, FER zeolites with different 10-MR and 8-MR aluminum distributions can also be
obtained. Numerous studies have shown that the distribution of aluminum in the frame-
work of zeolites is not only influenced by OSDAs, but also by the synthesis conditions
of zeolites [28] and the selection of silicon and aluminum sources [29,30], solvents [31],
inorganic cations [32-34], and post-treatment [35-37]. During the seed-induced synthesis
of zeolites, the seed can play a role in reducing or avoiding the use of OSDAs, shortening
crystallization time, avoiding impurities, and regulating the crystal morphology of target
zeolites [38—40]. Xiao et al. [41] believe that due to the multiple roles of the seed in inducing
the synthesis of zeolites, the seed can be regarded as the third type of structure directing
agents, in addition to inorganic cations and OSDAs. Zhang et al. [42] synthesized FER
zeolite with good crystallinity, large surface area, uniform micropores, and abundant acidic
sites using RUB-37 as the crystal seed without OSDAs. Studies by Ham et al. [43—45]
showed a change in the distribution of framework aluminum atoms in seed-induced syn-
thesized FER zeolites as compared to FER zeolites as the seed. The higher BAS content
of the 8-MR than the 10-MR resulted in better dimethyl ether carbonylation activity and
stability of the seed-induced FER zeolites than the seed. In addition, Nishitoba [30] found
that when using TMA as an OSDA to synthesize CHA zeolites, the addition of FAU zeolites
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as crystal seeds and aluminum sources could regulate the distribution of aluminum atoms
in the framework of CHA zeolites. These studies indicate that the distribution of aluminum
in the zeolite framework can be modulated using the seed induction methods.

In this work, the synthesis of FER zeolites under different conditions was investigated
as follows: using only pyrrolidine in OSDA synthesis; using only Na-form seed (SN)-
induced synthesis; using only H-form seed (SH)-induced synthesis; and combining SN or
SH + PY. The distribution of aluminum atoms in the framework of FER zeolites synthesized
by different methods and their catalytic performance for n-butene skeleton isomerization
reaction were investigated. The obtained catalyst of FER zeolites by inducing H-form
seeds + PY as OSDAs has the highest distribution of 10-MR framework aluminum, which
enhanced the acidic strength in the 10-MR and significantly improved the catalytic activity
and selectivity of FER zeolites for the n-butene skeleton isomerization reaction. A new
method for regulating the distribution of the framework of aluminum and acid in the FER
zeolites was proposed.

2. Results and Discussion
2.1. Structural and Textural Properties

As shown in Figure 1, XRD patterns of FER-PY, FER-SN, FER-SH, FER-PY+SN, and
FER-PY+SH exhibit typical diffraction peaks at 9.3°, 22.3°, 23.5°, 24.3°, 25.2°, 25.7°, and
28.5° out of the (200), (321), (330), (112), (040), (202), and (312) crystal planes in the FER
topology (PDF #44-0104), respectively, indicating the successful formation of the FER
zeolite without detectable impurities [22,23]. The relative crystallinity (RC) was calculated
by integrating the areas of diffraction peaks within 9.3-28.5°, and the sum of the areas of
FER-PY was set as 100% for reference. As listed in Table 1, the calculated RC values are
comparable, measuring 101%, 99%, 100%, and 101% for FER-SN, FER-SH, FER-PY+SN,
and FER-PY+SH, respectively. The above results indicate that several templates, such as
PY, SN, SH, PY+SN, and PY+SH, can induce the synthesis of well-crystallized FER zeolites.
The composition information is listed in Table 1, where the SiO, to Al,O; ratios (SARs)
of the five samples are within 24.6-25.6. Additionally, the Na,O contents are all below
43 mg/g, suggesting that all FER-X samples have similar compositions and acidic densities.
The calculated texture parameters are shown in Table 1; in line with the XRD observations,
the specific surfaces and pore volumes remain relatively uniform, for instance, the values
of SggT average around 430 m?2/ g, while Vi1 and Viiero are all about 0.27 cm3/ g and
0.14 cm®/g, respectively.

) , i M X FER-PY+SH
}‘ ™ FER-PY+SN

A ™ FER-SH
) : Y N FER-SN
J\ A FER-PY

10 20 30 40 50
2Theta (degree)

Intensity (a.u.)

Figure 1. XRD patterns of various FER-X zeolites.
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Table 1. Textural properties of various FER-X zeolites.

Sample (NazO SARs  RC (%) Surface Area (m?/g) Pore Volume (cm>/g)
mg/g) Total Micro Total Micro
FER-PY 40 25.6 100 431 388 0.27 0.14
FER-SN 39 253 101 428 386 0.27 0.14
FER-SH 36 24.6 99 422 380 0.26 0.13
FER-PY+SN 42 25.3 100 430 378 0.28 0.14
FER-PY+SH 41 24.8 101 432 390 0.28 0.15

The SEM images (Figure 2) present the morphologies of the obtained FER-X zeo-
lites. All samples are composed of hexagonal flake-like crystals with smooth surfaces;
the average size of each flake is ~1 um in length, ~500 nm in width, and 20~50 nm in
thickness. Combined XRD and SEM analyses indicate that their morphology and structure
are identical.

Figure 2. SEM images of various FER-X zeolites. (a) FER-PY, (b) FER-SN, (c) FER-SH, (d) FER-PY+SN,
(e) FER-PY+SH.

2.2. Acidity Characterization

The acidic properties were characterized using NH3-TPD and Py-IR. As illustrated
in Figure 3, two NHj desorption peaks are observed at 195 °C and 450 °C (Figure 3a),
corresponding to the desorption of NH3 molecules that interact with the weak acids and
strong acids, respectively. The positions of these peaks provide insight into acid strength,
indicating that the weak and strong acid sites in FER-X samples exhibit similar acidic
densities. Figure 3b—f shows the Py-IR spectrum was extracted at 150 °C, 250 °C, and
350 °C. The IR adsorption peak at 1450 cm ! corresponds to the C-N stretching of pyridine
adsorbed on LAS, while the peak at 1490 cm ™! is attributed to the C-H vibration of pyridine
on both BAS and LAS. The peak at 1540 cm ! is due to the N-H stretching of pyridinium
cations generated by protonation of pyridine on BAS. As shown in Figure 3b—f, with the
increase in desorption temperature, both BAS and LAS in the sample decrease. When the
desorption temperature reaches 350 °C, LAS decreases to a very low level, indicating a
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Intensity (a.u.)

Absorbance (a.u.)

scarcity of strong LAS in the FER-X samples. In contrast, the decrease in BAS is considerably

smaller, indicating a stronger acidity of BAS present in the FER-X samples.

(@)
195°C

i 450 °C
; i

i i

1

1

1

1

1

i i

i i FER-SH
|

T i

i i

i T FER-SN
|

! 1

1

! T

FER-PY

T T T T
100 200 300 400 500 600

Temperature (°C)

(c) FER-SN

1600 1550 1500 1450 1400
Wavenumber (cm™)
(¢) FER-PY+SN
£
&
5
=
3
=
ot
2
=
=
T T T
1600 1550 1500 1450 1400

Wavenumber (cmfl)

Absorbance (a.u.)

(b) FER-PY

1600

T
1500 1450

1400

Absorbance (a.u.)

1600

T
1550

T
1500 1450

Wavenumber (cm ™)

1400

Absorbance (a.u.)

(f) FER-PY+SH

B
!

i
|

i
!

1

i
i
i

1600

T
1550

T T
1500 1450
Wavenumber (cm ™)

Figure 3. NH3-TPD and Py-IR profiles of various FER-X zeolites. (a) NH3-TPD profiles of FER-X
zeolites, (b) Py-IR profiles of FER-PY, (c) Py-IR profiles of FER-SN, (d) Py-IR profiles of FER-SH,

(e) Py-IR profiles of FER-PY+SN, (f) Py-IR profiles of FER-PY+SH.

The quantitative analysis of NH3-TPD and Py-IR experiments is presented in Table 2.
Notably, NH3-TPD provides an overall assessment of the acidity of the samples, as the
kinetic diameter of NHj (3.7 A) is smaller than the 8-MR and 10-MR apertures in the
FER structure. In contrast, Py-IR could only detect the acid sites located in 10-MR due
to its larger kinetic diameter (5.7 A for pyridine vs. 4.8 A for 8-MR). Consequently, NH3-
TPD can be used to characterize the total acidity of FER-X zeolites, and Py-IR can be
used to characterize the acidity of the 10-MR of FERX-zeolites (see the caption below
Table 2 for more details). From the NH;3-TPD profiles, all samples have a similar acid
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distribution and acid content, with acid densities around approximately 1.3 mmol/g for the
five samples, consistent with their structural and compositional properties. However, more
BAS can be identified over Py-IR for the FER-X samples (0.29 mmol/g for FER-PY and
0.28-0.34 mmol/g for others), especially for FER-PY+SH, whose value is 0.34 mmol/g.
In addition, the BAS of desorption temperature as measured from Py-IR (Bj¢.350) is also
shown in Table 2; this value is 0.20 mmol/g for FER-PY and increases monotonically to
0.32 mmol/g for FER-PY+SH. The differing acid distributions may arise from the distinct
nucleation and crystal growth processes of zeolites synthesized using seed crystals, or a
combination of seed crystals and organic templates, compared to those formed solely with
organic templates. The different Bjo.350 provides direct evidence that utilizing seeds or
employing a combination of seeds and organic templates will alter the acid distribution in
FER zeolite.

Table 2. Amounts of acid in the various FER-X samples.

Acidity by NH3-TPD 2 Acidity by Py-IR P
Sample (mmol/g) (mmol/g)
Weak Strong Total Bronsted Lewis Total B1o-350 €

FER-PY 0.79 0.56 1.35 0.29 0.03 0.32 0.20

FER-SN 0.78 0.55 1.33 0.28 0.03 0.31 0.24

FER-SH 0.75 0.53 1.28 0.28 0.03 0.31 0.25
FER-PY+SN 0.76 0.52 1.28 0.30 0.03 0.33 0.28
FER-PY+SH 0.81 0.56 1.37 0.34 0.02 0.35 0.32

@ Acid sites on FER-X and their amounts were measured by NH3-TPD analysis, and the quantities of weak and
strong acid sites were calculated by using an integrated area at the maximum desorption temperatures of NHz at
195 °C and 450 °C, respectively. > Amounts of BAS and LAS were measured by Py-IR spectroscopy at a desorption
temperature of 150 °C and 350 °C, and the number of acid sites was calculated using the well-known formula of
BAS = 1.8845R%/W, LAS = 1.42A; R? /W, where Ag and A} are the integrated absorbance peak areas of BAS and
LAS located at 1550 and 1450 cm ™!, respectively, R is the radius of a catalyst pellet of FER-X, cm, and W is the
weight of catalyst, g [46]. © The number of BAS located in 10-MR at 350 °C was calculated by conducting Py-IR
measurements at a desorption temperature of 350 °C.

2.3. 29Si and 27 Al MAS NMR

The #’Si MAS NMR spectra show closely similar features (Figure 4), exhibiting four
sub-peaks from the curve at approximately —100, —107, —112, and —116 ppm, respectively.
The peaks at —100 and —107 ppm correspond to the Si atoms bonded to two Al atoms
(Si(2Al)) and one Al atom (Si(1Al)), respectively, while the peaks at —112 and —116 ppm
can be attributed to the Si atoms that are not adjacent any Al atoms (Si(0Al)), and silicon
connecting to four Si tetrahedrons in the FER framework [21,47]. The weaker signal at —100
ppm of all samples indicates a lower prevalence of Al-O-5i—O-Al species on FER-X zeolites.

Intensity (a.u.)

- . ; . . .
-90 -100 -110 -120 -130
Chemical shift (ppm)

Figure 4. 2Si MAS NMR spectra of various FER-X zeolites.



Catalysts 2024, 14, 697

The 27 Al MAS NMR spectra of various FER-X zeolites are shown in Figure 5. As
shown in Figure 5a, all of the FER-X samples exhibit a prominent resonance peak at 55 ppm
corresponding to tetrahedrally coordinated Al species, while no signal peak appears at
0 ppm. This indicates that the aluminum atoms in zeolites samples are located on the
framework of FER-X zeolites, and there is no non-framework aluminum present [42,43,48].
Previous studies have shown that aluminum atoms exhibit different NMR chemical shifts
depending on their positions of T1, T2, T3, and T4 within the FER framework [21,23,47],
and the 2/ Al MAS NMR spectrum at 55 ppm is deconvolved into four peaks located at
61, 51, 53, and 58 ppm, respectively, as illustrated in Figure 5b—f. The Al population at
T1-T4 sites in the FER-X samples was quantified from the corresponding 2 Al NMR spectra
(Figure 5b—f) and Table 3. The FER-PY sample exhibited a minimal fraction of Al atoms on
the T1 + T3 sites (30%). In comparison, the distribution proportion of aluminum on the
T1 + T3 positions in FER-SN, FER-SH, and FER-PY+SN gradually increased to 41%, 44%,
and 50% respectively, while the distribution proportion of aluminum at T1 + T3 positions on
FER-PY+SN reached the highest value of 60%. Notably, each of the five samples contained
a small amount of Al on the T1 site (0~12%).

Table 3. Aluminum distribution obtained from the curve fitting of 27 Al MAS NMR spectra of various
FER-X zeolites.

Aluminum Distribution (%)

Sample
T1 T2 T3 T4 T1+ T3
FER-PY 0 30 30 39 30
FER-SN 8 19 33 40 41
FER-SH 10 25 34 31 44
FER-PY+SN 12 21 38 29 50
FER-PY+SH 6 15 54 25 60
(@) 55 ppm (b) FER-PY ---T
! ---T2
; FER-PY+SH - - -T4
- | fr) fitting
) i s .
g J i\ FER-PY+SN g original
£ i £
E /k FER-SH £
= i =
/\ FER-SN /
/ 1\ FERPY| oo oo oo o s S o
100 80 o0 40 2 0 -20 70 65 60 55 50 45 40
Chemical shift (ppm) Chemical shift (ppm)
(c) FER-SN ---T1 (d) FER-SH -~ -T1
---T2 ---T2
- - -T3 ---T3
- - -T4 ---T4
z fitting 5 fitting
g original & original
£ £
g g
E E
70 6I5 6I0 SIS 5I0 4I5 40 70 6I5 6I0 5|5 SIO 4I5 40
Chemical shift (ppm) Chemical shift (ppm)

Figure 5. Cont.
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Figure 5. 2 Al MAS NMR spectra of various FER-X zeolites and Al distribution obtained from the
curve deconvolved of FER-X zeolites. (a) 2 Al MAS NMR spectra of FER-X zeolites, (b) deconvolved
of FER-PY, (c) deconvolved of FER-SN, (d) deconvolved of FER-SH, (e) deconvolved of FER-PY+SN,
(f) deconvolved of FER-PY+SH.

In summary, using PY as an OSDA to induce the synthesis of FER-PY zeolites as a
reference, all samples possessed similar compositional and textural properties, are total acid
densities were closely aligned. Nevertheless, the combined use of pyrrolidine and H-form
FER seeds renders a distinctive acid distribution, with a greater number of strong acid sites
located in the 10-MR. To elucidate the relationship between the aluminum distribution and
the acid distributions of FER-X zeolites, Figure 6 correlates the aluminum distribution data
at T1 + T3 sites of different samples with Byg.350. A linear relationship can be observed
between T1 + T3 and B350, implying the acid distributions positively correlate with the
quality of the aluminum distribution on T1 + T3. Several factors may contribute to this
result. Firstly, the use of seed crystals to facilitate FER zeolite synthesis accelerates the
nucleation and crystallization processes, potentially leading to a higher distribution of
aluminum within the 10-MR. Secondly, the lower sodium content in H-form FER seeds
allows for larger species to balance the framework charge, thereby increasing the likelihood
of aluminum being positioned at T1 + T3 sites in the 10-MR. Moreover, this effect is more
pronounced in the presence of PY as OSDAs alongside H-form FER seeds.

0.36

0.32

0.20+

0.16 T T T y T T T
30 40 50 60
Al populations on the T1 + T3 sites (%)

Figure 6. The influence of the Al populations on the T1 + T3 sites on the By 350 of various FER-X
zeolites.
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n-Butene conversion (%)

2.4. Catalytic Performance

The catalytic performances of all FER-X samples in n-butene skeletal isomerization
are shown in Figure 7; the C4 hydrocarbons produced by fluidized catalytic cracking in
refineries react with methanol to produce MTBE after removing isobutene (post-MTBE C4)
and are used as feed.

100

(a) —a— FER-PY (b)
70 4 —e— FER-SN 1
—A— FER-SH
—v— FER-PY+SN
60 —&— FER-PY+SH

—&— FER-PY

—8— FER-SN
—A— FER-SH
204 —v— FER-PY+SN
—— FER-PY+SH

iso-Butene selectivity (%)

0 ' 10 ' 20 ' 30 ' 40 ' 50 0 ' 10 ' 2IO ' 3I0 4I0

Time on stream (h) Time on stream (h)
Figure 7. Catalytic performance of various FER-X zeolites for skeletal isomerization of n-butene
with post-MTBE C4 as feed. (a) n-butene conversion of FER-X zeolites within time on stream,
(b) iso-butene selectivity of FER-X zeolites within time on stream. Reaction conditions: T = 350 °C;
p = 0.1 MPa; WHSV,,_pytene = 20 h L

Figure 7a illustrates the relationship between the n-butene conversion and time on
stream for FER-X catalyzed n-butene skeletal isomerization. As can be seen from the figure,
FER-X catalysts exhibit the same trend, that is, with the extension of time on stream, the
conversion initially decreases rapidly and then gradually stabilizes. Both FER-PY and
FER-SN showed the best initial activities, achieving n-butene conversions exceeding 65%,
while the initial conversions of the other samples fall within the range of 60% to 63%. This
may be mainly due to the presence of more framework aluminum at the T2 + T4 sites
in FER-PY and FER-SN, which resulted in more side reactions such as polymerization
and cracking, leading to a higher conversion of n-butene. As the reaction proceeded, all
conversions dropped rapidly during the first 12 h and then stabilized, by approximately
45% after running for 48 h.

In contrast, the selectivity of isobutene showed a completely reversed trend from that
in Figure 7b. In the initial stage, the selectivity over FER-PY, FER-SN, and FER-SH was
below 20%, while FER-PY+SN and FER-PY+SH recorded 25% and 40%, respectively. With
the extension of time on stream, the selectivity over FER-PY gradually increased to ~55%
after 48 h. FER-SN and FER-SH both presented a sharp increase in the first 12 h and then
kept steady, with the selectivity reaching ~63% at 48 h. The selectivity over FER-PY+SN
and FER-PY+SH also presented a sharp increase in the first 12 h, leveling off at about 78%
and 90% after 48 h, respectively.

The experimental results in Figure 7 are mainly due to the different acid distribu-
tions of the FER-X catalysts. It is generally believed that the skeleton isomerization of
n-butene to produce isobutene is carried out through the joint action of the monomolecular
mechanism and the bimolecular mechanism. The BAS located in the 10-MR of FER zeo-
lites is the active site for the selective produce of isobutene from n-butene [48-50]. In the
monomolecular mechanism, n-butene is first adsorbed and protonated into a carbenium
cation on the acid site, after which it undergoes skeleton isomerization and proton feedback
to afford isobutene. The bimolecular mechanism mainly involves polymerization and
isomerization to generate various long-chain carbocations, which subsequently crack to
produce isobutene and by-products such as propylene. In the initial stage of this reaction,
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the strong acid sites of FER zeolite were well retained, resulting in the predominance
of the bimolecular mechanism, which was followed by cracking and the generation of
by-products. After the initial stage, carbon deposition began to cover the non-selective acid
sites, leading to a decrease in catalyst activity while suppressing undesired side reactions.
Previous investigations have proved that the BAS in 10-MR of FER zeolites is accountable
for the skeleton isomerization of n-butene, while BAS in the 8-MR and LAS can exacerbate
side reactions such as polymerization and cracking, despite their higher activity [51,52].
Therefore, FER-PY+SH demonstrates improved selectivity and isobutene yields owing to
its higher Byg.350 concentration. As shown in Figure 8, the yield of isobutene increases with
the increase in Byg.350 and Al distribution on the T1 + T3.
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30 40 50 60

Al populations on the T1 + T3 sites (%)
Figure 8. Relationship between yield of isobutene and Al populations on the T1 + T3 sites.

2.5. Catalyst Stability

Figure 9 displays the long-term stability tests using FER-PY+SH as candidate catalysts.
The catalytic results were obtained with three cycles of regeneration (2160 h). The one-way
life of the catalyst reaches 720 h, the conversion of n-butene (x;) is greater than 39%, the
selectivity of isobutene (s;) is greater than 95%, and the yield of isobutene is greater than
37.5%. After 720 h of continuous reaction, the conversion of n-butene was below 39%,
and catalyst regeneration was carried out at this time. After stopping the reaction, all
deactivated catalysts were placed in a muffle furnace and the temperature was raised at
a rate of 1 °C/min from 30 °C to 500 °C, and calcined at 500 °C for 12 h to complete the
regeneration of the deactivated catalysts. Interestingly, after 720 h of one-way operation,
the activity of FER-PY+SH in skeletal isomerization of n-butene was fully recovered after
regeneration. This finding substantiates that FER-PY+SH can be effectively reused, thereby
extending its lifespan beyond most reported catalysts in the skeletal isomerization of
n-butene. The catalyst of FER-PY+SH exhibits superior catalytic activity due to its unique
distribution of framework aluminum and enhanced acidic strength in the 10-MR.

In conclusion, the preparation of FER-PY+SH zeolites using a combination of H-form
seeds and pyrrolidine enriches the number of BASs in the 10-MR, while improving the se-
lectivity of isobutene and effectively suppressing the side reactions such as polymerization
and cracking. The FER-PY+SH samples thus demonstrate excellent isobutene selectivity
and yields in the skeletal isomerization of n-butene.
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Figure 9. Stability of FER-PY+SH for skeletal isomerization of n-butene. Reaction conditions: T = 350 °C;
p = 0.1 MPa; WHSV,, ygene = 20 h 1.

3. Experimental
3.1. Materials

The reagents used for the synthesis of FER zeolite were silica sol (553015, 30% SiO,,
0.02%NaO,, Shandong Baite New Material Co., Ltd. Linyi, Shandong, China), sodium meta-
aluminate (NaAlO;, 99.0%, Tianjin Kermel Chemical Reagent Co., Ltd. Tianjin, China),
sodium hydroxide (NaOH, 96.0%, Tianjin Kermel Chemical Reagent Co., Ltd. Tianjin,
China), pyrrolidine (PY) (C4HgN, 99%, Tianjin Kermel Chemical Reagent Co., Ltd. Tianjin,
China), ammonium chloride (NH4Cl, 99%, Tianjin Kermel Chemical Reagent Co., Ltd.
Tianjin, China), and deionized water.

3.2. Preparation of FER-X Zeolites
3.2.1. Preparation of Seeds

Typically, deionized water and NaOH aqueous solution were slowly added to silica
sol (S5i0,, 30 wt%), and stirred vigorously for 1 h. Then, NaAlO, aqueous solution and
PY were added, followed by stirring for 2 h to form a homogeneous suspension with a
molar composition of 0.1 Nap0:0.033 Al,O5:1 Si0,:25 H,0:0.22 PY. The suspension was
transferred into a Teflon-lined stainless-steel autoclave and crystallized at 160 °C under a
rotation of 200 rpm for 72 h. After the hydrothermal synthesis, the product was washed
with distilled water until it reached a neutral pH. It was then dried at 120 °C overnight and
calcinated at 550 °C in air for 6 h to obtain Na-form FER. The Na-form FER zeolites were
subsequently converted into NHy-form via ion exchange with 1 mol/L NH4Cl solution
at 80 °C for 2 h; this process was repeated twice. Then, the resulting white slurry was
filtered and dried at 120 °C for 6 h. Finally, H-form FER zeolite catalysts were obtained
by calcination of NH4-form FER zeolites in air at 500 °C for 4 h. These Na-form FER
and H-form FER were used as the seeds, and the seeds’ abbreviations are SN and SH
respectively.

3.2.2. Preparation of Seed-Derived FER-X Zeolites

The seed-derived FER zeolites were prepared as fellows: organic structure directing
agents were not used, while the remaining synthetic processes were kept identical to the
procedures described above. Finally, the SN and SH were added to form a homogeneous
suspension with a molar composition of 0.1 Nay0:0.033 Al,O3:1 Si0;:25 HyO: 15% wt
seeds. The prepared mother gel was transferred into a Teflon-lined stainless-steel autoclave
and crystallized at 160 °C under a rotation of 200 rpm for 72 h, followed by centrifuging,
rinsing, and drying overnight at 120 °C to afford Na-form FER.
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The method of synthesizing FER zeolites using both PY and SN or SH as seeds
simultaneously is similar to the synthesis methods of the two aforementioned FER zeolites.
Finally, the homogeneous suspension with a molar composition of 0.1 Na0:0.033 Al,O5:1
Si0,:25 H,O: 0.12 PY:15% wt SN or SH was transferred into a Teflon-lined stainless-steel
reactor, and then hydrothermal synthesis was conducted for 72 h at 160 °C with 200 rpm.
The white gel was obtained after several washing steps and dried at 120 °C for 6 h, and
further calcined at 550 °C in air for 6 h to afford Na-form FER.

3.2.3. Preparation of H-form FER Zeolites

All of the Na-form FER zeolites were transformed into NH-form via ion exchange
with 1 mol/L NH4Cl solution at 80 °C for 2 h. This process was repeated twice. Then, the
resulting white slurry was filtered and dried at 120 °C for 6 h. Finally, H-form FER zeolite
catalysts were obtained by calcining of NHy-form FER zeolites in air at 500 °C for 4 h. The
H-form FER zeolite prepared using PY was labeled as FER-PY, the H-form FER zeolite
prepared by Na-form FER zeolites as seeds induction was denoted as FER-SN, the H-form
FER zeolite prepared by H-form FER zeolites as seeds induction was denoted as FER-SH,
and the H-form FER zeolite prepared with PY and Na-form FER zeolites or H-form FER
zeolites as seeds simultaneously was denoted as FER-PY+SN and FER-PY+SH, respectively.
Finally, the H-form FER zeolite was compressed and formed to obtain a catalyst for the
skeletal isomerization of n-butene.

3.3. Characterization of Catalysts

X-ray diffraction (XRD) was used to measure the crystallization and phase of the FER
catalysts performed with a Rigaku D/max 2550 VB/PC diffractometer apparatus with Cu
Ka radiation (A = 0.15406 nm) at a voltage and current of 40 kV and 40 mA, respectively.
The 26 scanning range was from 5° to 40° with a scan rate of 4° /min and the step size of
0.02°. The R.C.s of the catalysts were obtained by calculating the sum of the peak intensity at
20=9.3+0.1°,22.3 £0.1°,23.5 £ 0.1°,24.3 £ 0.1°,25.2 £ 0.1°,25.7 £ 0.1°, and 28.5 £ 0.1°,
and the R.C.s of FER-PY was set as 100%.

The scanning electron microscopy (SEM) images of the samples were analyzed using a
Nava Nano SEM 450 microscope to confirm the crystal morphology and size. The sodium
content and SiO; / Al,O3 molar ratio of the samples were determined by X-ray fluorescence
(XRF) analysis using a ZSX Primus II instrument (Rigaku, Tokyo, Japan) operated at 60 kV
and 150 mA. The textural characterization of the FER catalysts was performed by Nj
adsorption-desorption at —196 °C with a US Micromeritics ASAP 2020 V3.00 H nitrogen
adsorption analyzer (Atlanta, GA, USA). The FER catalysts were outgassed at 350 °C
for 5 h under the vacuum of 10~3 Pa to remove moisture and volatile impurities before
the adsorption measurement. The specific surface areas were obtained by the Brunauer—
Emmett-Teller (BET) method and the pore volume was calculated by N, adsorption at a
relative pressure of 0.99.

The temperature-programmed desorption of ammonium (NH;3-TPD) with a Mi-
cromeritics chemisorb 2720 (Atlanta, GA, USA) instrument equipped with a thermal
conductivity detector was used to study the acid properties of the catalysts. Typically, 150
mg of the sample was first preheated under a He stream of 30 mL-min~! at 550 °C for 1 h,
then purged in a 5% NHz-He flow of 30 mL/min at 100 °C for 40 min. Subsequently, the
sample was treated under a He flow of 30 mL/min at 100 °C for 60 min to remove the
physically adsorbed NHs. Finally, the samples were heated from 100 °C to 550 °C using a
temperature ramp of 10 °C/min, and the quantity of NH3 desorbed was measured by a
TCD detector.

Pyridine adsorption Fourier transform infrared (Py-IR) was used to determine B acid
and L acid concentrations using a Bruker Tensor 27 infrared spectrometer. Approximately,
the sample powder (30 mg) was formed into a self-supporting wafer (dimeter 20mm) and
then placed inside the reaction tank. The sample was degassed under vacuum at 500 °C for
2 h under high vacuum conditions of 1073 Pa, and then the sample was saturated with the
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probe molecule pyridine at 40 °C for 30 min, and subsequently, the physisorbed molecules
were removed at 150 °C for 30 min. IR spectra were recorded at 350 °C. The adsorption
peaks located at 1540 cm~! and 1450 cm~! were assigned to BAS and LAS, respectively.
The concentration of acid sites was calculated from the IR results using the extinction
coefficient and integrated intensity of the desorption peak and the sample weight reported
by Emeis [46].

Magic-angle-spinning nuclear-magnetic-resonance (MAS NMR) spectra of %’ Al and
2Si were collected on a Bruker Avance III 600 MHz Wide Bore spectrometer (Bruker,
Rheinstetten, Germany). The single-pulse sequence was adopted with a 10° pulse and a
delay time of 0.3 s. The chemical shifts for 2’ Al and ?°Si were calibrated by referring to
AICl; and tetramethylsilane, respectively. The 2 Al MAS NMR spectra were deconvoluted
using the mixed Gaussian-Lorentzian equation.

3.4. Catalyst Evaluation

The skeletal isomerization of n-butene was conducted under atmospheric pressure in a
fixed-bed stainless-steel reactor unit, with the tubular reactor having 12 mm inner diameter
and 800 mm length. Firstly, 3 g of the FER-X catalyst (2040 mesh) was placed in the middle
of reactor, the catalyst was pretreated under a N; flow at a heating rate of 10 °C/min,
and the system was purged for 1 h. The C4 hydrocarbons produced by fluidized catalytic
cracking in refineries react with methanol to produce MTBE after removing isobutene
(post-MTBE C4) and were used as reaction materials. The feed stream of post-MTBE C4
was fed into the reactor by a mass flow controller to start the skeletal isomerization; when
heated to 350 °C, the weight hourly space velocity (WHSV) of n-butene was 2.0 h—!. The
properties of the post-MTBE C4 are listed in Table 4.

Table 4. Composition of post-MTBE C4 from refinery.

Composition wt/%
propane 0.12
propylene 0.15
isobutane 52.86
butane 10.94
trans-2-butene 13.76
1-butene 12.00
isobutene 0.26
cis-2-butene 9.91

The products were analyzed using an Agilent 7890B gas chromatograph (Santa Clara,
CA, USA) equipped with a flame ionization detector and an Agilent-GS-Alumina capillary
column (50 m x 0.532 mm). Since the equilibrium of 1-butene, trans-2-butene, and cis-2-
butene was established rapidly through double-bond isomerization at the temperature of
the reaction, and all the straight-chain butene isomers were transformed to isobutylene, all
of the straight-chain butene was considered as the n-butene reactant.

The conversion of n-butene (x,) was defined as:

o

xp = 1O M 100% )
mo

The selectivity of isobutene (s;) was defined as:

my —m
5= —2——3 % 100% )
my — 1y
where my, my, my, and m3 are the weights of n-butene in the feed, the weights of n-butene
in the products, the weights of isobutene in the reaction products, and the weights of
isobutene in the feed, respectively.
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The production rate of isobutene was defined as the average moles of isobutene
produced at the reaction duration of 2448 h [mmol g_1 h=1].

4. Conclusions

FER-type zeolites have been successfully prepared in pyrrolidine as an organic tem-
plate or without pyrrolidine systems utilizing the Na-form or H-form as the seed. The
seed-derived FER samples own similar topological and morphological properties com-
pared to the pyrrolidine-derived sample, as well as similar total acid densities. The choice
of the H-form seed and pyrrolidine induces more BAS in the 10-MR of the FER structure.
As the BAS in 8-MR and LAS is responsible for the bimolecular mechanism that tends
to cause more carbon depositions and side-products in n-butene skeleton isomerization,
the FER-PY+SH samples exhibit better isobutene selectivity and higher stability than the
counterparts synthesized by Na-form as the normal seed. By optimizing the synthetic
parameters, FER-PY+SH could be continuously operated for 720 h at 350 °C and 0.1 MPa
for three cycles, and a weight hourly space velocity of n-butene of 2.0 h~!, during which
the n-butene conversion keeps higher than 39%, the selectivity of isobutene is higher 95%,
and the isobutene yield is higher than 37.5%.
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Abbreviations
Content Abbreviations
Bronsted acid sites BAS
10-member ring 10-MR
pyrrolidine PY
Na-form FER as seeds SN
H-form FER as seeds SH
organic structure directing agents OSDAs
8-member ring 8-MR
6-member ring 6-MR
International Zeolite Association IZA
methyl tert-butyl ether MTBE
trimethylamine T™A
relative crystallinity RC
SiO; to Al,Oj3 ratios SARs
BAS of desorption temperature as measured from Py-IR B1o-350
C4 hydroc.arbons produced by fluidized catalytic Cracllqng: in refineries react post-MTBE C4
with methanol to produce MTBE after removing isobutene
weight hourly space velocity WHSV
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Abstract: In the dimethyl ether (DME)-to-olefin (DTO) reaction over 20 types of P-loaded ferrierite
zeolites with different P loading amounts, the synthesis of n-butenes such as 1-butene, trans-2-
butene, and cis-2-butene was investigated to maximize the n-butene yield by optimizing the P
loading amount. The zeolites were characterized using X-ray diffractometry (XRD), N adsorption-
desorption isotherms, and NHj3 temperature-programmed desorption (NH3-TPD). Micropore and
external surface areas, total pore and micropore volumes, and weak and strong acids affected the
DTO reaction’s characteristics. The P-loaded ferrierite zeolite with a P loading of 0.3 wt.% calcined
at 500 °C exhibited an n-butene yield of 35.7 C-mol%, which exceeds the highest yield reported to
date (31.2 C-mol%). Multiple regression analysis using the obtained data showed that the strong
acid/weak acid ratio and total pore volume had a high correlation with the n-butene yield, with
a contribution rate of 64.3%. Based on the multiple regression analysis results, the DTO reaction
mechanism was discussed based on the proposed reaction model involving the dual-cycle mechanism.

Keywords: dimethyl ether; n-butene; P-loaded ferrierite zeolite; weak acid; strong acid; total pore
volume; multiple regression analysis

1. Introduction

A circular economy is an economic model that creates added value while reducing
resource input and making effective use of stock. For products using fossil resources, it
is necessary to minimize resource consumption and suppress waste generation. Because
biomass is the only renewable carbonaceous resource, the social implementation of high-
value-added bio-based products is expected to contribute to the development of a circular
economy [1,2].

Natural rubber is a bio-based rubber material. Synthetic rubber has superior prop-
erties compared to natural rubber in terms of oil resistance, weather resistance, and heat
resistance. One essential component in the production of various synthetic rubbers such
as styrene butadiene rubber and butadiene rubber, as well as polymers and latexes, is
1,3-butadiene (BD). Biomass-derived BD (Bio-BD) is typically synthesized from cellulose
and hemicellulose [3-5]. Simulation results of these synthesis processes have revealed
technical as well as environmental challenges [6,7]. Lignin contains complex aromatic units
and can be converted into various phenolics [8,9]. However, the conversion process to
Bio-BD has not yet been reported, and there are issues with its utilization.

Three processes for Bio-BD synthesis from lignin were proposed, and the one with
the most promising economic efficiency was selected via simulation (Figure 1) [10]. This
process consisted of four steps: gasification, dimethyl ether (DME) synthesis, DME-to-
olefin (DTO) reaction, and isomerization/dehydrogenation. In the final step (isomeriza-
tion/dehydrogenation), the conversion of iso-butene, which has a branched structure, to BD
is difficult. Therefore, it is necessary to selectively synthesize n-butenes such as 1-butene,
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trans-2-butene, and cis-2-butene in the DTO reaction. Simulation results have revealed
that the technical challenge of this process is improving the n-butene yield of the DTO
reaction [11].

DTO reaction Isomerization/
Gasification over P-loaded FER zeolites Dehydrogenation
Lignin n—— Syngas EESSS) DME n-Butene IEEE——) Bio-BD
(CO+H,) - 1-butene

* trans-2-butene
- cis-2-butene

Figure 1. Synthesis process of Bio-BD from lignin.

Zeolite is a typical catalyst used in the DTO reaction. Several synthesis methods suit-
able for use when propylene and aromatic compounds are the target products have been
reported [12-18]. These methods take into account the light olefin synthesis mechanism
using kinetic models [12], reaction mechanisms based on the pore structure [13-15], func-
tional groups [16], acid properties [17], and the propylene yield improvement by increasing
acid sites using multiple zeolites [18]. Although butene was detected as a byproduct in the
DTO reaction over zeolites with the topologies of MFI [19,20], MFI/MTW, MFI/MEL [21],
AEI/CHA [22], YFI [23], and CHA [24,25], none of these studies was aimed at n-butenes as
the main product.

In general, the physicochemical properties of zeolites significantly influence their
reaction properties. The addition of heteroatoms to zeolites is an effective approach to
changing their properties. The loading of Mg [26], La, Ca [27], Zr [28], Ni [29], Co [30],
Ce [31], or P [32,33] onto zeolite results in a hierarchical porous structure and changes in
the acid properties, thereby affecting the reaction properties.

The ferrierite (FER) zeolite reportedly exhibited a high n-butene yield in the DTO
reaction with n-butene as the target product [34]. Furthermore, for P-loaded FER zeolites
with P loading amounts of 0 and 1.4-12 wt.%, the pore structure and acid properties
changed monotonically with increasing P loading amounts [35]. The maximum n-butene
yield was obtained using FER zeolites without P loading, and the DTO reaction showed a
close relationship between the P loading amount and n-butene yield (Figure 1) [35]. Zhang
et al. reported an optimal Ni loading amount for light olefin selectivity in the DTO reaction
over the Ni/SAPO-34 zeolite [29].

In this study, the DTO reaction over P-loaded FER zeolites with P loading amounts of
0-0.8 wt.% was investigated. Our results reveal that there is an optimal P loading amount
that leads to the highest n-butene yield; a yield which exceeds the highest yield reported
to date. Moreover, the DTO reaction mechanism as well as the relationship between the
physicochemical properties of the zeolite and n-butene yield was discussed.

2. Results and Discussion

Twenty different P-loaded FER zeolites with different P loading amounts (0, 0.1, 0.3,
0.6, and 0.8 wt.%) calcined at different temperatures (450, 500, 550, and 600 °C) were
prepared using the impregnation method. Henceforth, the expression for P-loaded FER
zeolite will be P(P loading amount)_calcination temperature. For example, if the P loading
amount is 0.3 wt.% and the calcination temperature is 500 °C, the representation will be
P(0.3)_500.

2.1. Characterization

The P-loaded FER zeolites were characterized using X-ray diffractometry (XRD), Nj
adsorption/desorption isotherms, and NH3 temperature-programmed desorption (NH;-
TPD) analysis.

Figure 2a shows the XRD patterns of the P-loaded FER zeolites with different P loading
amounts at a calcination temperature of 500 °C. In all the cases, diffraction peaks were
observed at 20 = 9.3° £ 0.1° [200], 22.3° £ 0.1° [420], 23.5° + 0.1° [330], 25.2° 4 0.1°
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[040], and 25.7° + 0.1° [202], which are characteristic of FER [36,37]. This indicates that
phosphoric acid treatment did not damage the crystal structure of the FER zeolite. However,
no distinct peaks related to P were observed. Van der Bij et al. reported that amorphous
AIPQOy is formed by the reaction of FER with phosphoric acid [38].

[040]
a) [200] [420] {202]

P(0)_500

P(0.1)_500

Intensity (a.u.)

P(0.3)_500

P(0.6)_500

P(0.8)_500

20 (degree)

b) [200] C) [040]

—— P(0)_500
—— P(0.1)_500
—— P(0.3)_500

P(0.6)_500
—— P(0.8)_500

Intensity (a.u.)

8.5 9 9.5 10 245 25 255 26 26.5
26 (degree) 26 (degree)

Figure 2. (a) XRD patterns of the P-modified FER zeolites calcined at 500 °C and the zoomed regions
at 20 = (b) 8.5°-10° and (c) 24.5°-26.5°.

In all the as-prepared zeolites, the peak corresponding to 20 = 25.2° £ 0.1° [040]
showed a relatively higher intensity. All XRD patterns were normalized based on the inten-
sity of this peak (Figure 2b,c). The intensity of the peaks corresponding to 20 = 9.3° £ 0.1°
[200] and 25.7° 4+ 0.1° [202] showed the maximum value for P(0.3)_500, i.e., the minimum
value at half-value width. This indicates that the P loading amount influences the crystal
diameter of the FER zeolite. Soh et al. reported the optimal P loading amount at which
the crystal diameter exhibited the maximum value for the P-loaded H-Y zeolite [39]. Inter-
estingly, the crystal size increased when the P loading amount was increased to 0.3 wt.%,
above which the crystal size decreased with increasing P loading amount. In the impreg-
nation method, the zeolite is exposed to phosphoric acid, which results in the dissolution
of some of the crystals. This suggests that an increase in the P loading amount increases
the acid-to-zeolite weight ratio, which in turn increases the amount of dissolved crystal,
thereby resulting in a smaller crystal size.

Similarly, for the P-loaded FER zeolites calcined at 450 and 550 °C, the P loading
amount, at which the crystal diameter attained its maximum value, was determined

22



Catalysts 2024, 14, 902

(Figures S1 and S2, respectively). In contrast, the intensities of the peaks observed at
20 =9.3° £ 0.1° [200] and 25.7° £ 0.1° [202] were almost independent of the P loading
amount at 600 °C (Figure S3).

The N, adsorption-desorption isotherms for the P-loaded FER zeolites calcined at
500 °C are shown in Figure 3. All of the isotherms were classified as type I based on the
IUPAC classification. In all of the samples, adsorption was detected in the low relative
pressure region of p/pg < 0.01, indicating pore filling of the N, molecules, and no hysteresis
was observed in the desorption curves. These results indicate the absence of mesopores [40].
The N, adsorption—desorption isotherms of the P-loaded FER zeolites calcined at 450, 550,
and 600 °C showed the same trends as those observed for the sample calcined at 500 °C
(Figures 54, S5 and 56, respectively).

400

—e—P(0)_500_ads.  —o—P(0)_500_des.

350 —e—P(0.1)_500_ads. —o—P(0.1)_500_des.
—+—P(0.3)_500_ads. —o—P(0.3)_500_des.
300 P(0.6)_500_ads. P(0.6)_500_des.

—e—P(0.8)_500_ads. —o—P(0.8)_500_des.

N
a1
[«)
—

200

150

Adsorbed volume (cm?(STP) g!)

100

0 0.2 0.4 0.6 0.8 1

Relative pressure: p/po

Figure 3. N, adsorption-desorption isotherms of the P-modified FER zeolites calcined at 500 °C.

The structural parameters (Table 1) of the P-loaded FER zeolites were obtained from
the N, adsorption-desorption isotherms. At a calcination temperature of 500 °C, the
total and micropore surface areas and the total pore volume were maximized. At other
calcination temperatures, most of the structural parameters showed the same trends. Wang
et al. reported that in the case of P-loaded beta zeolites, phosphoric acid primarily interacts
with Al,O3 and destroys the original crystal structure [41]. Van der Bij et al. reported that
P acts as a glue, promoting the aggregation of zeolite particles [42]. The increase in the P
loading amount to 0.3 wt.% possibly led to the generation of new micropores, owing to
an increase in the amount of Al eluted from inside the micropores and the formation of
macropores owing to zeolite particle aggregation, thereby increasing both the surface area
and pore volume. However, excessive P loading may have led to pore blockage, resulting
in a decrease in these parameters.
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Table 1. Pore parameters for the P-loaded FER zeolites calcined at different temperatures.

Surface Area (m? g—1) Pore Volume (cm® g—1)
Catalyst
Total ! External 2 Micro 2 Total 1 Micro 2

P(0)_450 301 26 365 0.47 0.11
P(0.1)_450 304 29 366 0.53 0.11
P(0.3)_450 253 31 258 0.34 0.09
P(0.6)_450 154 29 156 0.36 0.05
P(0.8)_450 57 26 16 0.32 0.01
P(0)_500 352 27 442 0.39 0.13
P(0.1)_500 408 26 461 0.41 0.13
P(0.3)_500 333 23 416 0.48 0.12
P(0.6)_500 307 23 381 0.36 0.11
P(0.8)_500 291 22 363 0.31 0.11
P(0)_550 336 28 416 0.39 0.12
P(0.1)_550 356 24 446 0.44 0.13
P(0.3)_550 307 25 377 0.55 0.11
P(0.6)_550 286 25 348 0.42 0.10
P(0.8)_550 316 24 386 0.51 0.12
P(0)_600 363 22 457 0.38 0.13
P(0.1)_600 362 25 455 0.39 0.13
P(0.3)_600 349 27 435 0.46 0.13
P(0.6)_600 340 26 422 0.53 0.12
P(0.8)_600 319 25 395 0.49 0.11
SD?3 76 2 107 0.07 0.03

1 Calculated using the BET method, 2 calculated using the t-plot method, 3 standard deviations.

The NH;3-TPD profiles of the P-loaded FER zeolites calcined at 500 °C are shown
in Figure 4. Two distinct peaks corresponding to the weak and strong acid sites were
observed. The maximum intensities of the low-temperature and high-temperature peaks
were observed in the temperature ranges of 196-208 and 467-481 °C, respectively, for
all loadings. The desorption maxima of both peaks shifted to lower temperatures with
increasing P loading amount. These results indicate that as the P loading amount increases,
the number of acid sites that interact relatively strongly with NH3 molecules decreases for
both acid sites. A similar trend was observed in the NH3-TPD profiles of the P-loaded FER
zeolites calcined at 450, 550, and 600 °C (Figures S7, S8 and S9, respectively).

5000
—P(0)_500
4000 ——P(0.1)_500
P(0.3)_500
E 3000 P(0.6)_500
Al —P(0.8)_500
o
£ 2000
>
1000
0

100 200 300 400 500 600 700
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Figure 4. NH3-TPD profiles of the P-modified FER zeolites calcined at 500 °C.

The number of weak and strong acid sites evaluated based on the peak area is shown
in Table 2. Ammonia adsorbs onto strong acid sites in the form of ammonium cations
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(protonic acidity). Conversely, it adsorbs onto the weak acid sites via hydrogen-coordinated
bonds [43]. Therefore, weak acids with Lewis acidity and strong acids with Brensted acidity
could be considered briefly. At calcination temperatures of 450 and 500 °C, the number
of both acid sites decreased with increasing P loading amount (Table 2). Conversely, at
calcination temperatures of 550 and 600 °C, the number of both acid sites was almost
the same when the P loading amounts were 0 and 0.1 wt.%, and decreased for a higher
P loading amount. Xue et al. proposed a surface structure model for phosphoric acid-
modified zeolites and suggested the presence of a non-participating P-OH group on the
zeolite surface due to the condensation with hydroxyl groups of phosphoric acid and the
Al-OH and Si-OH groups [44]. The acid strength of P-OH is lower than that of Al-OH;
therefore, the acid properties for P-loaded zeolites decreases [39]. This finding is consistent
with the fact that, in this study, the number of relatively strong acid sites decreased with
increases in the P loading amount.

Table 2. Measured acidities of the P-modified FER zeolites calcined at different temperatures.

Weak Stron Total Strong/Weak

Catalyst (mmol g—1) (mmol gg*1) (mmol g—1) -)
P(0)_450 1.60 1.54 3.14 0.96
P(0.1)_450 1.47 1.49 2.96 1.01
P(0.3)_450 1.38 1.30 2.68 0.94
P(0.6)_450 1.35 1.24 2.59 0.92
P(0.8)_450 1.31 1.19 2.50 0.91
P(0)_500 1.41 1.37 2.78 0.98
P(0.1)_500 1.33 1.28 2.61 0.96
P(0.3)_500 1.29 1.15 243 0.89
P(0.6)_500 1.27 1.11 2.39 0.87
P(0.8)_500 1.20 0.99 2.19 0.88
P(0)_550 1.48 1.33 2.81 0.89
P(0.1)_550 1.49 1.39 2.89 0.93
P(0.3)_550 1.36 1.09 2.45 0.80
P(0.6)_550 1.29 1.02 2.30 0.79
P(0.8)_550 1.18 0.95 212 0.81
P(0)_600 1.25 0.98 2.23 0.78
P(0.1)_600 1.25 0.99 224 0.79
P(0.3)_600 1.20 0.93 2.13 0.77
P(0.6)_600 1.16 0.84 2.00 0.72
P(0.8)_600 0.71 0.56 1.27 0.78
SD! 0.18 0.23 0.41 0.08

1 standard deviations.

Py-IR spectra of P-supported FER zeolites calcined at 500 °C show large peak areas of
1543 cm !, indicating a lot of Brensted (B) acid sites, compared to Lewis (L) acid sites due
to small peaks of 1455 cm ™! (Figure S10). This result suggests that B acid sites affect the
DTO reaction.

2.2. Relationship Between P Loading Amount and DTO Reaction

The DTO reaction was performed using 20 different P-loaded FER zeolites, and the
corresponding results are presented in Table 3. The DME conversion rate and product yield
ranged from 2.4 to 95.5% and 0.2 to 35.7 C-mol%, respectively, and were highly dependent
on the P loading amount and calcination temperature. In particular, the P(0.3)_500 exhibited
the highest n-butene yield (35.7 C-mol%), which exceeds the previously reported value
of 31.2 C-mol% [35]. At each calcination temperature, there was an optimal P loading
amount at which the DME conversion rate and n-butene yield exhibited the maximum
values. Wang et al. reported an optimal amount of P that resulted in the highest conversion
in the synthesis of polyoxymethylene dimethyl ether using P-loaded beta zeolites [41].
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Excess P covers the active site, possibly hindering the contact between the substrate and
active site. For hydrogen production from NaBH, using Co-loaded zeolites, the Co loading
amount that resulted in the highest H; yield has been previously reported [30,45]. As the
Co loading amount increases, the number of Co particles that are easily accessible to the
substrate also increases in the cage. However, excessive Co loading blocks the entrance of
the cage, indicating that there is an optimal Co loading amount [45].

Table 3. Catalytic performance of the P-modified FER zeolites in the DTO reaction.

c DME Conv. Product Yield (C-mol%)
atalyst - - -~
(C-mol%) Ci-C;3 G, C3 MeOH (4! i-C4= BD n-Cy=2 Cs Cs Cy
P(0)_450 75.3 26 2.4 5.1 8.4 0.1 1.3 0.8 26.1 21.3 6.3 0.8
P(0.1)_450 95.5 4.0 46 7.7 4.6 0.2 34 0.8 33.6 287 72 0.9
P(0.3)_450 81.8 45 67 121 0.5 0.2 3.0 0.1 34.1 175 3.0 0.3
P(0.6)_450 39.9 3.6 5.3 5.7 3.6 0.1 0.1 0.2 17.4 3.4 0.5 0.0
P(0.8)_450 27.7 3.8 6.1 48 0.3 0.1 0.0 0.1 11.1 1.3 0.1 0.0
P(0)_500 50.4 2.7 5.8 12.9 0.2 0.3 6.1 0.0 11.1 9.8 1.1 0.4
P(0.1)_500 88.1 47 5.4 9.2 1.1 0.4 7.3 0.1 23.8 296 55 0.9
P(0.3)_500 90.5 5.7 8.9 150 02 0.1 47 0.0 35.7 172 25 0.3
P(0.6)_500 35.3 3.6 39 41 5.2 0.1 0.0 0.2 14.1 35 0.5 0.0
P(0.8)_500 34 1.2 0.5 0.1 1.3 0.0 0.0 0.0 0.2 0.0 0.0 0.0
P(0)_550 14.9 3.1 1.7 34 0.2 0.4 1.5 0.0 2.9 1.1 0.4 0.2
P(0.1)_550 725 37 3.1 44 129 02 4.0 0.4 19.1 194 44 0.9
P(0.3)_550 36.0 49 47 9.0 0.2 0.4 4.0 0.2 7.9 41 0.6 0.0
P(0.6)_550 2.9 1.3 0.3 0.4 0.2 0.0 0.1 0.0 0.5 0.1 0.0 0.0
P(0.8)_550 2.4 1.4 0.3 0.2 0.2 0.0 0.0 0.0 0.3 0.0 0.0 0.0
P(0)_600 34 1.6 0.3 0.3 0.2 0.1 0.2 0.0 0.5 0.1 0.0 0.0
P(0.1)_600 12.8 3.4 1.5 2.7 0.2 0.4 1.2 0.0 2.3 0.8 0.3 0.1
P(0.3)_600 3.4 1.7 0.2 0.2 0.3 0.1 0.1 0.0 0.6 0.2 0.0 0.0
P(0.6)_600 2.8 1.3 0.3 0.3 0.2 0.0 0.1 0.0 0.4 0.1 0.0 0.0
P(0.8)_600 5.8 1.1 0.3 0.2 25 0.0 0.0 0.0 1.2 0.3 0.1 0.0

1 n-butane + iso-butane, 2 1-butene + trans-2-butene + cis-2-butene.

In this study, the DME conversion rate and n-butene yield decreased monotonically
with increasing calcination temperature at different P loading amounts (0, 0.1, 0.6, and
0.8 wt.%). However, when P loading was 0.3 wt.%, the highest DME conversion rate and
n-butene yield were obtained at a calcination temperature of 500 °C. Both the character-
ization and DTO reaction results show that the reaction properties depend on the pore
structure and the acidity.

2.3. Multiple Regression Analysis

Statistical analysis of the physicochemical properties of zeolites and the DTO reaction
characteristics will add useful information to the discussion of the reaction mechanism.
In this study, multiple regression analysis was performed using a stepwise method to
examine the physical properties of the P-loaded FER zeolites, which have a high correlation
to the n-butene yield. We considered the values of seven physical properties: micropore
surface area (x;), external surface area (x;), total pore volume (x3), micropore volume (x4),
weak acid (xs5), strong acid (xg), and strong acid/weak acid (x7, Table 2) as explanatory
variables and calculated the correlation coefficient (r;j) with respect to the n-butene yield (y)
(Table S1). The absolute values of the seven correlation coefficients were in the following
order: xy (0.766) > x4 (0.692) > x5 (0.525) > x5 (0.470) > x1 (0.171) > x4 (0.141) > x3 (0.037).

Multiple regression analysis requires selecting an appropriate combination of explana-
tory variables. The tolerance (1 — rijz) of the explanatory variables x; and x4 was 0.009
(Table S2), which is less than the critical value (0.1). Multiple regression analysis using the
combination of x; and x4 leads to multicollinearity, resulting in a decrease in correlation
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accuracy. Therefore, other combinations of explanatory variables were employed in the
multiple regression analysis.

The multiple regression analysis results, including the explanatory variables, residual
sum of squares (RSS), F-ratio, regression equation, and contribution rate are shown in
Table 4. The RSS is expressed as shown in Equation (1).

20 20

2
RSS =Y el = Y {y, —ao — (a1xy; + axxg; + asxsi + agXg; + asxs; + agXei+azxzi)}-, (1)
=1 =1

Table 4. Multiple regression analysis.

Trial Explanatory Variable RSS F-Ratio Regression Equation Contribution Rate (%)
1 None 6012
2 Xy 1266 67.5 y =—89.7 + 117.2x; 58.6
3 X7, X1 1265
X7, X2 1221
X7, X3 1092 7.8 y = —116.2 + 42.6x3 + 126.7x7 64.3
X7, X4 1262
X7, X5 1260
X7, X6 1258
4 X7, X3, X1 1070
X7, X3, X2 1059 0.5 y = —124.3 + 0.6x + 41.3x3 + 117.8x7 65.4
X7, X3, X4 1081
X7, X3, X5 1090
X7, X3, X¢ 1091
5 X7, X3 — X7 2385 2.7 y =9.4 +6.5x3 0.1
X7, X3 — X3 1266 20.1 y=—89.7 +117.2x; 58.6

Here, ¢; is the error, ag is the intercept, aj—ay are partial regression coefficients, and
x1—Xy are the experimental data. The RSS is derived from the error between the data and
the regression equation, and a small value is desirable.

The F-ratio represents the rate of decrease in the RSS when explanatory variables are
added, and it is expressed as shown in Equation (2).

RSSq — RSSq: 1

F — ratio =
RSSqH

((Number of experimental data(=20) — (q+1) —1), (2)

Here, q represents the number of explanatory variables. When the F-ratio is 2 or
more, the rate of decrease in the RSS is high, indicating that the addition of the explanatory
variables is effective.

The F-ratio is also used to determine whether variables already included in the re-
gression equation are necessary. If ‘q” explanatory variables are already in the regression
equation and one of them is removed, the F-ratio represents the rate of increase in RSS and
is expressed as shown in Equation (3).

RSSq — RSSq-1

F— io =
ratio RSSq

((Number of experimental data(=20) —q—1),  (3)

If this value is 2 or more, the RSS increase rate is high and the explanatory variable
cannot be removed.

Multiple regression analysis can determine the partial regression coefficients (aj—ay)
that minimize the RSS in Equation (1). The regression equation is obtained as shown below
[Equation (4)].

y = ap + a1x1 + azXp + azXz + agxg + asxs + agXg + ayxy (4)
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When no explanatory variables are used (trial 1), the RSS is the sum of the squares
of the n-butene yield (6012). After the addition of x7, which has the highest correlation
coefficient to y (trial 2), the RSS decreased to 1266. Because the F-ratio was 2 or greater
(67.5), xy was adopted as an explanatory variable. The RSS was calculated when X1, Xp,
X3, X4, X5, and xg were added to x7 (trial 3). When x3 was added, the RSS was the smallest
(1092). Because the F-ratio was 7.8 (>2), we adopted x3. The RSS was calculated when x4,
X2, X4, X5, and Xxg were added to xy and x3 (trial 4). The RSS was the lowest (1059) when x;
was added. However, because the F-ratio was less than 2 (0.5), x, was not adopted.

We also considered whether the selected x7 and x3 values are useless variables. When
one of the variables was removed (one at a time) from the regression equation involving
the variables x; and x3, the RSS values were 2385 and 1266, respectively (trial 5), while the
F-ratios were 2.7 and 20.1, respectively, both of which are greater than 2. This indicates
that neither x; nor x3 can be removed. The multiple regression analysis including x; and
x3 (y = —116.2 + 42.6x3 + 126.7xy, Trial 2) had no variables to add or delete, and hence
the multiple regression analysis was terminated. When xy (strong acid /weak acid) and
x3 (total pore volume) were used as the explanatory variables, the contribution rate of the
regression equation was 64.3% compared to that when only xy was used (Trials 1 and 5),
and the n-butene yield (y) was 5.7% higher.

Multiple regression analysis without x; yielded a contribution rate of 59.1% (Table S3).
Thus, the adoption of xy as an explanatory variable was effective and could successfully
explain the 5.2% higher n-butene yield.

In the previous paper [35], the pore structure and acid properties of the P-loaded
FER zeolites were not optimized, and the multiple regression analysis showed that mi-
cropore surface area and strong acid sites had the highest correlation with the n-butene
yield, leading to the contribution rate of 53.7%. In this paper, the pore structure and acid
properties, that is, the P loading amount, were optimized, and the multiple regression
analysis showed that the strong acid /weak acid ratio and total pore volume had the highest
correlation, leading to the contribution rate of 64.3%, an increase of 10.6% compared to the
previous study.

2.4. DTO Reaction Mechanism

A dual-cycle mechanism has been proposed for the DTO reaction [46,47]. We pro-
posed a reaction model involving the dual-cycle mechanism to discuss the DTO reaction
mechanism, while considering the results of the multiple regression analysis, as shown in
Figure 5.

The reaction pathways include the formation of methoxy groups on the catalyst surface
(reactions 1 and 2), direct formation of ethylene and propylene (reactions 3-5), methylation
within the olefinic cycle (reactions 6-10), formation of methylcyclopentenyl cations, ben-
zene (C6) production from propylene and hexene via cyclization of CP* (reactions 11-14),
methylation within the aromatic cycle (reaction 15), and cracking (reactions 16 and 17). In
the previous report [35], the proposed model contained only aromatic and olefinic cycles.
In the paper, reactions 15-17, included in the aromatic cycle, are the same as in the previous
report [35]. In contrast, reactions 1-5 were proposed, and in the olefinic cycle, heptene
production was added, and further alkylation or cracking was not proposed.

In the initial stage of the DTO reaction, DME reacts with the hydroxyl groups on the
catalyst surface, resulting in the formation of methoxy groups (reactions 1 and 2). Subse-
quently, the methoxy group and DME, that is, two methoxy groups, react to yield ethylene
and propylene (reactions 3-5). Sun et al. reported the formation of active ethylene species
on acidic sites based on nuclear magnetic resonance (NMR) spectroscopic measurements
during the early stages of the MeOH-to-olefin (MTO) reaction [48].

In the olefinic cycle, methylation is promoted by the reactions of ethylene and propy-
lene with the methoxy group (reactions 6-10). Sun et al. reported that the strong acid site
is the active site for benzene alkylation involving (3-zeolites [49]. Hill et al. reported that
alkylation in the DTO reaction originates from the MeOH/DME complex formed on the
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B acid site [50]. Song et al. reported an increase in selectivity for light olefins, with an
increase in B acid sites in the MeOH-to-propylene reaction over P-loaded ZSM-5 [51]. In
this study, the methoxy group derived from strong acid and B acid site would be involved
in methylation.

Surface methoxy formation Direct formation of C,H, and C;H,
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DME CH;OH CH;
A cm, OF
III r C|H3 I3 A NN Esge
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Figure 5. Proposed DTO reaction model involving the dual-cycle mechanism.

The activation energy of olefin methylation in the DTO reaction is, in order, ethylene >
propylene > butene > pentene, indicating that the synthesis of relatively long hydrocarbons
is advantageous [46]. This suggests that the selective formation of butene requires not only
the promotion of propylene methylation but also the suppression of butene methylation
via steric hindrance. The total pore volume exhibited its maximum value at an optimal P
loading amount (Table 1). The increase in the total pore volume was due to the increase
in macropores owing to P acting as a glue and the aggregation of the primary particles
of zeolite, indicating that the distance between the primary particles became shorter. At
any given calcination temperature, the n-butene yield increased as the P loading amount
increased from 0 to 0.3 wt.% (Table 3). Thus, ethylene and propylene flowing out of the
primary particles may have had easier access to the methoxy groups in adjacent particles,
resulting in further methylation. Conversely, excessive P loading could have resulted in
low n-butene yield due to pore blockage and the inhibition of the access of heptene to the B
acid site, because no products with eight or more carbon numbers were detected (Table 3,
Figure 5).

The morphology was investigated using an atomic resolution TEM (Figure S11), and
we will be able to discuss the relationship between the existence state of P and the DTO
reaction using atomic resolution TEM images in near future.

Propylene and hexene in the olefinic cycle produce benzene as a hydrocarbon pool
via the methylcyclopentenyl cations (CP*) (reactions 11-14) [47,52]. In the aromatic cycle,
C6 reacts with a methoxy group, producing an aromatic compound with eight carbon
atoms (C8) (reaction 15). The detailed reactions in the aromatic cycle were mentioned in
the previous study [35]. Subsequently, cracking produces ethylene and propylene, and C6
is again formed (reactions 16 and 17). In this study, weak acid in the micropores probably
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suppressed the formation of CP* from propylene and hexene (reactions 11 and 12). The
low ethylene and propylene yields in the DTO reaction (Table 3) are consistent with the
suppression of alkylation and cracking (reactions 15-17) in the aromatic cycle.

Ling et al. reported that in dodecylbenzene synthesis over P-loaded MCM-22, a P
loading of 0.6 wt.% showed the highest yield [53]. The NH;3-TPD profiles showed that
as the P loading increased, the amount of weak acid increased and that of strong acid
decreased [53], thereby supporting the fact that strong acid/weak acid influences the
reaction characteristics. Magomedova et al. reported that there are desirable strong/weak
acids for the selective synthesis of ethylene and propylene in the DTO reaction over
ZSM-5 [54]. In this study, both the desired ratio of strong acid (which promotes methylation)
to weak acid (which suppresses cyclization) and the total pore volume (which suppresses
butene methylation) resulted in a high n-butene yield.

In this study, the production of iso-butene was suppressed (Table 3, reaction 18 in
Figure 5). Hill et al. reported that the reaction rate constant for the alkylation of iso-butene
is at least 40 times higher than those for 1-butene, trans-2-butene, and cis-2-butene [50].
This indicates that iso-butene production was suppressed owing to n-butene isomerization
in this study. Kitev et al. reported that the B acid site of FER zeolite is the active site
of isomerization in the skeletal isomerization reaction of 1-butene, and that iso-butene
selectivity decreased with increasing micropore/mesopore ratios [55]. This indicates
supports that the presence of micropores in FER zeolites makes it difficult for n-butene
to access B acid sites, resulting in steric hindrance to iso-butene formation (r1g). The fact
that the presence of mesopores was not confirmed (Table 1) is consistent with the fact that
iso-butene production from n-butene is suppressed.

Accordingly, the DTO reaction over P-loaded FER zeolites was explained using the
proposed reaction model involving the dual-cycle mechanism.

3. Materials and Methods
3.1. Catalyst Preparation and Characterization

Commercially available FER zeolite (720NHA, Tosoh Co., Ltd., Tokyo, Japan) with
Si0, / Al,O3 (mol/mol)) = 18.5, cation type: NH4 ¥, crystal size < 1 um, and particle size = 6
pum was used in this study. The P-loaded FER zeolites with different P loading amounts (0,
0.1, 0.3, 0.6, and 0.8 wt.%) were prepared via the impregnation method. The calcination
temperatures were 450, 500, 550, and 600 °C.

P-loaded FER zeolites were characterized as follows.

The XRD patterns were obtained using an X-ray diffractometer (RINT-TTR III, Rigaku
Corporation, Tokyo, Japan). The target, voltage, current, and wavelength were Cu, 50 kV,
300 mA, and 0.15418 nm, respectively.

The structural parameters were measured using a specific surface area/pore distribu-
tion measuring device (BELSORP-mini II, MicrotracBEL Cort., Osaka, Japan).

NH;3-TPD was performed using an auto-chemisorption system (BELCAT-B, Microtrac-
BEL Corp., Osaka, Japan) equipped with a thermal conductivity detector (TCD).

The detailed procedures were mentioned in the previous paper [35].

3.2. DTO Reaction

A fixed-bed flow reactor was used for the DTO reaction [10]. Zeolite powder (0.2 g)
was employed in each run. The detailed procedure for the DTO reaction and estimation
method for the catalytic behavior were both mentioned in the previous paper [35].

4. Conclusions

DTO reactions were performed using P-loaded FER zeolites with different loading
amounts calcined at different temperatures. The structural factors of zeolite that influ-
enced the n-butene yield were clarified using multiple regression analysis. The following
conclusions were drawn.
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1. P(0.3)_500 exhibited the highest n-butene yield (35.7 C-mol%), which exceeded the
previously reported highest yield (31.2 C-mol%);

2. Multiple regression analysis results showed that n-butene yield had a high correlation
with strong acid/weak acid and total pore volume, and was explained by these two
explanatory variables based on a contribution rate of 64.3%;

3. The DTO reaction over the P-loaded FER zeolites was explained using the proposed
reaction model involving the dual-cycle mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ catal14120902/s1. Figure S1: (a) XRD patterns of the P-modified
FER zeolites calcined at 450 °C and the zoomed regions from 20 = (b) 8.5 to 10 and (c) 24.5 to 26.5;
Figure S2: (a) XRD patterns of the P-modified FER zeolites calcined at 550 °C and the zoomed regions
from 26 = (b) 8.5 to 10 and (c) 24.5 to 26.5; Figure S3: (a) XRD patterns of the P-modified FER zeolites
calcined at 600 °C and the zoomed regions from 26 = (b) 8.5 to 10 and (c) 24.5 to 26.5; Figure S4:
N, adsorption-desorption isotherms of the P-modified FER zeolites calcined at 450 °C; Figure S5:
N, adsorption-desorption isotherms of the P-modified FER zeolites calcined at 550 °C; Figure S6:
N, adsorption-desorption isotherms of the P-modified FER zeolites calcined at 600 °C; Figure S7:
NH;3-TPD profiles of the P-modified FER zeolites calcined at 450 °C; Figure S8: NH3-TPD profiles of
the P-modified FER zeolites calcined at 550 °C; Figure S9: NH3-TPD profiles of the P-modified FER
zeolites calcined at 600 °C; Figure S10. Py-IR spectra of the P-modified FER zeolites calcined at 500 °C;
Figure S11: STEM image of P(0.8)_500; Table S1: Supplementary table for multiple regression analysis;
Table S2. Tolerance between the selected explanatory variables; Table S3. Multiple regression analysis
without adding xy (strong acid/weak acid).
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Abstract: Due to their unique structural and mechanical characteristics, zeolites are of great interest
as carriers for the design of catalysts. This review is focused on the progress in the development
of new zeolite-based catalysts for hydroformylation. The procedures of materials synthesis and
modification, the methods of metal introduction, and the effect of the catalyst structure on the activity,
selectivity, and stability of the hydroformylation catalysts are discussed. This review highlights
the role of up-to-date analytical techniques in the development of fine-tuned active and selective
hydroformylation catalysts. The greatest achievements over the past five years considered in detail
in this review demonstrate a high potential of zeolite-based hydroformylation catalysts. Future
prospects and possible directions of upcoming studies are regarded.

Keywords: zeolites; hydroformylation; olefin; catalyst separation

1. Introduction

Hydroformylation (Figure 1), the catalytic interaction of syngas with olefins to form
aldehydes, represents a pivotal industrial process that constitutes a critical link in the pro-
duction chain for a diverse range of valuable products, including plasticizers, surfactants,
solvents, cosmetics, and pharmaceuticals [1].

CHO
R RhorCo= R/\/CHO + R)\
CO/H,

Figure 1. Hydroformylation reaction.

The global production of aldehydes by this reaction exceeds 10 million tons per
annum. The initial catalysts employed in hydroformylation, which remain in use in certain
processes, were cobalt complexes. However, subsequent research revealed that rhodium
compounds exhibited considerably higher activity in this reaction. The difference in the
activity of cobalt and rhodium complexes is estimated to be approximately three orders of
magnitude [2]. The hydroformylation reaction typically results in the formation of linear
and branched aldehydes, with the ratio dependent on the reaction conditions, the employed
catalytic system, and electronic effects in the substrate molecule. In the majority of cases,
linear aldehydes are regarded as being of greater value due to their higher reactivity, which
facilitates further modification, as well as the higher biodegradability of their derivatives.
One effective and frequently employed method to enhance the regioselectivity of rhodium-
catalyzed hydroformylation on linear aldehyde is the incorporation of phosphine ligands
into the catalytic system [3].

One of the most fundamental issues associated with industrial hydroformylation is
the complexity of the process of heterogenization, given that under high syngas pressure,
active metals are prone to leaching from solid carriers [4]. Presently, the majority of
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facilities operate under conditions of homogeneous catalysis, wherein the catalysts are
hydridocarbonyl complexes of cobalt and rhodium in a dissolved state. This complicates
the stage of separation of products from the catalyst, which necessitates the utilization of
specialized facilities and a considerable expenditure of energy [5,6] (Table 1).

Table 1. Typical reaction conditions and approaches to catalyst recycling in industrial hydroformylation.

Process Catalyst Type Conditions Products Separation Procedure
BASE Exxon Cobalt carbonyl 25-30 MPa Butanals, higher Decomposition of the catalyst followed
! unmodified 130-190 °C aldehydes by Co extraction
Shell Cobalt carbonyl modified 4-8 MPa Higher alcohols Distillation of products with the

with phosphine ligand 150-190 °C addition of high-boiling components

Catalyst and excess ligand are dissolved
in high-boiling dimeric and trimeric

ucc Rh/PPhs 335—_12 12/23 g Lower aldehydes oxo-synthesis products, aldehydes
evaporate during gas circulation and
then condensed and removed
Ruhrchemie/ Rh/water soluble 1-10 MPa Lower aldehvdes Phase separation
Rhone-Poulenc phosphine TPPTS 50-130 °C Y P

The high cost of the rhodium compounds, which permit hydroformylation under
milder conditions, implies particularly stringent requirements for efficient catalyst sep-
aration for reusability with minimal losses. This problem is especially crucial for the
hydroformylation of higher olefinic substrates (>Cg) as, in this case, distillation of the high-
boiling products is limited by the decomposition of Rh complexes at high temperatures.
A substantial body of research is dedicated to the advancement of active and stable solid
hydroformylation catalysts [7-10]. This might provide a simpler and more efficient type
of technological scheme with a fixed bed reactor, which contains catalyst pellets with a
gaseous or liquid substrate flowing through them, transforming into the desirable prod-
ucts. So, such catalysts can be universally applied for the hydroformylation of lower and
higher olefins.

Over the past few decades, considerable advancements have been made in this field.
The catalysts currently under development can be divided by the type of carrier into
two principal groups: those based on polymers and those based on inorganic carriers,
including those with grafted low- and macromolecular organic fragments [11]. Our research
group has also published a number of papers on hybrid polymer-inorganic catalysts [12-14].
A comprehensive account of the advancements in the development of polymer-based
hydroformylation catalysts can be found in reviews [15,16]. Notable are the catalysts based
on POPs (porous organic polymers), developed by Chinese scientists. POPs are synthesized
by polymerizing phosphine monomers modified with vinyl groups, after which rhodium
is deposited on them from solutions of its complexes [17]. The catalysts are distinguished
by their high stability and regioselectivity, which can be attributed to the robust binding
of rhodium by phosphine fragments. A pilot plant for the hydroformylation of ethylene
has recently been constructed, which employs a catalyst of this type. The plant has a
capacity of approximately 50,000 tons per year and has been in continuous operation for
over two years [18]. This is the first documented example of a solid hydroformylation
catalyst functioning at such a scale. One disadvantage of this catalyst is the relatively
complex synthesis procedure, which necessitates the use of toxic and readily oxidizable
phosphorus (III) compounds. It has been shown that catalysts based on phosphorus-free
polymers are, in general, significantly less stable [15,19]. Therefore, now that the principal
applicability of solid catalysts to industrial hydroformylation has been demonstrated,
studies of the applicability of other cheaper and more environmentally friendly types of
heterogeneous catalysts appear to be even more pertinent.
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2. Zeolite-Based Catalysts for the Hydroformylation of Olefins

Zeolites are porous crystalline aluminosilicates characterized by an ordered structure,
high surface, regulated acidity, as well as mechanical strength and good chemical and
thermal resistance. All these properties determine the high practical significance of zeolites
as catalysts or their components and adsorbents [20,21]. Recently, zeolites have also been
considered as promising materials for the synthesis of catalysts for a wide range of energy
conversion, energy storage, and chemical synthesis processes [22-24]. Due to the chemical
composition and geometry of channels and pores, zeolites ensure the thermal stability of
catalysts and prevent the migration of metals. The ordered structure of the zeolites provides
control over the processes of substrate adsorption, formation of intermediates, and removal
of products from the reaction zone, which determine the overall activity and selectivity
of the process [25-28]. In this regard, there is also great interest in the development of
zeolite-based hydroformylation catalysts.

The earliest documented accounts of rhodium catalysts for hydroformylation based
on zeolites can be traced back to the 1970s-1980s [29-31]. However, despite initial efforts,
the desired level of stability and selectivity for n-aldehydes could not be attained. The
formation of aldehydes with a normal structure was observed to occur at a rate that was
approximately equal to or slightly higher than that of branched aldehydes. Additionally,
the mass fraction of rhodium in the catalyst was observed to decrease with repeated use.
As anticipated, an enhancement in regioselectivity was observed following the modifi-
cation of the catalyst with a phosphine ligand [32]. However, this did not result in an
increase in stability. In 2000, the authors of [33] developed a sufficiently stable hydro-
formylation catalyst based on NaY zeolite. This was achieved by boiling a RhCls solution
with NaY zeolite, followed by the addition of NaBHj, formaldehyde, and triphenylphos-
phine to yield the HRh(CO)(PPh3); complex encapsulated in the zeolite. The n:iso ratio
in the hydroformylation of hexene-1 was 1.6, which is not an exceptionally high value
for a phosphine-containing system. Nevertheless, the catalyst was successfully used in
10 consecutive reactions without a reduction in the hydroformylation rate. In the study
in [34], prior to rhodium deposition from the HRh(CO)(PPhs); solution, the zeolite Y
surface was modified with phosphotungstic acid, resulting in a notable enhancement in
the regioselectivity of the hydroformylation of linear olefins C4—Cj( in comparison to the
homogeneous system with HRh(CO)(PPh3); (the n:iso ratio increased by 1.7-2.5-times at
high conversions).

In the preceding five years, studies employing fundamentally different methodologies
for the synthesis of catalysts have emerged. Approaches to the synthesis or modification
of zeolite materials were developed, for example, by creating a secondary (hierarchical)
structure, forming silanol nests, and placing heteroatoms in channels, both metal and non-
metal. The presence of such structural features, along with the selected method of placing
the active metal, most often Rh, made it possible to create a specific microenvironment
around the metal center, providing the necessary steric and electronic effects. Interestingly,
depending on the method of synthesis of a zeolite-based catalyst, not only the activity and
stability but also the regioselectivity of the reaction largely vary. It is often individual for a
certain type of substrate, which is associated with the sieve effect, i.e., the correspondence
between the size of the substrate molecule and the shape selectivity of the catalyst. The key
achievements in this sphere emerging in the last 5 years are summarized in Table 2. Below
is a discussion of the most important issues.
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Table 2. The most recent developments and studies of zeolite-based hydroformylation catalysts.

Yield of
Structural Type Method of Rh Introducing R; acior Conditions Substrate  Aldehydes or Stability Ref.
P TOF and n:iso
MFI, with Addition of 1 oro At least 100 min
introdused RhCl3/ethylenediamine GSHY1 70h . ’.95 s without loss in
. : Flow 8000h~+, ethylene selectivity to .. [35]
P-atoms within complex in gel before 1.0 MPa. 90 °C | activity and
the channels hydrothermal synthesis : ’ propana selectivity at 90 °C
Addition of . .
.. 200 h without loss in
-1
MFI-type silicalite RhCl3/ethylened1am1ne Batch  55MPa,85°C  propylene 7328 h activity and [36]
complex in gel before 5.0 selectivity 2
hydrothermal synthesis ty
MFI-type silicalite 5 cycles (12 h in total)
with hollow Impregnation with RhCl3 5.0 MPa 3461 h-1 with aldehyde yield
structure contain solution under ultrasonic Batch 1 00°C ! hexene-1 0.7 >85%, but some [37]
micro- and conditions ' decrease in activity
mesopores was detected
Previously formed Rh
MFI-type silicalite nanoparticles assisted by 350 h-1 3 cycles (15 h in total)
with core-shell PVP were added to gel Batch 5.0 MPa, 90 °C hexene-1 25 with no detectable Rh [38]
structure before hydrothermal ’ leaching observed
synthesis
Addition of RhCl3 in gel 500 h-! 7 cycles (84 h in total)
-type silicalite efore rotherma atc . a, ecene- with gradua
MFI-type silicali before hydroth 1 Batch 5.0 MPa, 80 °C d 1 6.65 ’ ith gradual [39]
synthesis ' decrease in activity !
Addition of 8 cycles (40 h in total)
L 1 . .
MET RhCl3/ ethylenedlamme Batch 2.0 MPa, 80 °C decene-1 217 h w1th.01.1t loss in [40]
complex in gel before >300 activity and
hydrothermal synthesis selectivity 3
e 1 . 5 cycles (12.5 hin
MFI—type silicalite Impregl}atlon from RhCls 3.0 MPa, 50,000 h~14 total) without loss in
with silanol nests d solution followed by Batch o styrene .. [41]
o . . 110°C 1.1 activity and
within crystals readuction of Rh in H; flow -
selectivity
Grafting Co and Rh into . .
Dealuminated BEA silanol nests b Flow 0.1 1\/([)Pa, ethylene 153 h~! 200h w1t}}0}1 tlossin [42]
y 130 °C y activity
impregnation
Addition of .
RhCl3/ethylenediamine 6 cyc.les Ghin t.otal)
: without loss in
complex in gel before 6500 h-1 activity and
MEL hydrothermal synthesis Batch 4.0 MPa, 90 °C ropylene Ty [43]
4 Y propy 99 selectivity, also
followed by oxidative Y .
disruption of catalyst was stable in
Rh clusters 40-h test on stream
" 5 cycles (10 h in total)
RhCl ?eciﬁ Hemestamine 5.0 MPa o47p-1  Withaldehydeyield
Zeolite NaX 3 y Batch A hexene-1 >85%, but some [44]
complex in gel before 100 °C 0.73 decrease in activit
hydrothermal synthesis Y
was detected
RhCl; was mixed with .
. . _ 5 cycles (30 h in total)
. AEPTS , this solution was 6.0 MPa, 6567 h™1 <y
Zeolite Y added to gel before Batch 60 °C hexene-1 12 with no detectable Rh [45]

hydrothermal synthesis

leaching observed

! hexene-1 was used as a substrate. > Catalyst 3 g, propylene:CO:H, = 1:1:1, 1 MPa, 15 mL min~!, 140 °C, TOF
2.5h~1. 3 After each run, the catalyst was reduced in H, flow at elevated temperature. * Calculated based on
metal dispersion. 5 3-[2-(2-Aminoethylamino)ethylamino]propyltrimethoxysilane.

In [39], the synthesis of silicon material, referred to as “seeds”, was initially con-
ducted using tetraethoxysilane (TEOS) and tetrapropylammonium hydroxide (TPAOH),
which were treated with a solution of (3-mercaptopropyl)trimethoxysilane (MPTMS). Sub-
sequently, rhodium was introduced to the surface of the “seeds” from a RhClj; solution,
after which they were mixed with supplementary quantities of TEOS and TPAOH for
a hydrothermal synthesis. The procedure was repeated using particles of the resulting
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a

catalyst as “seeds” for the second-order structure (RhyO3@S-1-1I) (Figure 2). The RhyO3@S-
1-1II catalyst exhibited a markedly high regioselectivity for the phosphorus-free system in
the hydroformylation of decene-1. At an aldehyde yield of 94%, the n:iso ratio was 6.65,
whereas for both octene-1 and dodecene-1, the value was lower [39]. It would appear that
the structure of the carrier plays a pivotal role in the case of decene-1, allowing it to enter
microchannels but hindering its isomerization and formation of branched intermediates.
In contrast, for olefins of smaller size, these processes are possible, whereas dodecene-1
is mainly hydroformylated on the outer surface of the catalyst. The catalyst could be
employed on multiple occasions; however, its efficacy diminished gradually due to the
leaching of rhodium.

0 /\“”)
~ O\SI‘/\/\SH ° ° <—K"

I TPAOH
0 °
N '“%13,(\6% °° o >
. A\ e 0 s | a
5&\“ P : 0-si-0
MPTMS c‘e‘\“&} - b
o Rh3*/S-1 TEOS
- RhCl,
e © © Heating and .
s, 87 calcinating
S-1 seeds dispersed in Rh,O;@S-1
ethanol

Figure 2. The synthesis of core-shell RhyO3@5-1 catalysts [39].

In [36], a more straightforward approach was employed: the complex [Rh(NH,CH,CH,
CH,;NH;)3]Cl3 was introduced to a solution of TEOS and TPAOH following a six-hour
stirring period, prior to the hydrothermal synthesis stage. Also, potassium hydroxide
was added to the mixture. After the hydrothermal synthesis, the rhodium was reduced
with hydrogen. The procedure allowed for the production of a catalyst with significantly
enhanced stability compared to the conventional impregnation method. The catalyst
demonstrated sustained activity for 200 h in the hydroformylation of propylene, with a
TOF value of 7328 h~!, representing a record value for inorganic hydroformylation catalysts
at the time. The introduction of KOH during synthesis resulted in a notable enhancement
in the selectivity of the hydroformylation of long-chain olefins on n-aldehydes. The authors
of [36] ascribe this to a decrease in the acidity of the surface of the material and a deceleration
in isomerization.

In a study published in 2024 [40], a series of catalysts based on MFI zeolite with
various Rh content were prepared using a similar technique with a modified order of
reagent addition. The addition of KOH was made at an earlier stage of the synthesis of
zeolite, specifically when preparing the initial mixture of TPAOH template and TEOS. The
HAADEF-STEM data indicate that rhodium is present within the catalyst structure in the

form of clusters with a diameter < 1 nm, which are localized within the zeolite channels.

Additionally, X-ray absorption spectroscopy (XAS) was employed to detect Rh;, clusters
(n < 10) directly under reaction conditions. Among the Rh-MFI catalysts with various Rh
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contents, the catalyst containing 0.22% Rh wt (Rh-MFI-0.22) displayed the highest activity
in the hydroformylation of decene-1 (Figure 3a). It also contained the highest fraction of
0.3-0.6 nm Rh species (Figure 3b) [40]. So, one can conclude that these species are most
active in the target reaction.
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Figure 3. (a) The normalized initial reaction rates for the production of aldehydes and iso-olefins
on various Rh catalysts at conversion levels below 15%; (b) the percentage of different types of Rh
species in three representative Rh-MFI catalysts: Rh-MFI-0.62, Rh-MFI-0.22 and Rh-MFI-0.007 [40].

The resulting catalyst exhibited an exceptionally high regioselectivity in the hydro-
formylation of long-chain olefins; at the conversion approaching quantitation, the formation
of n-aldehyde from decene-1 occurred with 100% regioselectivity. While the authors of [40]
noted the presence of trace amounts of branched aldehyde, its concentration was found to
be more than 300-times lower. The regioselectivity remained at a high level throughout
eight consecutive catalytic experiments conducted at high conversions. The TOF value
at low conversions was estimated to be 217 h~!. High n:iso ratios were demonstrated in
the hydroformylation of C¢—Cy; olefins. Additionally, in this study, catalysts based on
other zeolites were obtained. The catalysts Rh-MEL, Rh-MOR, Rh-FER, Rh-TON, Rh-*BEA
and Rh-MWW were also tested in hydroformylation. The catalytic results showed that
zeolites with three-dimensional pore structures (MFI, MEL and *BEA) are effective sup-
ports for Rh-catalyzed hydroformylation of linear x-olefins, whereas the zeolites with
two-dimensional (MWW and FER) or one-dimensional (TON and MOR) pore structures
exhibit relatively low activities. However, for the structures other than MFI, the amounts
of linear and branched aldehydes were comparable (n:iso < 10). It is noteworthy that the
MFI-based catalyst obtained through the classical impregnation method exhibited reduced
regioselectivity compared to the catalyst obtained through the introduction of a rhodium
complex with ethylenediamine at the stage of zeolite synthesis; however, it demonstrated a
considerably higher regioselectivity compared to catalysts based on other zeolites. This
suggests that the selectivity is largely influenced by the structural characteristics of the
zeolite material.
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In [35], a P-containing Rh-MFI catalyst was obtained through a similar procedure but
without the addition of alkali during the synthesis. A portion of TPAOH was replaced by
tetraethylphosphonium hydroxide (Rh-(O)-P-MFI-calred). After calcination of the catalyst,
the phosphorus present in it was observed to undergo oxidation, resulting in the formation
of phosphate groups, as evidenced by >'P NMR data. An in situ XAS study revealed the
formation of isolated Rh®* centers under reaction conditions as a result of the oxidative
disruption of Rh clusters (Figure 4). In the case of the catalyst obtained with tetraethylphos-
phonium hydroxide, more such centers are formed than in its phosphorus-free analogue
(Rh-MFI-calred). Extensive in situ XAS and IR-MS studies of both phosphorus-containing
and phosphorus-free reduced and non-reduced (Rh-MFI-cal) catalysts led the authors
of [35] to the conclusion that isolated Rh3* centers are preferred catalytic precursors for
ethylene hydroformylation under the condition applied (50-90 °C, 1.0 MPa), in contrast to
the classical point of view that lower Rh oxidation states make more effective precursors. So,
the stabilization of isolated Rh®* in the Rh-(O)-P structure is supposed to be responsible for
the enhanced activity of the phosphorus-containing catalyst, as well as for the preservation
of the hydroformylation activity at higher temperatures (200 °C). In this study, TOF values
of approximately 30100 h~! were obtained in the continuous flow hydroformylation of
ethylene under comparatively mild conditions (50-90 °C, 1.0 MPa) (Table 3).
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Figure 4. Dynamic behavior of Rh-(O)-P-MFI-calred catalyst under ethylene hydroformylation
conditions [35].

The activity of the Rh-OD@MEL catalyst in the hydroformylation of propylene was
investigated in a paper published in 2024 [43]. Its precursor material, Rh@MEL, was syn-
thesized using a procedure similar to that described in [40] but with tetrabutylammonium
hydroxide employed as a templating agent. It was then exposed to carbon monoxide for
the oxidative disruption of rhodium clusters, which resulted in the formation of the Rh-
OD@MEL catalyst. The XAS data corroborate the hypothesis that Rh-OD@MEL contains
rhodium predominantly in smaller clusters compared to Rh@MEL. Additionally, an in-

40



Catalysts 2024, 14, 942

crease in the average oxidation degree of Rh was detected. Based on EXAFS, STEM and IR
spectroscopy data, the authors of [43] proposed that on the surface of Rh-OD@MEL clusters,
rhodium forms Rh(I)- gem-dicarbonyl complexes that are active in hydroformylation. In
the hydroformylation of propylene, Rh-OD@MEL demonstrated exceptional selectivity
for butanal (n:iso > 90), remarkable activity (TOF 6500 h—!), and impressive stability when
employed in six consecutive hydroformylation experiments.

Table 3. Catalytic performance of Rh-MFI-cal, Rh-MFI-calred, and Rh-(O)-P-MFI-calred [35].

Reaction 1 Selectivity to
Catalyst Temperature, °C Propanal TOF, h Propanal, %
50 31.0 95
Rh-MFI-cal
90 98.7 92
50 30.5 91
Rh-MFI-calred
90 58.8 96
50 45.9 95
Rh-(O)-P-MFI-calred
90 70.0 95

Reaction conditions: m(catalyst) = 100 mg, P = 1.0 MPa, CO/H,/C;H4/Nj molar ratio 1:1:1:0.5, total flow rate
35 mL/min, GSHV = 8000 h— -

In [44], Rh@NaX was synthesized from the gel obtained from silica gel powder,
NaAlO,, and NaOH, to which a solution of RhCl; and ethylendiamine was added be-
fore crystallization, followed by calcination. Also, the Rh/NaX catalyst with a similar Rh
content was prepared via the impregnation of NaX with RhCl3 solution for the compar-
ison. XPS studies showed that, while in Rh/NaX, Rh*3 is the only Rh oxidation stage,
in Rh@NaX, along with Rh*3, Rh®* species were formed with a lower binding energy
(0 < 8+ < 1). The two catalysts demonstrated close TOF values (3047 and 2631 h~1, for
Rh@NaX and Rh/NaX, respectively) and similar regioselectivity (n:iso = 0.73) in hexene-1
hydroformylation; however, the stability of Rh@NaX was higher and Rh leaching was
lower. Also, in contrast with Rh/NaX, it was able to provide an aldehyde yield of >85%
in five consecutive runs. Nevertheless, for both catalysts, a decrease in the activity was
detected. The low regioselectivity of Rh@NaX indicates that, in the case of NaX, the zeolite
structure has no positive effect. Predictably, higher regioselectivity (n:iso = 2.59) and activity
(TOF = 6588 h™ 1) were reached after the treatment of Rh@NaX with PPhs, but no stability
tests for Rn@NaX/PPhg, crucial for phosphine-containing catalysts, were performed [44].

A comparison between three methods of Rh introduction into the S-1 structure was
conducted in [37]. For the catalysts obtained different Rh deposition procedures (Table 4),
TOF values in hexene-1 hydroformylation were determined to be 3471 h~1, 3461 h~!, and
1725 h~!, and n:iso ratios were in the 0.7-0.8 range.

Table 4. Catalytic performance of Rh/S-1, Rh@S-1, and Rh@H-5-1 [37].

. Yield of C; . 1
Catalyst Preparation Method Aldehydes, % n:iso TOE h
Rh/S-1 Impregnation of S-1 Wlth RhC13 solution under 816 071 3471
ultrasonic conditions
Rh@s-1 RhCl;/ ethylenedlamm.e added to thg synthesis gel of 95.0 0.79 1795
S-1 before its crystallizations
Rh@H-S-1 Rh/S-1 mixed with TPAOH and subjected to further 96.0 0.74 3461

crystallization to obtain mesoporous network

Reaction conditions: m (hexene-1) =1 g, P =5 MPa, CO/H; = 1, toluene = 4.5 mL, m (catalyst) = 0.1 g, T = 100 °C,
t=2h.

The lowest TOF of Rh@S-1 was explained by diffusion restrictions in this catalyst;
at longer reaction times, it demonstrated aldehyde yields comparable to that obtained
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with two other catalysts. As in the previous study, XPS data showed that Rh@S-1 and
Rh@H-S5-1, in contrast to Rh/S-1, contained Rh not only in the +3 oxidation state but also
at a lower one, 6+ (0 < 8+ < +1). Its proportion increases under reaction conditions. The
stability of the performance of the two encapsulated catalysts through the five recycling
experiments was also proved to be better than that of Rh/S-1. So, Rh@H-5-1 provided the
best combination of activity and stability of the three. After recycling, no Rh signals were
observed in Rh@H-S-1 XPS, detecting that hydroformylation takes place on the internal
surface. The authors of [37] did not report if its regioselectivity improved after recycling.

Another type of encapsulation procedure was demonstrated in [45] for the synthe-
sis of a Rh@Y catalyst. First, RhCl; was stirred for 1 h with 3-[2-(2-Aminoethylamino)
ethylamino]propyltrimethoxysilane (AEPTS); after this, alkaline, NaAlO,, and SiO, gel
were added, and the mixture was subjected to crystallization, followed by calcination.
According to XPS, XAS, and HAADE-STEM data, Rh was present in the catalyst in the
form of atomically dispersed Rh®* species with 1 < §+ < +3, coordinated mostly to light
atoms, presumably oxygen with its state being mainly unchanged after use in hydroformy-
lation. The catalyst was more active in hexene-1 hydroformylation compared to several
impregnated Rh/zeolite catalysts, including Rh/Y. The TOF for Rh@Y reached 6567 h—1,
which is among the highest values for phosphorous-free hydroformylation catalysts. Rh@Y
was tested in the hydroformylation of 22 unsaturated substrates, including aromatic and
sterically hindered ones. It demonstrated moderate to quantitative yields of aldehydes
(35-100%) in all the reactions, in addition to 1,3-butadiene and isoprene hydroformylation
(0%). For terminal aliphatic olefins, a slight excess of linear product was formed (n:iso up to
1.38 at conversions >90%) [45]. Also, the catalyst was successfully used in five recycles of
hexene-1 hydroformylation, with no detectable Rh leaching observed.

In their study, the authors of [42] treated zeolite H-Beta with nitric acid in order to
remove Al After this, they treated the material with solutions of rhodium and cobalt
nitrates (the resulting catalyst is noted as 0.08Rh-0.36Co-DeAIBEA) or rhodium and zinc
nitrates (0.08Rh-0.36Zn-DeAIBEA). Following the removal of Al, silanol nests were formed
within the structure, which were subsequently occupied by the introduced metal ions
(Figure 5a). The catalysts were subjected to hydrogen current treatment and subsequently
evaluated in the hydroformylation of ethylene. The stability of the catalysts was ascertained
to be satisfactory, as evidenced by the absence of a decline in the propanal yield over the
course of 300 h experiments in a continuous flow regime. The rhodium-cobalt catalyst
exhibited significantly higher activity than the rhodium-zinc catalyst (Table 5).

Table 5. Catalytic performance of 0.08Rh-0.36Co-DeAIBEA and 0.08Rh-0.36Zn-DeAIBEA [42].

Catalyst CN (M-Rh):CN (Rh-Rh) ! Propanal Selectivity % TOE h1
0.08Rh-0.36Co-DeAIBEA 1.63 69 153
0.08Rh-0.36Zn-DeAIBEA 0.83 79 12

Reaction conditions: m (catalyst) = 20 mg; T = 130 °C; total feed flow rate = 90 mL/min; p(CoHy) = 33.8 kPa;
p(CO) = 33.8 kPa; p(Hy) = 11.3 kPa, balanced with He up to atmospheric total pressure. ! Coordination number
(by X-ray absorption spectroscopy).

The XAS data indicate that no oxygen atoms remain in the rhodium near-coordination
sphere after hydrogen treatment, and the occurrence of Rh-Rh and Rh-M (M = Zn or Co)
bonds was recorded. In the case of the more active rhodium-cobalt catalyst, the ratio of
Rh-M/Rh-Rh coordination numbers was higher than for the rhodium-zinc catalyst. There-
fore, the rhodium-cobalt catalyst was characterized by a higher dispersion of rhodium
centers (Figure 5b). It is noteworthy that, though cobalt complexes can be active in hy-
droformylation on their own, both the cobalt and zinc catalysts, when tested without the
addition of rhodium, demonstrated no activity in the hydroformylation of ethylene under
the conditions investigated. This indicates that the discrepancy in activity between the
rhodium—cobalt and rhodium-zinc catalysts is attributable to the state of the rhodium
rather than the direct involvement of the second metal in the reaction.
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Figure 5. (a) Schematic image of Rh-Zn-DeAIBEA and Rh-Co-DeAIBEA catalysts; (b) Co K-edge
near-edge spectra of 0.08Rh-0.36Co-DeAIBEA, as-prepared and after Hj treatment at 200 °C and of
cobalt foil, CoO, and Co30y4 standards [42].

In [41], the concept of the artificial creation of silanol nests within zeolite channels
of siliceous MFI zeolite was also employed. This was achieved by replacing a portion of
TEOS with diethoxydimethylsilane during synthesis. The mixture was then subjected to
drying, resulting in the formation of an amorphous material comprising methyl groups.
It was subsequently crystalized at an elevated temperature in the presence of TPAOH.
Upon calcination, the methyl groups converted to hydroxyl groups (S51-OH). In NMR
spectra (Figure 6a), in addition to the signal of the terminal silanol (~2.0 ppm) mainly
located on the external surface of zeolite crystals, S1-OH exhibited an additional broad
and obvious signal at 3.0-8.0 ppm, which is attributed to the silanols with hydrogen
bond interactions, located within the channels. Rhodium was deposited on the resulting
material through impregnation with RhClj solution, followed by reduction with hydrogen.
The catalyst contained rhodium in the form of nanoparticles with an average diameter
of approximately 2.5 nm (Figure 6b). Despite containing only 0.06% rhodium by mass,
the catalyst exhibited remarkably high activity in hydroformylation, with a TOF value of
50,000 h~! (by calculation, taking into account the Rh dispersion) for the hydroformylation
of styrene. This surpasses the activity of numerous homogeneous rhodium catalysts. It
is also worth mentioning that the catalyst was considerably more active compared to its
analogue obtained from the zeolite without the silanol nests inside the channels. The yields
of the aldehyde decreased slightly with repeated use, but the authors of [41] highlight that
there was a corresponding decrease in the mass of the catalyst. It is noteworthy that the
hydroformylation of linear olefins predominantly yielded branched aldehydes, whereas in
the hydroformylation of p-methylstyrene, the n:iso ratio was 1.1:1. This suggests that the
catalyst was highly active in the isomerization of linear olefins.

Tsubaki et al. [38] added pre-formed rhodium nanoparticles to the mixture prior to
the hydrothermal synthesis of the S-1 zeolite-based catalyst (Figure 7). The n:iso ratio
in the hydroformylation of hexene-1 at an aldehyde yield of 85% was 2.5:1, which is
slightly higher than the values typically observed in classical phosphorus-free systems.
The catalyst was successfully employed in three consecutive experiments, and according to
X-ray fluorescence analysis, no notable decline in rhodium content was discerned.

Despite Rh being the most active metal in hydroformylation, its high cost causes the
interest in the cheaper alternatives. In 2022, the Au hydroformylation catalysts based on S-1
zeolite were reported [46]. The authors of [46] prepared encapsuled Au@S-1 catalysts by
adding HAuCl, /ethylenediamine solution to the mixture before the zeolite hydrothermal
synthesis, as well as Au/S-1 catalysts via the impregnation of the pre-synthesized S-1 with
HAuCly/ethylenediamine solution. Further, the catalysts of both types were calcinated.
According to TEM and HAADF-STEM data, in Au/S-1 catalysts, gold nanoparticles and
nanoclusters were observed on the catalyst surface, while for encapsuled Au@S-1 catalysts,
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surface Au was detected neither by TEM nor by XPS, although EDS mapping showed a
uniform distribution of gold for these samples, indicating that Au species were encapsu-
lated inside the material. Interestingly, in propylene hydroformylation, for both types of
catalysts, a decrease in aldehyde yields was observed with an increase in Au loading in a
catalyst (Figure 8a,b) (general Au amount was kept constant). Encapsulated catalysts had
superior activity to the impregnated ones. The most active of the series was encapsulated
catalyst Au(0.04%)@S-1 with a TOF of about 200 h~!, which is comparable to some Rh
catalysts. According to EXAFS data, encapsulated catalysts with lower Au loadings are
characterized by the highest proportion of Au-O coordination compared to encapsulated
catalysts with more Au as well as those impregnated with similar Au loading; for both,
Au-Au coordination predominated (Figure 8c). This indicates that Au single atoms are
the most active gold species in the catalysts of this series. The Au(0.2%)@S-1 catalyst was
successfully used in five recycles with no loss in the yield of C4 aldehydes.

terminal silanol

'H Chemical shifts (ppm)
Figure 6. (a) TH MAS NMR spectra of S1-OH and S-1 zeolites; (b) TEM image of Rh/S1-OH [41].
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Figure 7. Schematic illustration of the steps for the preparation of the Rh@S-1 [38].
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Figure 8. (a) Catalytic performances of different Au contents in Au/S-1. A certain amount of catalyst
(corresponding to 2.54 x 3 x 10~* mmol of Au), propylene (0.4 MPa), syngas (4 MPa; CO/H, =
1:1), 15 mL toluene; (b) catalytic performances of different Au contents in Au@S-1. A certain amount
of catalyst (corresponding to 2.54 x 3 x 10~* mmol of Au), propylene (0.4 MPa), syngas (4 MPa;
CO/H; = 1:1), 15 mL toluene; (c) EXAFS spectra of the species at the Au L3-edge [46].
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3. Zeolite-Based Catalysts for Tandem and One-Pot Processes
Involving Hydroformylation

Recently, researchers have turned their attention to the topic of tandem reactions based
on hydroformylation on zeolite catalysts. These allow for the synthesis of more complex
products in a single stage, which would otherwise be obtained through two or more sequen-
tial reactions in separate units and on different catalysts in classical production [47]. In [48],
the acidic function of zeolite was employed for the formation of acetals from aldehydes
obtained by the hydroformylation reaction, thereby facilitating a tandem hydroformylation—
acetalization reaction (Figure 9a). Acetals of the acyclic and cyclic structure are considered
as promising solvents, detergents, emulsifiers, components of cosmetics, technical liquids,
fuel additives, agrochemicals, and also as fragrances [49-53]. In [48], Rh was introduced
into the ZSM-35(10) structure in the form of a carbonyl complex with sterically hindered
diphosphorus ligands. This resulted in a high regioselectivity in the hydroformylation
stage (n:1s0 > 30.5).

OR'
H* R'OH /H/OR-
o R/\)\OR' + R |
CHO OR

Catalyst
- R /\/CHO + )\ _
CO/H, R

L R/\/\NRZ" + RJ\/ NR2II
HNRy", H,

Figure 9. (a) Tandem hydroformylation—-acetalization and (b) hydroaminomethylation.

Hydroaminomethylation is a sequence of hydroformylation, condensation of the
formed aldehydes with secondary or primary amines, and hydrogenation of its products
to tertiary or secondary amines, respectively (Figure 9b). It is an effective way to produce
amines, which are used to give access to biologically active molecules, dyes, solvents,
and functional materials [54,55]. In [56], this sequence was performed on a rhodium
catalyst based on ZSM-5. The catalyst contained a diphosphine sterically hindered ligand,
sulfoxantphos. This ligand has polar sulfogroups, which enhanced the interaction of the
rhodium complex with the polar zeolite support. Furthermore, the introduction of the
ligand resulted in the attainment of high regioselectivity (n:iso > 120).

As hydroformylation is a large-scale process using a C1 reagent, it is often regarded
from the perspective of low-carbon economy [57,58]. This includes the studies of the use of
CO; as a possible alternative C1 source for hydroformylation. For one-pot hydroformy-
lation with CO,, most often, homogeneous systems are proposed [59-63]; also, recently,
polymeric POP catalysts for this process were reported [63,64]. In these systems, CO; is
first converted to CO via a Reverse Water Gas Shift reaction (RWGS) with the excess of
H,, and the unreacted Hj is further involved in hydroformylation along with the formed
CO. De Vos et al. [65] recently reported the use of the optimized encapsulated Pt catalyst
based on NaA zeolite for RWGS in such a system. RWGS is followed by hydroformy-
lation catalyzed by classical Rh/Phosphine homogeneous systems in the same reactor
(Figure 10). The main point of the zeolite introduction was to physically part RWGS from
hydroformylation in a more economically effective one-pot system to prevent the hydro-
genation of an unsaturated substrate with hydrogen, which is activated during RWGSR.
This was achieved for the RWGS-hydroformylation of hexene-1 under comparatively mild
conditions (ligand L, 1.5 MPa of CO;, 0.5 MPa of Hj, 120 °C, 20 h, 70% yield of aldehydes,
n:iso = 24), as well as with other high olefins, while ethylene and propylene were mainly
hydrogenated to the corresponding alkanes [65]. Presumably, low-molecular substrates
effectively diffused into the pores of zeolite, where they were hydrogenated on Pt centers,
simultaneously restraining the access of CO; to them, thus inhibiting its transformation to
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CO. Using common Pt-supported catalysts (e.g., Pt/ Al,O3) or Pt on zeolites with larger
pores resulted in the complete hydrogenation of octene-1.
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Figure 10. RWGS-hydroformylation over Pt@NaA and Rh/L [65].

Another interesting process allowing for the involvement of CO; in hydroformylation
is CO,-assisted dehydrogenation and reforming of ethane to produce ethylene, CO, and
Hy followed by the hydroformylation reaction between the obtained ethylene, CO, and
Hj;. Through this process, C3 oxygenates could be synthesized from two greenhouse
gases [66]. For now, the two stages of this process are conducted in two separate fixed
bed reactors. In [67], ethane was converted by the Fe-Ni/CeO; catalyst at 600-800 °C, and
hydroformylation was catalyzed by Rh-Co/MCM-41 at 200 °C. Presumably, taking into
account their high efficiency in gaseous-phase hydroformylation, zeolite-based catalysts
are good candidates for the second stage of this promising sequence.

4. Conclusions and Future Prospects

The combination of shape selectivity and the possibility of fine tuning of the metal
center electronic properties makes zeolites excellent candidates as carriers for heteroge-
neous hydroformylation catalysts. They can be regarded as solid analogues of classical
organic ligands, characterized by more environmentally friendly synthetic procedures.
The catalytic properties are defined by the characteristics of zeolite channels, the method
of deposition of the active metal, the size of metal particles, and the microenvironment.
Some advantages were achieved by such modifications of initial materials as the creation
of a mesoporous network, silanol nests within zeolite channels, and the formation of a
secondary hierarchic structure. The introduction of heteroatoms (metal or non-metal) inside
the material regulates the electronic properties of the active metal center. Notably, the excep-
tionally high activity in the hydroformylation of styrene (TOF 50,000 h~!) was achieved on
the catalyst based on MFI-type material as well as the highest known n-regioselectivity in
the hydroformylation of linear «-olefins among phosphorous-free catalytic systems (close
to 100%). For propylene hydroformylation, the best results were obtained using an MEL
zeolite-based Rh catalyst (TOF = 6500 h=1, n:iso = 99). As a field of future work, the devel-
opment of the selective zeolite-based catalysts for the hydroformylation of a broader scope
of substrates, such as functionalized olefins, conjugated dienes, and bio-derived molecules,
can be regarded. For a deep understanding of structure-activity relations, essential is
high-throughput investigation of metal active centers and specific features of the zeolite
framework, with a combination of up-to-date analytical techniques, such as high-resolution
TEM, DRIFT, ex situ, and operando XAS. Methods of computational chemistry could also
provide some significant insights into the optimization of the catalyst structure and reaction
regioselectivity. Additionally, considering the achievements in this field during the last five
years, pilot-scale mini-plant investigations are highly desirable.
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Abstract: In this study, SiO,@MIL-88A(Fe) core—shell microspheres were successfully
synthesized through a simple immobilization method for dye degradation via an MIL-
88A(Fe)-mediated Fenton-like process. These microspheres were fabricated by in situ
immobilizing MIL-88A(Fe) onto mesoporous organosilane spheres functionalized with
-COOH groups. Structural analyses and characterizations confirmed the formation of well-
defined MOF particles anchored on the silicate microspheres, with electron microscopy
verifying their porous core-shell structure. The newly developed core—shell materials
achieved a high degree of dye degradation, reaching up to 96% for 10 mg/L dye solutions
in neutral aqueous conditions within 30 min at room temperature through the Fenton-like
process. Furthermore, SiO,@MIL-88A (Fe) exhibited excellent stability and recyclability,
maintaining its performance over at least seven reuse cycles with minimal loss of activity.
This material is easy to synthesize as well as cost-effective and demonstrates significant
potential for wastewater purification involving a range of four different dyes.

Keywords: MOFs; core-shell microspheres; photo-Fenton process

1. Introduction

The urgent need for efficient technologies to address water pollution has become par-
ticularly pressing due to severe dye contamination caused by rapidly developing industries
and economies [1-5]. As a result, various methods, including biological treatment [6,7],
adsorption [8,9], membrane separation [10-12], column separation [13], and advanced
oxidation [14,15], have been proposed to alleviate water pollution. Among these methods,
the advanced oxidation process (AOP) [16] is widely regarded as an effective approach for
tackling toxic, recalcitrant organic pollutants [17]. In particular, Fenton-type processes have
garnered significant attention [18] due to their ability to degrade organic pollutants via
highly reactive hydroxyl radicals, converting them into environmentally friendly products,
such as carbon dioxide and water, using activated H,O; via ferrous ion catalysis [19,20].
The Fenton process is recognized for its high efficiency, simplicity, and suitability for
wastewater treatment. However, the key to its successful application in water pollution
treatment lies in the use of appropriate, efficient, and highly stable materials [21-23].

Metal-organic frameworks (MOFs) are 3D porous materials consisting of periodically
connected organic linkers and inorganic metal ions or clusters [24-28]. They have attracted
significant attention as a new type of photocatalyst due to their remarkable ligand-metal
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charge transfer (LMCT) properties under light irradiation [29,30]. In particular, Fe-based
MOFs show great potential as photocatalysts owing to their Fes—i3-oxo clusters and low
toxicity, which enable a heterogeneous photo-Fenton-like reaction for wastewater treatment
under light irradiation [31-33]. However, the large, tightly packed 3D structure of MOF
particles can impede substrate diffusion, sometimes blocking it in the nanosized MOF
channels [34,35]. Growing MOFs on larger matrixes can reduce crystal growth due to the
matrix’s nucleation effect [36], thereby enhancing mass transport speed.

Here, we directly grew MIL-88A(Fe) [37] on silica to produce an MIL-88A(Fe)@SiO,
core—shell composite material. The MIL-88A(Fe)@SiO, was first prepared analogously
to MIL-88A(Fe)@SiO,, except with the addition of a 0.25 weight equivalent of SiO,. The
surface silanol groups on SiO, served as nucleation sites for the formation of fusiform-
shaped MIL-88A(Fe) particles with an average dimension of ~0.06 x 0.2 pm. Due to the
enhanced nucleation on the silica surface, the MOF particles in the composite material
were smaller than pure MOF particles (0.3 x 2 pm) [37,38] and were homogeneously
packed on the silica. The photo-Fenton catalytic activity of MIL-88A(Fe)@SiO; in the dye
degradation reaction was investigated. In this technique, water was used as a solvent
in mild conditions, and the catalyst showed excellent catalytic capacity. Furthermore,
MIL-88A(Fe)@SiO, showed excellent stability and recyclability and could be reused at least
seven times without significant loss of activity. The easy and cost-effective construction of
this heterogeneous catalyst, MIL-88A(Fe)@SiO,, makes it a candidate for applications in
high-level environmental engineering.

2. Results and Discussion
2.1. Synthesis and Structural Characterization of the Core—Shell Catalyst

Core-shell-structured MIL-88A@SiO; microspheres were synthesized using a simple
two-step postgrafting complexation procedure, as illustrated in Scheme 1. In the first
step, the co-condensation of tetraethoxysilane (TEOS) and 3-aminopropyltriethoxysilane
(APTES), followed by modification with succinic anhydride, resulted in carboxylate-
terminated core—shell nanoparticles (COOH®@SiO5), as described in the reported method.
In the second step, a postgrafting process was carried out by modifying MIL-88A onto the
outer surface of the nanoparticles. The MIL-88A@SiO, composite was obtained through a
complexation process in water and stirred for 12 h.

HooC

HooC COOH ALk J
" 1) H,N"~""Si(OE) + N
Sl02 2 0 3 — SEEH FeCl; + Fumaric :
2) 0 4]
v COOH
HOOC ‘

COCOH
Sio, COOH@SIO; MIL-88A@SIO;

X
@%
o

Scheme 1. Preparation of the core-shell-structured MIL-88 A@SiO, microsphere particles.
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The microstructure of the core-shell microspheres was observed by SEM (Figure 1).
The core-shell microspheres exhibited a rough surface, densely covered with MIL-88A
particles. Moreover, the morphology of the MIL-88A particles on the surface was consistent
with their original polyhedral structure, confirming the successful preparation of the
MIL-88A@SiO, core-shell material. The phase purity of MIL-88A@SiO, was verified by
comparing the observed and simulated powder X-ray diffraction (PXRD) patterns (Figure 2).
The thermal gravimetric analysis (TGA) indicated that the MIL-88A loading in the core—
shell material was 11.953 mg (0.214 mmol) per gram of catalyst. This result aligns with
the Fe loading of 0.198 mmol (11.06 mg) per gram of catalyst, as detected by inductively
coupled plasma optical emission spectrometer (ICP-OES) analysis.

500nm

Figure 1. The SEM images of MIL-88A@SiO;.

—— MIL-88A
—— MIL-88A@SiO,

et

10 20 30 40
26 (degree)

Figure 2. XRD patterns for MIL-88(A) and MIL-88(A)@SiO,.

The FT-IR spectrum was collected to analyze the molecular structure of the as-
synthesized core-shell material (Figure 3). The strong absorption bands corresponding to
carboxylate groups were separated into asymmetric (v,sCOOQO) and symmetric (vsCOO)
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stretching vibrations, appearing at 1607 and 1396 cm !, respectively. This indicates that
the carboxyl groups of fumaric acid linkers were coordinated to the metal centers. The
strong peak at 1093 cm ! was attributed to the stretching vibration of the CO-NH bond
in the carboxylate-terminated SiO, microspheres. XPS spectroscopy of the as-prepared
MIL-88A@SiO, was conducted to examine the chemical composition and surface elec-
tronic states (Figure 4). The XPS survey spectrum confirmed the presence of C, O, and
Fe in MIL-88A@SiO, (Figure S4). The high-resolution XPS spectrum of Fe 2p (Figure 4)
shows two peaks at binding energies of 725.47 eV and 712.12 eV, corresponding to Fe
2p1/2 and Fe 2p3/», respectively. These binding energies are consistent with the Fe3*
in o-Fep;O3 [20]. Additionally, the satellite peak is a characteristic feature of Fe3*. The
nitrogen adsorption—desorption isotherm (Figure S3) for MIL-88A@SiO, demonstrates its
porous structure, exhibiting a typical type IV isotherm with an H1 hysteresis loop and a
distinct step at P/Pg = 0.82-0.95. The pore size distribution reveals uniform mesopores of
approximately 3.8 nm (see Figure S3 in the SI), which is comparable to the pore structure of
pure MIL-88A [39,40].

MIL-88A

MIL-88A@SiO,@NPs
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Figure 3. The FT-IR spectrum.
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Figure 4. The XPS spectrum.
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2.2. Catalytic Performance of the Heterogeneous Catalyst

Using the well-defined SiO,@Fe(Ill) core—shell microspheres, acid red 18 (AR-18)
was selected as a target pollutant due to being a common organic contaminant used
in the assessment of various advanced oxidation processes (AOPs). A series of control
experiments were conducted to evaluate the degradation of AR-18 under varying amounts
of H,O, and catalyst loadings, as shown in Figure 5a. It was observed that approximately
83% of the AR-18 was degraded after 20 min with the addition of 0.5 mL of HyO,. Excessive
amounts of HyO, were found to slow the degradation, while no degradation occurred in
the absence of H,O,. Catalyst loading was also optimized for AR-18 degradation; without
MIL-88A@SiO,, degradation did not proceed, and the optimal degradation (up to 84%)
was achieved with 20 mg of catalyst loading. These results confirm that MIL-88A@SiO,
exhibits catalytic activity for the Fenton-like reaction. Similar findings have been reported
by other researchers using different Fe-based MOFs as heterogeneous Fenton catalysts for
the degradation of organic contaminants [39,40].
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Figure 5. The degree of degradation for AR-18 under different (a) HyO, amounts and (b) catalyst
loadings. (c) The UV-visible spectrum and (d) the color change during the degradation of AR-18.

The color changes observed during the degradation of AR-18 in Figure 5d show that
the solution became nearly colorless, similar to pure water, after 30 min. Correspondingly,
the absorption band at 512 nm in the UV-visible spectrum (Figure 5c) nearly disappeared.
Having established the catalytic system described above, the general applicability of the
dye degradation process was further investigated using a series of dyes, including methyl
orange (MO), methylene blue (MB), and rhodamine B (RHB). As expected, MIL-88A@SiO,
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ABS

ABS

effectively degraded these different dyes with degradation rates ranging from 81% to 96%,
regardless of whether the dyes were neutral, anionic, or cationic (Figure 6d), consistent
with results reported in the literature [14,20].
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Figure 6. (a—c) The UV-visible spectrum during the degradation. (d) Changes in the degradation
amount of four dyes over time.

The photocatalytic mechanism for the Fenton degradation process over SiO,@MIL-
88A(Fe) is proposed in Figure 7 based on references [17,18]. Under LED irradiation, the
electrons in MIL-88A@SiO, are excited from the valence band (VB) to the conduction band
(CB), leaving behind holes in the VB. These photogenerated electrons quickly transfer to the
conduction band of MIL-88A, where they react with hydrogen peroxide (H,O;) to produce
hydroxyl radicals (-OH). Simultaneously, the electrons react with dissolved oxygen (Oy),
generating superoxide radicals (O, 7). Additionally, the coordinated Fe(Ill) within the
MIL-88A framework is reduced by H,O, to Fe(ll), which further decomposes H,O, to
generate more hydroxyl radicals (-OH). These reactive species, including hydroxyl radicals
(-OH) and superoxide radicals (-O, ™), possess strong oxidative properties, enabling the
effective degradation of organic pollutants. Finally, the dyes are oxidized into CO, and
H;O, as confirmed by NMR analysis (Figure S8), which show no other organic compounds
in the residual solution.
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Figure 7. Schematic illustration of the proposed mechanism for photo-Fenton degradation of dyes
over SiO,@MIL-88A (Fe).

In addition to the goal of developing a modified hollow-shell Fenton-like catalyst for
dye degradation, another key consideration in the design of SiO,-based MIL-88A materials
is the ease of separation via simple centrifugation and the ability to maintain catalytic
activity after multiple recycling cycles. It was found that MIL-88A@SiO; could be easily
recovered by centrifugation at 10,000 rpm for 5 min. The MIL-88A@SiO, was then Soxhlet-
extracted with ethanol and water until no organic compounds were detected in the eluent.
The recovered MIL-88A@SiO, was reactivated at 80 °C under a vacuum overnight and
reused for subsequent reactions. Notably, after seven consecutive degradation cycles, the
recycled MIL-88A@SiO; still achieved at least 79.3% degradation (Figure 8). Moreover,
the recovered MIL-88A@SiO; remained structurally intact, as confirmed by XRD analysis
(Figure S2).
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Figure 8. The degradation recycles for MO.
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3. Experimental Section
3.1. Characterization

Fourier-transform infrared (FT-IR) spectra were collected using a Nicolet Magna 550
(Madison, WI, USA) spectrometer by the KBr pellet method. Scanning electron microscopy
(SEM) images were acquired on a JEOL JSM-6380LV microscope (Akishima, Japan) operat-
ing at 29 kV. Nitrogen adsorption isotherms were measured at 77 K with a Quantachrome
Nova 4000 analyzer (Graz, Austria), with the samples degassed overnight at 423 K. Pore
size distributions were calculated using the BJH model, while specific surface areas (Spgrs)
were determined from the linear portions of BET plots (P/Py = 0.05-0.3). Powder X-ray
diffraction (XRD) patterns were recorded on a RINT2000 vertical goniometer (Rigaku,
Akishima, Japan) over a 20 range of 5-50°. The concentrations of MO, AR18, RhB, and
MB were determined using the external standard method on a UV-Vis spectrophotometer
(Hitachi U-3900, Tokyo, Japan) based on their absorbance at peak wavelengths of 465, 507,
554, and 664 nm, respectively. Fe loading in the catalysts was analyzed with an inductively
coupled plasma optical emission spectrometer (ICP-OES, Varian VISTA-MPX, Palo Alto,
CA, USA).

3.2. Synthesis of Carboxylate-Terminated SiO, Microspheres

The first step was the synthesis of the silicate yolk according to the literature [41];
10 mL of 1-propanol, 1.04 mL of deionized water, and 0.95 mL of ammonium hydroxide
(25%) were added into a round-bottomed flask. Then, the mixture was stirred at 10 °C, and
a propanol solution of tetraethoxysilane (2.6 mL, 0.23 mol/L) was dropped into the above
mixture under vigorous stirring. After 30 min, 75 mL of 1-propanol, 17.1 mL of deionized
water, and 12 mL of ammonium hydroxide (25%) were added, and the mixture was stirred
under 450 rpm at 25 °C for 10 min. Subsequently, 48 mL of ammonium hydroxide (25%)
and propanol solution of tetraethoxysilane (177 mL, 0.23 mol/L) was dropped into the
mixture over a period of 15 min under vigorous stirring. The mixture continued to be
stirred for 8 h, and the milky silicate yolk (SiO;) was obtained after being filtered and
washed with excess ethanol and dried at 60 °C under vacuum for 8 h.

The second step was for the coating above the yolk. In a 100 mL round-bottomed
flask, 500 mg of silicate yolk was dispersed into 50 mL of ethanol. The mixture was stirred
at 80 °C under 800 rpm, and 3-aminopropyltriethoxysilane (APTES, 2 mL) was added
dropwise. The mixture was stirred for 6 h, and, after cooling the mixture down to room
temperature, the solid was filtered and washed with ethanol and dried at 60 °C for 8 h to
produce NH,@SiO;). Subsequently, the NH,@SiO, (500 mg) was dispersed into 30 mL
N, N-dimethylformamide (DMF) under stirring at 500 rpm. Then, succinic anhydride
(1.2 g) was added, and the mixture was refluxed at 85 °C for 8 h. After cooling the reactant
to room temperature, he COOH@SiO, was obtained as white powder by filtering and
washing with deionized water and drying at 60 °C under a vacuum for 8 h. IR (KBr, cm!):
3742-3115 (w), 3070 (s), 2975(s), 2348 (s), 1648(s), 1494(s), 1331 (s), 1099(m), 947 (m), 800 (m),
579 (m), 474 (m).

3.3. Preparation of the Core—Shell MIL-88A@ SiO;

First, the FeCl3-6H,0O (0.338 g) was completely dissolved in 10.0 mL of deionized
water in a 25 mL sealed tube; then, 10 mg COOH@SiO, was added to the mixture and
stirred (150 rpm) at 65 °C for 12 h. Third, 0.0725 g fumaric acid was added, and the mixture
stirred slowly for 12 h at 65 °C after being subject to ultrasonication for 30 min. After
cooling the above mixture to room temperature, the target MIL-88A@SiO, (Catalyst 1) was
filtered and washed with excess water and ethanol, then dried overnight under a vacuum.
The ICP analysis indicated that the content of Fe was 11.953 mg (0.214 mmol) per gram of
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heterogeneous catalyst. IR (KB, cm™1): 3680-2895 (w), 2358 (s), 1675 (s), 1607 (m), 1529 (s),
1396 (m), 1093 (m), 975 (s), 795 (s) 670 (m), 642 (s), 557 (s), 467 (s).

3.4. General Procedure for the Photo-Fenton Processes

The photo-Fenton processes were conducted under a 65 W LED lamp. Catalyst 1
(20.0 mg, 0.358 mmol of Fe based on the ICP analysis) was added into 50 mL of dye solution
(10 mg/L) containing HyO; (10 mmol/L). Then, we turned on the LED irradiation, and
2 mL of solution was collected at regular time intervals (10 min). During the degradation
process, the catalyst was uniformly dispersed within the solution via vigorous magnetic
stirring at about 500 rpm to avoid concentration gradients, ensuring the catalyst contacted
the reactants, thereby enhancing the reaction efficiency.

The concentration of contaminants was measured by UV-Vis spectra. The separation
or degree of degradation was calculated via the following equation:

R= 1Y « 100%
(1) 100

where Crand Cy are the contaminant concentration of the original and reaction solutions,
respectively.

After completion of the reaction determined by the UV-Vis spectra, the mixture was
centrifuged at 10,000 rpm for 5 min, and the precipitate was Soxhlet extracted with ethanol
and H,O until no organic compounds were detected in the eluent. The recovered solid was
reactivated at 80 °C under vacuum overnight and then reused for the next runs directly.

4. Conclusions

In conclusion, SiO,@MIL-88A(Fe) core—shell-structured microspheres were success-
fully synthesized. The structure of SiO,@MIL-88A(Fe) was characterized using XRD, BET,
FT-IR, ICP, XPS, and electron microscopy. As demonstrated in this study, SiO,@MIL-88A (Fe)
enables an efficient Fenton-like degradation of dyes, achieving up to 96% degradation.
Moreover, SiO,@MIL-88A(Fe) can be easily recovered by filtration and washing, main-
taining its high catalytic activity over six consecutive cycles in the Fenton process. This
work provides a promising approach for designing heterogeneous catalysts with both high
catalytic efficiency and cost-effectiveness.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15010023/s1, Figure S1: FT-IR spectra; Figure S2: XRD
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image; Figure S6: TGA curve; Figure S7: UV-vis spectra; Table S1: The heterojunctions constructed
with Fe-MOFs for the degradation of organic pollutants in the photo-Fenton system; Figure S8: NMR.
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Abstract: Atmospheric and water pollution has led to serious harm to the global environ-
ment and human health. Photocatalysis and photothermal catalysis technologies have
been considered as promising methods to handle pollutants in the atmosphere and water
due to their energy savings and environmental friendliness. Zeolite catalysts have been
widely used in the field of photocatalytic and photothermal catalytic removal of environ-
mental pollutants due to their well-developed pore structure, high stability, and tunable
surface chemistry. In this review, we have elaborated the photocatalytic and photother-
mal catalytic mechanisms and summarized the recent progress in zeolite-based catalysts
for photocatalytic or photothermal catalytic environmental pollutant treatment. In sum-
mary, it is found that the strategies of elemental doping and surface structure modification
directly affect the adsorption performance of zeolite for target pollutants, and the con-
struction of a bifunctional structure promotes the generation of intrinsic active species
and photogenerated charge separation. Finally, the paper presents current challenges
and perspectives on zeolite-based catalysts for photocatalytic and photothermal catalytic
treatment of environmental pollutants.

Keywords: zeolite; photocatalysis; photothermal catalysis; VOCs; water pollutants

1. Introduction

With the advancement and development of industrialization, the issue of global
environmental pollution has intensified, with excessive emissions of pollutants into the
atmosphere and water environments, leading to a severe threat to the global ecosystem
and human health. Consequently, developing an appropriate and effective treatment
strategy has emerged as an imperative priority [1,2]. Water pollutants, including organic
dyes, heavy metals, and other pollutants, mainly come from industrial and agricultural
wastewater. Volatile organic compounds (VOCs), which have been regarded as some
of the main atmospheric pollutants, mainly come from automobile exhaust, industrial
waste gases, and synthetic materials [3]. Therefore, the treatment of water pollutants
and VOCs is urgently needed [4]. The current technologies for treating water pollutants
and VOCs include traditional adsorption, photocatalytic oxidation, plasma technology,
catalytic combustion, advanced oxidation, membrane separation technology, and biological
methods [5]. Therein, the utilization of solar energy to realize pollutant degradation
and purification, which has been regarded as a promising treatment strategy, has the
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advantages of cleanliness, energy savings, and environmental friendliness. Therefore,
photocatalytic technology has attracted much attention for pollutant degradation under
mild conditions with low operating costs [6]. In recent years, in order to strengthen the
degradation effect of photocatalytic technology, photothermal catalytic technology had
been proposed. Combining the characteristics of photocatalysis and thermal catalysis,
photothermal synergistic catalytic technology could effectively avoid the problems of
needing a large external energy supply and low degradation efficiency, and it recently has
become a research hotspot [7,8].

However, since pollutant molecules in the atmosphere and water are often complex
and difficult to deeply oxidize, it is important to develop novel and efficient catalysts
for photocatalysis or photothermal catalysis [9]. Currently, common catalysts include
metal oxides, precious metal catalysts, semiconductor materials, carbon-based materials,
metal-organic frameworks, and zeolite [10]. Non-zeolite carrier catalysts have good light
absorption ability for photothermal catalysis, effectively absorbing light energy and using
UV or visible light to excite electron-hole pairs to promote catalytic reactions.

Therein, zeolites are a class of microporous materials with a regular pore structure
that are usually composed of silicon, aluminum, oxygen, and metal elements. The pore
size and shape of zeolite can be precisely controlled, which allows it to selectively adsorb
pollutant molecules [11]. Zeolite catalysts have significant advantages in the field of
photocatalytic and photothermal catalytic degradation of environmental pollutants due to
their well-developed pore structure, high stability, and tunable surface chemistry [12,13].
Based on the differences in the pore structure of zeolites, the common catalysts can be
categorized as A-type [14], X-type [15], Y-type [16], -type [17], mordenite zeolite [18],
ZSM-5 zeolite [19], and USY zeolite [20]. As shown in Table 1, the well-developed pore
structure always endows zeolite with a high specific surface area (200-1000 m?/g), and the
adsorption performance is not hindered when the pore size of zeolite is larger than that
of the adsorbed molecules. Due to the different combinations of the basic unit in zeolite,
the significant difference in the pore structure and size greatly influences the adsorption
performance [21,22], and the selection of a suitable zeolite is very important for different
catalytic reactions [8,23].

Table 1. Properties and characteristics of different zeolites.

Types of Structura.l Crystal Pore Size Sﬂlc?n to Type of Pore Exchar}ge Specific Acid
. Characteris- 2 Aluminum Capacity Surface Area
Zeolite . Structure (A) . Channel 2 Strength
tics Ratio (meq/g) (m*/g)
Cubic Cubic
Alype Crystal LTA Type 4 11-3:1 Diagonal 03-05 300-600 Weakly
Zeolite Acidic
Structure Channel
Cubic
X-Typ © Crystal FAU Type 89 1:1-2:1 Octahedral 3.04.5 500-900 Strong Acid
Zeolite Pore
Structure
Cubic
Yype Crystal FAU Type 7-9 >2:1 Octahedral 0.7-1.2 600-1000 Strong Acid
Zeolite Pore
Structure
Hexagonal
B-Type . . Double . . Moderate
Zedlite Crystal BEA Type 5.6-6.6 >10:1 Channel 1.0-1.5 500-800 Acidity
Structure
Monoclinic .
Mordenite Crystal MORType  65-7.0 5:1-20:1 Straight and 0.8-1.2 350-500 Moderate
Curved Ducts Acidity
Structure
Monoclinic .
. Straight .
ZSM-5 Crystal MFI Type 53-5.7 >10:1 2.5-3.5 300-500 Strong Acid
Channel
Structure
Cubic
1853 Crystal FAU Type 7.4 >3:1 OCt;i‘fjml 0.5-35 400-700 Strong Acid
Structure
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At present, although considerable research about the application of zeolite for photo-
catalytic degradation of environmental pollutants has been reported, reviews focused on
zeolite in the photothermal catalytic degradation of pollutants are still scarce, and a com-
prehensive review to summarize the recent progress in zeolite-based catalysts in the field
of photocatalysis and photothermal catalysis is lacking. Accordingly, this review briefly
outlines photocatalytic and photothermal catalytic theory, the modification strategies of
zeolite for catalytic reactions, and research progress in the photocatalytic and photothermal
catalytic degradation of pollutants in the atmosphere and water environments. This work
provides a summary for the application of zeolite-based catalysts in photocatalysis and
photothermal catalysis, which can guide catalyst design in the future.

2. Principles of Photocatalysis and Photothermal Catalysis
2.1. Principle of Photocatalysis

The basic principle of photocatalysis (PC) is that the generated electron—hole pairs
after excitation of the catalyst by light energy triggers a series of redox reactions to achieve
chemical transformation (Figure 1). The photocatalytic pollutant degradation reaction
on semiconductors mainly includes the following steps [24]: (1) Semiconductor light
absorption. The semiconductor catalyst harvests the photon energy after light irradiation;
(2) Formation of photogenerated electron-hole pairs. When the photon energy harvested by
the semiconductor is larger than the forbidden band width (Eg) between the valence band
(VB) and conduction band (CB), the electrons on the VB will absorb the energy to jump into
the CB to generate photogenerated electron-hole pairs; (3) Migration of photogenerated
electron-hole pairs. Photogenerated electron-hole pairs can migrate to the surface of the
photocatalyst and undergo redox reactions with the pollutants adsorbed on the surface.
Photogenerated electrons can be captured by O, to generate superoxide radicals (-O; ™)
and photogenerated holes can be captured by H,O to generate hydroxyl radicals (-OH).
These radicals can help the pollutants degrade to produce CO; and H,O molecules [25].
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Figure 1. Schematic diagram of photocatalytic principle [26].

2.2. Principle of Photothermal Catalysis

Photothermal catalysis (PTC) is an advanced technology that utilizes both light and
thermal energy to augment the catalytic reaction, which integrates the advantages of pho-
tocatalysis (PC) and thermal catalysis (TC) to enhance catalytic performance through the
photothermal synergetic effect. Photothermal catalysis can simultaneously mitigate the
substantial energy consumption associated with thermal catalysis and amplify the degra-
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dation efficiency of photocatalysis. Based on a previous report [27], photothermal catalysis
has been proven to be an efficient and promising technology for pollutant degradation due
to its performance always greatly outperforming the linear superposition of photocatalysis
and thermal catalysis. In photothermal catalysis, in addition to the photocatalytic effect, the
addition of thermal energy changes the activation energy of the reaction, strengthens the
oxidation processes of reactants, and promotes the desorption and release processes of the
final products. Photothermal catalysis is always divided into four reaction modes: thermal-
assisted photocatalysis (TAPC), photo-assisted thermal catalysis (PATC), photo-driven
thermal catalysis (PDTC), and photothermal co-catalysis (PTCC) [3]. In thermal-assisted
photocatalysis, light is the main driving force for catalytic reactions, while heat plays an
auxiliary role to enhance the photocatalytic effect. In photo-assisted thermal catalysis, heat
is the main driving force for catalytic reactions, while light is used to facilitate the thermal
catalytic reaction. In current research, photo-driven thermal catalysis and photothermal
co-catalysis are the main reaction modes for pollutant degradation (Figure 2) and, therefore,
the principles of these two reaction modes are introduced in detail here.
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Figure 2. Catalytic principle and pathway of photothermal catalysis: (a) Thermal-assisted photocatal-
ysis; (b) Photo-assisted thermal catalysis; (c) Photothermal effect induced by recombination of charge
carriers over semiconductor catalysts; (d) Photothermal effect and hot carrier generation induced by
the decay of plasmons over plasmonic metal catalysts [27].

Photo-induced heat is the main driving force for catalytic reactions in photo-driven
thermal catalysis. Light indirectly drives thermal catalysis through the photothermal effect
by raising the temperature to meet the demand of thermal catalysis rather than directly
participating in the photocatalytic reaction. In this reaction mode, the required temperature
for thermal catalysis is exclusively derived from the conversion of light energy on the
catalyst surface. To achieve the synergistic effect in photo-driven thermal catalysis, the
catalyst should meet the following requirements: (1) the catalyst should show strong
absorption in the entire solar spectral region and can efficiently convert the absorbed
solar energy into heat, thereby raising the temperature above the required temperature for
thermal catalysis; and (2) the catalyst needs to have good thermal catalytic activity and a
relatively low reaction temperature. Under suitable conditions, the activity of photo-driven
thermal catalysis is always higher than that of single thermal catalysis, which can achieve
an energy-saving effect and high solar utilization efficiency [27].

Light and heat are both driving forces for catalytic reactions in photothermal co-
catalysis. Light directly drives photocatalysis and heat directly drives thermal catalysis,
while the synergistic effect of light and heat can achieve higher activity than the sum of pho-
tocatalysis and thermal catalysis. In this reaction mode, the catalyst should simultaneously
possess photocatalytic and thermal catalytic activities, which is the key point for successful
application of photothermal co-catalytic technology. By reasonably designing a catalyst
with optimal activity and stability under photothermal co-catalytic conditions, this tech-
nology can not only increase the reaction rate but also enhance product selectivity, which
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allows the catalyst to exhibit superhigh performance beyond that of single photocatalysis
or thermal catalysis in specific reactions.

3. Modification Strategies for Zeolite Catalysts
3.1. Construction of Bifunctional Catalysts

Construction of bifunctional catalysts is an efficient strategy to improve the catalytic
activity of zeolite, which is aimed at integrating multiple active sites into a monolithic cata-
lyst to achieve directional acceleration of different reaction steps. The key to this strategy
lies in methods such as metal or metal oxide loading of zeolite catalysts and enhancement
of acidic sites, so that multiple catalytic functions can be achieved simultaneously on the
overall catalyst.

Guo et al. first prepared the specific precursor by activating hydroxyl radicals un-
der UV irradiation, as in the aging process, and then a bifunctional composite of UV-
CDs/Zeolite-4A /TiO, with adsorption-photocatalytic functions was prepared by a hy-
drothermal method (Figure 3), which showed a removal efficiency of 90.63% for methylene
blue within 90 min. After five consecutive tests (7.5 h), the methylene blue decolorization
rate of UV-CZT still reached 82.94%, demonstrating a long service life [28]. Tang et al.
combined hydrophilic {001} TiO, nanosheets with hydrophobic NaY zeolite to prepare a
TiO,@HYZ bifunctional photocatalyst, which achieved spatial separation of the catalytic
center and adsorption center and could achieve high photocatalytic degradation activity
toward gaseous toluene under UV irradiation (Figure 4), with a removal rate of 96.6% and
a mineralization efficiency of 87.4% within 120 min. The characterization results showed
that the combination of HYZ and TiO; into a bifunctional catalyst enhanced the adsorp-
tion of toluene by HYZ and facilitated the efficient separation of photoexcited carriers
on TiO,. The deposition of degradation intermediates over active sites was also avoided
and the mineralization performance was improved. Significant decreases in toluene re-
moval and CO, yield were observed for pristine TiO, after five photodegradation cycles
(12 h), indicating that it incurred severe deactivation. Meanwhile, the color of pristine
TiO, generally changed from white to dark brown, implying that a certain amount of
intermediates from toluene mineralization accumulated on its surface. Unlike for pristine
TiO,, the toluene removal efficiency and CO, yield of TiO,@HYZ were constant at roughly
96.8% and 211.5 pmol/L, respectively, after five cycles, and its surface remained white.
This indicated that TIO,@HYZ showed better photocatalytic durability than pristine TiO,
owing to the incorporation of HYZ [29]. Zakaria et al. used zeolite nanoclay (ZNC) and
constructed Cu/WO3_,@ZNC bifunctional composites by hydrothermal and ball milling
methods for efficient photocatalytic degradation of ciprofloxacin (CIP) and photothermal
desalination of water (Figure 5). Under IR and visible irradiation, the CIP degradation effi-
ciencies reached 88.3% and 81.7%, respectively, while the evaporation efficiencies of water
reached 97.5% and 72.8%, respectively. After three full cycles (3 h), the composite showed
good photocatalytic reusability [30]. Sacco et al. developed an adsorption-photocatalytic
method to remove caffeine by loading ZnO on the surface of commercial zeolite particles
(ZnO/ZEQ), which exhibited high catalytic activity in adsorption/photocatalytic processes.
The characterization results showed that ZnO nanoparticles loaded on the surface of ZEO
were in the fibrillated zincite phase, which was mainly present in the mesoporous structure
of ZEO. The experimental results showed that the ZnO/ZEO particles of the constructed
bifunctional catalyst removed 60% of caffeine in 120 min under dark conditions and up to
100% of caffeine under UV irradiation [31].
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Figure 4. Possible mechanism of photocatalytic toluene degradation over TiO,@HYZ under UV
irradiation [29].

Figure 5. Schematic diagram of Cu/WO3_,@ZNC for catalytic degradation of CIP and photothermal
evaporation of water [30].

Based on the above studies, the strategy of constructing bifunctional catalysts using
zeolite can simultaneously facilitate multistage reaction steps and significantly diminish
the conversion barrier of intermediates, thereby enhancing the holistic reaction efficiency.
Meanwhile, the precise regulation of reaction pathways can be achieved to selectively
obtain the desired transformed products.

66



Catalysts 2025, 15, 158

3.2. Elemental Doping

Elemental doping is an efficient strategy to improve the physical, chemical, or electrical
properties of zeolite through the addition of a quantitative elemental precursor during
catalyst synthesis. In the field of photocatalysis and photothermal catalysis, metal doping
is particularly important for improving the activity of zeolite because it provides emerging
active sites for surface reactions. By accurately controlling the type, amount, and distribu-
tion of doped metal, the catalytic performance can be optimized to obtain excellent activity
in catalytic reactions.

Hu et al. used titanium-containing blast furnace slag as the raw material and promoted
transfer of the Ti element to the NaZSM-5 molecular sieve by a hydrothermal method
to realize the successful doping of metal Ti into zeolite. The synthesized Ti-NaZSM-5
composite catalysts contained a backbone of tetrahedrally coordinated Ti species and
amorphous exo-backbone Ti species and exhibited a high degradation efficiency of 100%
for methyl orange under UV irradiation [32]. Ke et al. loaded Ag-doped Y-type zeolite
(Ag@Y) on the surface of an alumina nanofiber membrane by a wet chemical method for
visible light-driven photocatalysis (Figure 6). The integrated membrane could maintain a
large flux of 200 Lm~2 h~! bar~! and a stable transmittance selectivity of 85% during the
photocatalytic degradation of dyes. Meanwhile, the degradation efficiency of methylene
blue could reach about 40% within 60 min [33]. Elimian et al. introduced noble metal
Pt species into the USY molecular sieve to achieve metal doping by a sol-gel method.
The enhanced oxygen vacancy and Ti** species could improve the light absorption of the
catalyst, and the prepared Pt-mTiO,/USY nanocomposites were used for photo-driven
thermal catalytic toluene oxidation (Figure 7). The composite catalysts could obtain a
maximum toluene conversion of 86.6% and a CO, formation of 74.5% when the mass
fraction of Pt was 0.9 wt.% [34].

fiber network

Figure 6. Schematic diagram of the structure of a nanofiber membrane functionalized with silver
nanoparticles [33].

Based on the above studies, element doping can significantly enhance the catalytic
activity of zeolite in photocatalysis and photothermal catalysis. The introduced metal
species can expand the light absorption range of the catalyst and improve the charge
separation efficiency. Meanwhile, element doping can provide suitable active sites for
catalytic reactions and strengthen the adsorption performance of pollutant molecules,
thereby improving the catalytic reaction rate and selectivity. The introduced metal species
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can intensify the photothermal effect on catalytic reactions, promote the generation of
various intermediates, and reduce the reaction energy barrier.
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Figure 7. Schematic diagram of toluene oxidation reaction over 0.9Pt-mTiO, /USY [34].

3.3. Structural Modification of Catalysts

Structural modification of zeolite includes the adjustment and optimization of atomic
arrangement, crystal structure, pore structure, and active sites on the catalyst. By modifying
the structure of zeolite catalysts by physical, chemical, or physicochemical methods, the
catalytic reaction activity, selectivity, and stability can be significantly improved for efficient
pollutant removal.

Alakhras et al. used zeolite and prepared Zeo-TiO, and Zeo-ZnO composite photocat-
alysts by a co-precipitation method for photocatalytic degradation of RhB dye under UV
light. The TiO, nanoparticles were fully encapsulated on natural zeolite with a uniform
spherical structure, while the ZnO nanoparticles were not fully encapsulated on the zeolite
with the irregular block shape. In photocatalysis, superoxide radicals (-O, ™) and hydroxyl
radicals (-OH) played dominant roles in the degradation of RhB dye, while the contribution
of holes (h*) was negligible (Figure 8). The results showed that Zeo-TiO, exhibited a
degradation efficiency of 100% for RhB dye with 80 min, while Zeo-ZnO only exhibited
a degradation efficiency of 81% for RhB dye. The Zeo-TiO, catalyst retained almost the
same performance with a very small activity loss, and the degradation efficiency after
five cycles (400 min) was 93.8%, which indicated good recycling stability. Meanwhile, the
degradation rate of RhB by the Zeo-ZnO catalyst was decreased significantly with increas-
ing number of reuse times, and the degradation efficiency obtained after five successive
cycles of degradation tests was 50.15%. The large reduction in photocatalytic efficiency
may have been caused by the unavoidable desilication of the zinc oxide mass into the
surface of zeolite tuff during the washing process [35]. Vaiano et al. introduced MoOy as a
functionalized component into magnesia-alkali zeolite by an ion exchange method. The
formed polymetallic species on the catalyst surface could improve reaction selectivity by
changing the surface structure and the distribution of active sites, which obtained a high
selectivity of 80% in the degradation reaction of benzene [36]. Liu et al. used fly ash as
the raw material to prepare honeycomb ZnO nanospheres on porous zeolite material to
obtain a high specific surface area and photocatalytic performance. The composite catalysts
showed high photocatalytic activity, with a degradation efficiency of 90% for methylene
blue dye in water under UV irradiation within 30 min. The characterization results showed
that the methylene blue molecules were first adsorbed on the surface of the ZnO spheres
and outside or inside the zeolite, while the photocatalytic degradation process occurred
on the surface of the ZnO spheres. When the concentration of methylene blue molecules
on the surface of the ZnO spheres gradually decreased, the methylene blue molecules on
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the zeolite were transferred to the surface of the ZnO spheres, which played an important
role in the degradation process [37]. Znad et al. prepared TiO, /ZSM-5 photocatalysts by a
direct template technology for MO dye mineralization in the wastewater. The multilayer
structure of TiO, /ZSM-5 with a high specific surface area (Sggr) of 1151 m? g_l was benefi-
cial to light utilization in multiple internal spaces. The catalyst showed a high degradation
efficiency of 99.55% and mineralization efficiency of 99% for MO dye within 180 min under
solar irradiation [38].
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Figure 8. Photocatalytic oxidation mechanism of RhB on Zeo-TiO, and Zeo-ZnO catalysts [35].

Based on the above studies, structural modifications can tailor the intrinsic architecture
of catalysts to provide more reactive sites and expedite the pollutant degradation rate. The
reaction pathway can also be orchestrated to enhance product selectivity when handling a
specific contaminant. The catalytic stability and structural framework can be improved
to avoid impurity adsorption and enhance resistance to poisoning conditions. These
properties can preclude the activity decline of zeolite in complex environments as much as
possible and promote the deep eradication of pollutants.

4. Advances in Zeolite-Based Catalysts for Photocatalytic/Photothermal
Pollutant Treatment

4.1. Photocatalytic and Photothermal Catalytic Degradation of VOCs

Photocatalytic degradation of VOCs can efficiently and selectively convert VOCs into
harmless substances under ambient conditions, as well as having low energy consumption,
ease of operation, and sustainability. The photocatalytic degradation efficiencies of several
zeolite composite catalysts for VOCs removal are summarized in Table 2. The application
of zeolite can greatly enhance the conversion efficiency of various VOCs under light illumi-
nation, exhibiting potential for the construction of composite catalysts for photocatalytic
VOCs degradation. Photothermal catalytic VOC degradation can efficiently improve the
reaction rate and selectivity by raising the reaction temperature via the photothermal
synergistic effect, decreasing the activation energy barrier of the reaction, and overcoming
thermodynamic limitations. Therefore, photothermal catalysis breaks the bottlenecks of
low catalytic efficiency and limited mass transfer in photocatalysis and decreases energy
consumption in thermal catalysis. The degradation efficiencies of several zeolite compos-
ites in photothermal catalysis for VOC removal ae summarized in Table 3. The zeolite
composite catalysts exhibit high VOC conversion efficiency and CO; selectivity under
photothermal conditions.
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Table 2. The photocatalytic oxidation performance of different catalysts for VOCs.

VOC Con- Catalyst . Conversion SBET

Catalyst vOC centration Mass (i,ng) Light (%) (m2/g) Reference
TiO, /ZSM-5 Propene 100 ppmv 110 8 W/365 nm 82 234 [39]
TiO, /silicalite ~ Trichloroethylene 25 ppm 30 8W 74 396 [40]
TiO, / zeolite Toluene 42.5 ppm — 4 W /365 nm 89 — [41]
FeZSM-5-HT Ethylene 1000 ppm 200 4 W/254 nm 52 — [42]
HZSM-5 Isopropyl alcohol 150 ppm 200 8 W/254 nm 94 308 [43]
TiO, /HZSM-5 Formaldehyde 10 ppmv — 1.6 W/365 nm 80 78 [44]
TiO, /HZSM-5 Acetaldehyde 10 ppmv — 1.6 W/365 nm 50 78 [44]
TiO, /HZSM-5 Acetic acid 10 ppmv — 1.6 W/365 nm 98 78 [44]
TiO, /HZSM-5 Toluene 10 ppmv — 1.6 W/365 nm 70 78 [44]
TiO, / zeolite Ethanol 700 ppm 9 100 W/367 nm 100 335 [45]
TiO, / zeolite Diethyl sulfide 375 ppm 9 100 W/367 nm 100 335 [45]
5Fe-10W-NaY Acetaldehyde — 1000 >400 nm 80 18.4 [46]
5Fe-10W-NaY O-xylene — 1000 >400 nm 76 18.4 [46]
TiO, /ZSM-5 Formaldehyde 15 ppm 30 8W 95 422 [47]
TiO,/Zeolite Y  trichloroethylene 25 ppm 30 8W 80 776 [47]
TiO,@HYZ Toluene 760 ppm 100 300 W 96.6 86.6 [29]

Improving the adsorption performance and increasing the reactive species in the
reaction are the key points in VOC degradation for zeolite catalysts. Surface modification,
optimization of regeneration conditions, and regulation of pore size are the main methods
to improve the adsorption performance of zeolite. Kim et al. constructed a practical-scale
photocatalytic air purifier using TiO, /H-ZSM-5 composite as the filter to remove indoor
VOCs under UV illumination. The TiO, /H-ZSM-5 composite exhibited stable photocat-
alytic performance and could significantly remove various VOCs, including formaldehyde,
acetaldehyde, and toluene. H-ZSM-5 zeolite provided the adsorption sites to strengthen the
adsorption of VOCs, which accelerated the photocatalytic conversion of VOCs to CO; over
the TiO, photocatalyst. In addition, due to its strong adsorption capacity, the composite
filter completely prevented the formation of formaldehyde from the oxidation of toluene.
The regeneration and durability tests also proved the sustainability of this composite filter
for VOC removal [44]. Javier et al. prepared TiO, /nano-zeolite composites through two dif-
ferent synthesis methods: adding pre-synthesized zeolite into a TiO, precursor and adding
pre-synthesized TiO; into a ZSM-5 zeolite precursor. The experimental results indicated
that introducing zeolite into a TiO, precursor to prepare TiO, /nano-zeolite composite
could obtain high photocatalytic activity for propylene degradation, which was attributed
to the excellent adsorption property for propylene molecules [39]. Kovalevskiy et al. loaded
TiO, on the surface of zeolite to construct a composite catalyst for the photocatalytic degra-
dation of ethanol. The presence of zeolite greatly increased the adsorption capacity of the
composite catalyst and prevented the desorption and release of intermediates during the
photocatalytic reaction. Therefore, the TiO; /zeolite catalyst significantly suppressed the
secondary contamination of harmful intermediates [45]. Ma et al. used MFI zeolite as the
support for the loading of active FeOy nanoparticles to prepare FeOy/ZSM-5 and FeO, /S-1
(Silicate-I) catalysts (Figure 9), which achieved n-butane conversion efficiencies of 70.5%
and 70.8%, respectively. The FeOy/ZSM-5 catalyst also achieved efficient acetophenone
oxidation, with a yield of 13.0 mmol molFe~! h~!. In the reaction process, FeOy species
acted as the active components and zeolite efficiently trapped N-hydroxyl molecules in
the pore channel, which accelerated the generation of N-oxygen radicals for the oxidation
reaction [48]. Improving the adsorption performance of zeolite can bring multiple advan-
tages for catalytic reactions, including the precise enrichment of reactants and exclusion of
impurities by selective adsorption and the enhancement of light utilization efficiency and
thermal catalytic activity.
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Figure 9. Schematic diagram of photocatalytic n-butane conversion over FeOx/MFI catalyst [48].

Table 3. The photothermal catalytic oxidation performance of different catalysts for VOCs.

vocC Catalyst Tempera- Optical Water C CO; Se- Average
. onver- . SBET Pore Refer-
Catalyst vOC Concen- Mass ture Density Vapor sion (%) lectivity (m2/g) Size ence
tration (mg) Q) (mW/cm?)  (vol.%) ° (%) & (am)
m%gogz/;I{]ZY Toluene 200 30 243 490 5 86.6 74.5 487.6 2.3 [34]
CuOy-

CeOyp_«- Toluene 200 30 227 700 10 86.2 76.6 404.6 54 [49]
STO/USY
20%CuOx-

WO /mTiO,_- Toluene 200 30 235 500 5 90.4 82 380.8 7.99 [50]

usy

Reactive species, intermediates that are highly active in photocatalytic and photother-

mal reactions, can rapidly participate in redox reaction processes. Wei et al. prepared a

N-TiO, / zeolite composite catalyst with a porous structure by loading TiO, doped with

N element on the surface of the Ca-5A molecular sieve, which exhibited high photocat-

alytic activity for toluene degradation, with a removal efficiency of 96.7%. The strong

absorption of UV-visible light and the abundant surface hydroxyl groups greatly promoted

the photocatalytic degradation process [51]. Sastre et al. prepared (3-zeolites containing

internal silanol groups for photocatalytic methane conversion to C1 products (methanol,

formaldehyde, and formic acid) at room temperature, and the selectivity for these products

exceeded 95%. The surface property of zeolite greatly affected the conversion efficiency,

and the all-silica 3-zeolite prepared in OH™ water medium exhibited the highest photocat-

alytic activity and selectivity due to the existence of abundant internal silanol groups [52].

Hao et al. prepared Cu-MOR/g-C3Ny composite catalysts by four methods (liquid-phase

ion exchange, equivalent-volume impregnation, solid-state ion exchange, and hydrother-

mal method), and compared their photothermal catalytic activity for methane oxidation.

The catalyst prepared by liquid-phase ion exchange showed the highest activity, with a

methanol yield of 3.09 umol h—! gcat ™! at 200 °C under visible light irradiation. The strong

interaction between CuxOy and g-C3N, decreased the interfacial charge transfer resistance,

and the interface provided a large number of active sites to improve the photocatalytic

activity [53]. Elimian et al. designed CuO-CeO, bimetallic oxides on USY zeolite by an

impregnation method for photothermal catalytic oxidation of toluene. The optimized

composite catalyst achieved a toluene conversion efficiency of 86.2% and CO, yield of
76.6% within 90 min. The interaction between CuOy and CeO,_, on the surface of USY
zeolite increased the concentration of oxygen species, which was responsible for the im-

provement in catalytic oxidation activity [49]. Whang et al. prepared a Cu/Ti-ZSM-5
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composite catalyst by hydrothermal and ion exchange methods for photothermal catalytic
conversion of methane to methanol. The characterization results showed that Ti species
were introduced into the skeleton of ZSM-5 in the form of TiO4, which acted as a photo
absorber and effectively prevented pore clogging (Figure 10). Under optimal conditions,
the catalyst could achieve a methanol yield of 67.41 umol h—! gcat™! with a selectivity
of 92%. Cu species were introduced into the pore channel of ZSM-5 to form CuxOy and
acted as the active sites to obtain excellent catalytic activity and stability in the reaction
process [54]. Elimian et al. prepared yCuOx-WO,/mTiO,_,-USY composite catalyst by an
impregnation method (Figure 11) and improved the photothermal catalytic toluene degra-
dation efficiency to 90.4% by changing the Cu loading content. The synergistic effect of
CuOy and WO, promoted the activation of molecular oxygen and the migration of oxygen
species, which accelerated the oxidation of toluene and intermediates and improved the
photothermal catalytic activity. There were no significant decreases in the toluene conver-
sion and CO; yield after 10 cycles, with each cycle lasting for 90 min, although the toluene
conversion decreased slightly in the presence of water vapor. The above results suggested
that 20CuOx-WOy/mTiO,_-USY exhibited good catalytic stability [50]. The increase in
active reactive species can accelerate the redox process, improve reaction selectivity, and
facilitate the energy transformation, thereby resulting in a prominent enhancement in
catalytic activity.
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Figure 10. Schematic diagram of methane oxidation to methanol over Cu/Ti-ZSM-5 through thermal
catalysis and photothermal catalysis [54].
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Figure 11. Schematic illustration of two-step synthesis process for the CuOx-WO/mTiO,_,-USY
catalyst [50].
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4.2. Application of Photocatalysis and Photothermal Catalysis in Water Treatment

With the assistance of zeolite, photocatalytic and photothermal catalytic technologies

can effectively decompose pollutants in water, such as chlorinated hydrocarbons, benzene

compounds, and organic dyes. Typically, deposition of the active phase leads to a decrease

in the specific surface area and pore volume. However, when the catalytic material is

loaded onto a suitable zeolite, the specific surface area and pore volume are not significantly

increased, but the dispersion of active components can be improved through its high specific

surface area and regular microporous structure, thus increasing the catalytic activity. The

degradation performance of several zeolite composite catalysts for water pollutants are

summarized in Table 4. The introduction of zeolite can enhance the conversion efficiency

of water pollutants (organic dyes or heavy metals) under light irradiation, exhibiting the

potential for wastewater treatment.

Table 4. The catalytic oxidation performance of different catalysts for water pollutants.

Pollutant Catalyst Time Deoradation S
Catalyst Water Pollutant Concentra- Concentra- Light (min) Ratge (%) (131];7 ) Reference
tion (mg/L)  tion (g/L) ° &

CuO/NaX Methylene blue 9.6 1 — 180 94 412 [15]
NiO/ zeolite Malachite green 30 0.25 12 W/460 nm 250 83 720 [55]
ZnO-natural zeolite ~ Procion red 50 4 15 W /254 nm 120 75.54 134.35 [56]
TiO, /Fe-ZSM-5 COD 602 2 8W 240 80 304.6 [57]
TiO, /HSZ-385 Sulfamethazine 10 0.2 365 nm 360 66.7 424.22 [58]
TiO, /5A Oxytetracycline 50 0.1 16 W /254 nm 210 100 539.51 [59]
Chabazite-TiO, Rhodamine 6G 14.37 0.25 Sunlight 90 97.9 — [60]
10%TiO,_xNyx/Beta  Methylene blue 15 0.3 >460 nm 175 85 315.6 [61]
TiO,-HX Acetaminophen 1 1 15 W /245 nm 120 95.45 — [62]
TiO,-zeolite Zcei“;aﬂuor"pmp‘omc 10 05 16W/185nm 480 58.7 270 [63]
EX;%POSZ/ zeolite- ) fothylene blue 10 0.1 500 W/365nm 60 90.63 23755  [28]
ZnO/ZnFe,O4/zeolite Rhodamine B 50 0.2 30 W/395 nm 60 98.55 62.97 [64]
ZSM-5/graphene Methyl orange 20 0.5 450 W 180 92 — [65]
20%TiO, /ET4 Methyl orange 10 0.5 150 W 240 95 — [66]
Cu/TiO, /NaY Reactive blue dye 10 1 7 W/254 nm 240 53 13.29 [67]
NaP1 Methylene blue 100 1 — 720 96 24.86 [68]
TiO, /zeolite Cr(VI) 25 2 500 W 180 100 53.59 [69]
10.4%CuO/X zeolite ~ O-phenylenediamine 25 0.3 Sunlight 240 90 — [70]
TiO, /HY 2,4-D 200 2 8 W/254 nm 300 100 — [71]
ZnO/zeolite Methylene blue 10 1 30 W/365 nm 180 90 395 [37]
NH4ZSM-5 Methylene blue 1 0.5 125W/365nm 180 77.5 — [72]
NHy4BETA Rhodamine B 1 0.5 125 W /365 nm 180 83.3 — [72]
RGO@1%Pt/ Ti-

MFIL-NSs Methylene blue 220 2.5 300 W/420nm 90 99 — [73]
15%TiO, /5A Oxytetracycline 50 0.5 16 W/254 nm 210 100 — [74]
10%TiO, /13X Oxytetracycline 50 0.5 16 W/254 nm 210 100 — [74]

, . 250

10%Zn0O/NaX Reactive blue 5G 10 1 W /310-350 nm 30 100 239 [75]
Ti-NaZSM-5 Methyl orange 10 0.33 300 W 90 100 325.2 [32]
/15 TeAgsPOs@Zeolite 1 vlene blue 10 1 300 W 150 100 _ 76]
4A/WO;/CuO Methyl orange 10 0.15 15W 30 99.12 10.76 [77]
4A/WO3/CuO Indigo carmine 10 0.15 15W 30 97.24 10.76 [77]
Zeo-TiO, Rhodamine B 5 1 3/5W 80 100 172 [35]
Zeo-ZnO Rhodamine B 5 1 35 W 80 81 158 [35]
5%Zn0/FeY E:g‘lomphemxyacet‘c 18 1 250 W 300 57 52341 [78]
5%2Zn0/FeY Dictlorophenoxyaceic. 1 1 Sunlight 300 85 52341 [78]
iggft;hlermhical Methylene blue 40 1 15W/254nm 120 97 229 [79]
6%Co0304/ABW Bordeaux dye 2 2 — 30 90 29.45 [80]
TiO, /ZSM-5 Methyl orange 20 2 550 W 180 99.55 1151 [38]
MT-ZLSH-Li+ Methylene blue 15 0.5 300-800 nm 180 77 — [81]
TiO,@Zeolite-Y Polyphenols 111 1 15 W /254 nm 480 77 216 [82]
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Inhibition of photogenerated charge recombination is a key point for wastewater
treatment, which can be achieved by designing a suitable energy band structure, construct-
ing a heterojunction, and adding co-catalysts into the system. Ghribi et al. prepared a
NiO/zeolite catalyst for the photocatalytic degradation of malachite green dye in aqueous
solution. The catalyst showed a high degradation efficiency of 83% and photogenerated elec-
trons and holes could be effectively separated after the combination of NiO and zeolite [55].
Foroughi et al. used 4A molecular sieves loaded with nano-WO3 and CuO to construct
Z-type heterojunctions of 4A /WQO3/CuO by a hydrothermal method, and the charge re-
combination was obviously inhibited after formation of the heterojunctions. The catalyst
showed high photocatalytic degradation efficiencies of 99.12% and 97.24% for methyl
orange and indigo carmine dyes, respectively. The performance of the 4A/WO3/CuO
catalyst remained above 90% for up to 6 cycles of reuse. This indicated the stability of
the catalyst structure and its effective performance in degrading the targeted dyes [77].
Haq et al. combined AgsPO, with linde A-type zeolite by hydrothermal and wet chemical
methods to form the AgsPO,@Al,O3-A composite catalyst for photocatalytic degradation
of methylene blue dye. The zeolite provided a large surface area for the adsorption of MB
dye and AgzPOy acted as a visible light absorber to achieve the degradation of MB dye
(Figure 12). The results showed that the catalyst achieved an MB degradation efficiency
of nearly 100% within 120 min. The characterization results indicated that Ag;PO,4 was
responsive to visible light, while the zeolite was responsive to UV light, and the combina-
tion of the two components improved the light response range and effectively inhibited
charge recombination, which was responsible for the high catalytic activity. After 5 cycles,
the composite batch activity only marginally decreased. This finding demonstrated the
outstanding stability and recyclability of AgsPO,@Al,O3-A [76]. Sodha et al. prepared
the graphene/ZSM-5 composite catalyst by a hydrothermal method for photocatalytic dye
removal in wastewater. When the loading content of graphene was 1%, labeled with sample
code GZ 1, the GZ 1 catalyst showed high degradation efficiencies for methyl orange and
methylene blue due to the efficient photogenerated charge separation (Figure 13). The
holes played the most important role in the photocatalytic degradation process, followed
by hydroxyl radicals and electrons [65]. Gallegos et al. prepared BiOl/mordenite zeo-
lite composites by co-precipitation and solvothermal methods under different time and
temperature conditions (Figure 14) for photocatalytic caffeic acid oxidation. The optimal
catalyst was obtained under 187 °C for 9 h and showed the highest degradation efficiency
for caffeic acid. The presence of BiOI on the surface of mordenite zeolite promoted the
generation of electron and hole pairs under light irradiation, which interacted with water
and dissolved oxygen to form hydroxyl and superoxide radicals. The active oxygen species
reacted with caffeic acid molecules to achieve high removal efficiency. In addition, the
presence of zeolite strengthened the structural stability and inhibited the recombination
of electron-hole pairs [83]. Inhibiting the recombination of photogenerated charge can
significantly improve catalytic activity, promote the conversion of light energy to chemical
energy, and improve catalytic stability.

Improving the adsorption performance of zeolite can also enhance photocatalytic and
photothermal performance in wastewater treatment. Sun et al. prepared a TiO; /natural
zeolite (Ti-ZE) catalyst from the simple hydrolysis and calcination of the TiCly precursor.
The catalyst calcined at 500 °C maintained the original structure of zeolite with high ad-
sorption capacity and good TiO, crystallinity, which showed the highest photocatalytic
reduction efficiency of nearly 100% for Cr(VI) within 240 min [69]. Zhao et al. designed and
constructed a zeolite-chitosan-TiO,@PPy (polypyrrole) aerogel (ZCTP) solar evaporator
with excellent light absorption performance. The long-running ZCTP aerogel solar evapo-
rator could make full use of solar energy during the daytime to improve water purification
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efficiency. The outstanding salt resistance of the ZCTP aerogel made it perfectly stable and
reusable, and it exhibited a huge potential to be used as a high-efficiency photothermal
material for large-scale wastewater treatment and seawater desalination [84]. Zhao et al.
constructed a TiO, /5A zeolite composite catalyst with a porous structure and large specific
surface area. The catalyst showed a high degradation efficiency of 100% for hygromycin
under light irradiation. The 5A molecular sieve showed a high adsorption capacity for
hygromycin and prevented the particle agglomeration of TiO,, which were important
for high photocatalytic activity [59]. Chen et al. used waste incineration fly ash as the
raw material to synthesize an NaP1 zeolite catalyst by a modified microwave-assisted
hydrothermal method for photocatalytic degradation of methylene blue (Figure 15). The
methylene blue removal efficiency could reach 96% within 12 h, which was much higher
than that of original fly ash (38%). This excellent photocatalytic performance was attributed
to the enhanced adsorption performance due to the 10-fold increase in surface area (24.864
m? g’l), as well as the active metal elements embedded in the zeolite structure [68]. Based
on the above studies, improving the surface area and strengthening pollutant adsorption
on zeolite catalysts can greatly enhance photocatalytic and photothermal catalytic activity.
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Figure 12. Photocatalytic mechanism of the degradation of MB dye over Ag;PO,@zeolite [76].
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Figure 13. Degradation mechanism of methylene blue and methyl orange dye over GZ1 catalyst [65].
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Figure 15. Schematic illustration of the transformation from municipal solid waste to a photocatalyst
and the photocatalytic degradation of methylene blue under solar radiation [68].

4.3. Secondary Pollution

Zeolite itself has a good pore structure and strong adsorption capacity, which can
effectively adsorb pollutants in water as well as VOCs and undergo photocatalytic and
photothermal catalytic reactions on its surface to decompose them into harmless substances
such as carbon dioxide and water [11]. Compared with conventional chemical treatments,
photocatalytic and photothermal catalytic processes are usually carried out under mild
conditions, avoiding side reactions that may be triggered by extreme conditions such as
high temperatures and pressures, thus reducing the generation of harmful by-products [27].

Although photocatalytic and photothermal catalytic technologies have the advantages
of high efficiency and environmental protection when treating pollutants and VOCs in
water, they may still produce some secondary pollution problems [45]. During photocatal-
ysis and photothermal catalysis, pollutants in water, such as organic dyes, may not be
completely degraded to carbon dioxide and water, but instead intermediate products, such
as small molecule organic compounds, are generated. These intermediate products may be
toxic or bioaccumulative. Some intermediate products, such as aldehydes, ketones, and
acids, may be produced during the photocatalytic and photothermal catalytic degradation
of VOCs [29]. These intermediate products may be toxic or irritating and may further react
to generate other harmful substances under certain conditions.
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Tang et al. combined hydrophilic {001} TiO, nanosheets with hydrophobic NaY zeolite
to prepare a TiO,@HYZ bifunctional photocatalyst, which could achieve high photocat-
alytic degradation activity of gaseous toluene under UV irradiation. The carbonaceous
intermediates generated from the oxidation of toluene were more strongly adsorbed on
the surface of TiO, than the substrate molecules, and so could cover the active sites. Exces-
sive accumulation of carbon-containing intermediates can lead to reduced photocatalytic
efficiency and secondary pollution. Adsorbed carbonaceous intermediates can also hin-
der the transmission of light and reduce the utilization of light energy by TiO,. But the
incorporation of HYZ effectively inhibited the accumulation of carbonaceous intermediates
and avoided catalyst deactivation [29]. Kovalevskiy et al. loaded TiO, on the surface
of zeolite to construct a composite catalyst for the photocatalytic degradation of ethanol.
Zeolite, as a carrier of TiO,, greatly improved the adsorption capacity of the composite
photocatalyst, thus reducing the concentration of intermediates desorbed from the surface
of the photocatalyst and released into the gas phase during the PCO process. Titanium
dioxide/zeolite composite photocatalysts can greatly inhibited secondary pollution by
harmful intermediates [45]. Fan et al. synthesised tungsten-iron oxide molecular sieve
composites with different Fe and W loadings by a wet impregnation method using NaY
molecular sieves as carriers. The activity of photocatalytic degradation toward acetalde-
hyde and o-xylene under sunlight irradiation was investigated. It was found that some of
the mineralization was to carbon dioxide and oxygenated intermediates, such as acetone
and acetic acid, were formed. The accumulation of these intermediates led to a decrease in
photocatalytic efficiency and secondary pollution. The zeolite acid sites adsorbed the VOCs
and stabilized the intermediates, promoting their oxidation into final products [46]. Sun
et al. prepared a TiO, /natural zeolite (Ti-ZE) catalyst by simple hydrolysis and calcination
of the TiCly precursor. A portion of the electrons and holes migrated to the TiO; surface,
the electrons reduced adsorbed Cr(VI)to Cr(IIl), and the holes oxidized H,O to O, and
H*. Cr(Ill), as a reaction product, is less toxic than Cr(VI), but high concentrations are still
harmful to the environment and the human body and are prone to secondary pollution [69].

In order to avoid secondary pollution, zeolite catalysts with high activity, selectivity,
and stability can be developed. These catalysts are designed to efficiently degrade pol-
lutants at lower temperatures and light intensities, while also minimizing the formation
of intermediate products, thus reducing the overall environmental impact. Regulating
the appropriate temperature and humidity during catalytic reactions can significantly
improve catalyst activity and reaction efficiency. By optimizing these factors, the catalyst
performs more effectively, leading to better reaction outcomes and higher efficiency. Too
high or too low temperatures and humidity may affect the performance of the catalyst
and lead to the accumulation of intermediate products. Fixing the catalyst on a suitable
carrier can reduce leaching and migration of the catalyst and avoid its pollution in the
environment [46]. Catalytic equipment should be regularly inspected and maintained and
deactivated catalysts should be replaced in time. The treated wastewater should be further
tested and treated, e.g., by filtration, adsorption, etc., to remove possible residual catalyst
particles or incomplete degradation products [69].

5. Conclusions and Future Prospects

When zeolite catalysts are applied in photocatalytic and photothermal catalytic, there
will be differences in energy efficiency and catalytic efficiency due to the different mecha-
nisms of action of light and heat energy. The energy efficiency of photocatalysis is usually
low because not all of the light energy is absorbed by the catalyst, and part of it may
be reflected or dissipated. The reaction efficiency of photocatalysis is usually limited by
the intensity of the light source and the available spectral range. Thermally catalyzed
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reactions are generally more energy efficient because the heat source can directly provide
continuous heat, ensuring that the catalyst remains activated. Thermal catalysis usually
exhibits high reaction efficiency, especially when the reaction requires higher temperature
to overcome the energy barrier. The acidic sites and pore structure of zeolite catalysts are
well represented in thermal catalysis and can promote the reaction efficiently. Photothermal
catalysis combines the advantages of photocatalysis and thermal catalysis, using both a
light source to excite the catalyst and an applied heat source to increase the energy of the
reactants; this approach can increase the activity and efficiency of the reaction.

Zeolite catalysts exhibit long lifetimes in photocatalysis and photothermal catalysis
due to their highly ordered microporous structure and good thermal stability. Different
solvents also have effects on deactivation of the catalyst. The nature of the solvent affects
the pore structure of the zeolite catalyst and the diffusion efficiency of the reactants. The
polarity of the solvent may also affect the activity of acidic sites on the catalyst, thus
affecting the lifetime of the catalyst. Impurities or reaction by-products in the solvent may
also form deposits on the surface of the catalyst, leading to poisoning or deactivation of
the catalyst.

Zeolite composite catalysts have been regarded as excellent materials for photocatalytic
and photothermal catalytic degradation of VOCs and water pollutants. Although zeolite-
based catalysts have attracted much attention due to their unique structure and excellent
performance, the promotion in practical applications of zeolite-based catalysts still faces
some challenges:

(1) More reliable zeolite-based catalysts with high catalytic performance need to be
developed. In order to promote the application of zeolite-based catalysts, catalysts
with high catalytic activity and stability are still scarce. By optimizing the structure
of zeolite, element doping, or constructing composite materials, the light absorption,
electron transfer, and structural stability of catalysts can be further improved in their
practical application for pollutant treatment and energy conversion. In addition, the
regeneration and recycling of zeolite is also important to realize the sustainability of
environmental treatment.

(2) The role of zeolite in enhancing adsorption capacity needs to be further investigated
to improve the catalytic performance, stability, and product selectivity. Improving the
surface properties and pore structure of zeolites can help to enhance the adsorption
capacity, which is beneficial to improving catalytic stability and selectivity for specific
pollutants, thereby realizing environmental purification goals.

(3) The mechanisms and pathways of pollutant degradation over zeolite-based catalysts
should be further investigated. Although the reaction systems show good catalytic
activity, understanding the degradation process, electron transfer mechanism, and
detailed reaction pathway is beneficial to catalyst structure design in photocatalysis
and photothermal catalysis.

(4) Zeolite catalysts always show a narrow light absorption range and low utilization
efficiency of sunlight, which limits their catalytic activity in practical applications.
The regulation of band structure and enhancement of light absorption ability are
beneficial to improving the generation of photogenerated charge and light-to-heat
conversion ability.

(5) The fast recombination of photogenerated charge is a serious problem that limits
the photocatalytic and photothermal catalytic activity. The improvement of charge
separation efficiency is important for practical applications of zeolite-based catalysts.

(6) Studies of in situ characterizations during photocatalytic or photothermal reactions
are still scarce, which restricts the in-depth understanding of the complex mecha-
nisms in the reactions. Designing a suitable multifunctional in situ reaction cell is
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also important to reveal the key active species in catalytic reactions. This will help
to promote the practical application of zeolite-based catalysts in photocatalytic or
photothermal technologies.
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Abstract: In this paper, modified HZSM-5 catalysts with different ratios of chromium
(Cr/HZSM-5) were synthesized and the solvent effect of gamma valerolactone (GVL) on
the enhancement of levulinic acid (LA) yield was investigated. Characterization of the
Cr/HZSM-5 catalyst revealed that the introduction of Cr did not change the structure
of HZSM-5. The LA yield was increased from 42.5% (H;O solvent system) to 51.4%
(GVL/H;,O0 solvent system) under optimal conditions. The influence of GVL on the reaction
mechanism was investigated through kinetic analysis, revealing that the incorporation of
GVL reduces the activation energy barrier for the conversion of glucose to LA, thereby
enhancing the glucose dehydration process. The effect of GVL on the product (LA) was
studied, based on molecular dynamics. It was found that the addition of GVL squeezes
the water in the solvent system into the second solvation shell layer, which causes GVL
to distribute around the carbonyl, hydroxyl, and carboxyl groups of LA, and reduces the
likelihood of LA side reactions, thus increasing the yield of LA.

Keywords: Cr/HZSM-5 catalyst; reaction energy barrier; kinetic simulation; solvent
distribution

1. Introduction

In the background of global fossil energy scarcity and environmental degradation,
the development of renewable energy is given priority in the current trajectory of so-
cial progress [1-3]. As the exclusive renewable carbon source, it has attracted signif-
icant scrutiny from researchers owing to its environmentally friendly and sustainable
characteristics. Cellulose, a natural polymer composed of glucose units linked by (3-1,4-
glycosidic bonds, represents one of the most abundant biomass resources on Earth. Glucose
is broadly acknowledged as a pivotal precursor for synthesizing a wide range of high-
value chemicals, including 5-hydroxymethylfurfural (HMF) [4], levulinic acid (LA), and
5-ethoxymethylfurfural (EMF) [5]. Among these distinguished chemicals, LA has been
categorized as one of the 12 biomass-based platform compounds acknowledged by the
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Department of Energy, United States, and it is extensively employed in the pharmaceutical
and agricultural fields [6,7]. It can undergo further synthesis, producing valuable com-
pounds like y-valerolactone, resin, 2-methyltetrahydrofuran, etc. [8,9]. Consequently, the
conversion of glucose to LA holds profound significance in addressing the energy crisis
and mitigating environmental pollution [10].

The conversion of glucose into LA involved a series of complex, multi-step cascade
reactions, where the catalyst played a pivotal role in orchestrating key reactions and
optimizing target products [11,12]. In the non-homogeneous catalytic systems extensively
employed in the glucose synthesis of LA, the catalyst carriers were usually carbon, metal
oxides, and zeolite molecular sieves [13,14]. These carriers were subsequently loaded with
active centers tailored to meet specific requirements. In the realm of catalyst carriers, zeolite
molecular sieve was a prevalent choice, characterized by its impressive specific surface
area, ample pore structure, and effortless loading of active sites [15]. These characteristics
eased the diffusion of the reaction substrate into the pore structure and increased the
contact possibility with the active sites [16]. Thus, molecular sieve-based catalysts with
strong catalytic activity are frequently utilized in materials science for the high-value
transformation of biomass.

Research has indicated that metal chromium exhibits a favorable catalytic effect in
the reaction of glucose to LA [17]. Consequently, solid acid catalysts constructed by
loading metal chromium onto zeolite molecular sieves were of interest. Nevertheless,
when chromium was loaded onto molecular sieves as active sites, the interaction between
metal and molecular sieve skeleton led to increasing load and clogging pore structure,
hindering the contact between reactants and active sites, and thereby diminishing the
product yield [18-21].

Confronted with these challenges, the solvent can be tailored to the reaction process,
which can provide tunability and control the stable and ordered generation of products [22].
Mellmer et al. discovered that polar nonprotonic solvents containing chloride ions can en-
velop the reaction substrate and this configuration facilitated the protonation reactions [23].
Polar nonprotonic solvents could establish hydrophilic domains surrounding the reaction
substrate. Notably, y-valerolactone (GVL) as a quintessential polar nonprotonic solvent
was extensively used in biomass conversion and diverse organic reactions, distinguished
by its green and renewable properties [24,25]. Song et al. found that when the reaction
system changed from pure water into solution of 75% GVL with 25% HO, the reaction rate
constant decreased from 0.0034 min ! to 0.0020 min~! and the energy barrier decreased
from 117 kJ/mol to 96 kJ /mol [26]. Therefore, the addition of a suitable solvent, such as
GVL, to the reaction system could enhance the reaction rate, reduce the energy barrier,
and thereby facilitate the overall reaction process. Despite extensive discourse on solvent
effect at the macroscopic level, there has been scant research addressing the interaction
mechanism between solvent system and reactants, and the inhibition of by-products at the
microscopic level [27].

In this study, Cr/HZSM-5 catalysts were synthesized by incorporating chromium
metal into HZSM-5 molecular sieves as precursor materials. The catalytic performance of
Cr/HZSM-5 catalysts was assessed using LA derived from glucose conversion as a model
reaction. Additionally, the impact of various solvent systems on the catalytic efficiency of
Cr/HZSM-5 catalysts was examined. In addition, reaction kinetics and molecular dynamics
were employed to delve deeper into the mechanism by which solvent enhancement impacts
the catalytic performance of Cr/HZSM-5 catalysts. This study aims to prepare catalysts for
efficient conversion of glucose to LA, and elucidate the fundamental interactions between
the solvent and product at the microscopic level to further explain the mechanism of
solvent-improving catalytic effect.
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2. Results and Discussion
2.1. Catalyst Characterization

Figure 1A shows the XRD patterns of Cr/HZSM-5 catalysts with different loading ra-
tios. As depicted in Figure 1A, it was apparent that Cr/HZSM-5 retained several noticeable
diffraction peaks at 7.9°, 8.8°, 23.0°, and 23.9°, which were the distinctive peaks associated
with MFI-type molecular sieves [28]. The characteristic peaks of MFI-type molecular sieves
weakened upon loading Cr metal into the HZSM-5 catalyst, likely due to the structural
changes induced by chromium incorporation. To confirm the chemical valence state of
Cr in HZSM-5, XPS analysis was performed (Figure 1B), revealing that Cr species on the
Cr/HZSM-5 catalyst surface existed as Cr,O3 with a binding energy of 576.62 eV. These
findings confirm that elemental Cr was effectively loaded onto the HZSM-5 surface via a
straightforward wet impregnation method.
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Figure 1. (A) XRD pattern of HZSM-5 and Cr/HZSM-5 catalyst. (B) XPS of 15% Cr/HZSM-5 catalyst.

Figure 2 shows the infrared spectra of HZSM-5 and Cr/HZSM-5. Figure 1 reveals
characteristic peaks at 456 cm~1, 546 em™1, 794 cm~1, 1066 cm™ !, and 1644 cm ™! for both
Cr/HZSM-5 and HZSM-5 across various loadings. These results show that the HZSM-5
framework remains constant with increasing chromium loading, which is consistent with
the XRD findings. Vibrational peaks at 456 cm~! and 1066 cm~! were observed on both
HZSM-5 and Cr/HZSM-5 catalysts, corresponding to the symmetric vibrations of SiO4 and
AlQy tetrahedra within the five-membered ring of HZSM-5 [29]. The characteristic peak
at 546 cm ! is attributed to the exo-bicyclic vibrations of the zeolite framework [30]. The

vibrational peak at 794 cm ™!

corresponds to the structure-sensitive band of the molecular
sieve framework [31].

Figure 3 presents the TEM, SEM, and EDS analyses of HZSM-5 and 15% Cr/HZSM-5
catalysts. As observed in Figure 3, the HZSM-5 structure retained its prismatic crys-
talline form after Cr loading. To confirm the successful Cr loading, EDS-mapping images
of Cr/HZSM-5 were obtained, demonstrating that Cr was effectively loaded and well-
dispersed on the surface of HZSM-5.

The metal content and structural changes of HZSM-5 following the introduction of Cr
were analyzed using ICP-OES and N, adsorption-desorption techniques, with the results
presented in Table 1. It was observed that the Cr content in the Cr/HZSM-5 catalysts
increased nearly proportionally with the increase in Cr loading. The increase in Cr loading
led to varying reductions in the surface area and pore size of HZSM-5. As the Cr content
in the Cr/HZSM-5 catalyst increased from 0.97 wt% to 3.09 wt%, the total specific surface
area of the catalyst decreased from 262 m? /g to 190 m? /g, and the pore size decreased from
5.16 nm to 1.87 nm. This can be attributed to the Cr loading occupying the pore structure,
reducing specific surface area and pore size.
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Figure 2. FT-IR spectra of HZSM-5 and Cr/HZSM-5 catalysts.
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Figure 3. SEM and TEM images, and EDS spectra of HZSM-5 and 15% Cr/HZSM-5.

Table 1. Cr content, pore parameters, and acidic properties of HZSM-5 and Cr/HZSM-5 catalysts.

Weak Acidity Moderate Acidity

Catalysts Cr (wt%) Sur(f ;C;; £ red Po(l:nf)i “e Amount Amount T‘;ﬁﬁii/g;ty
(mmol/g) (mmol/g)
HZSM-5 - 266 5.11 0.89 0.76 1.650
5% Cr/HZSM-5 0.97 262 5.16 2.813 1.154 3.967
10% Cr/HZSM-5 1.65 246 4.97 2.946 1.398 4.344
15% Cr/HZSM-5 2.48 231 3.50 2.994 1.581 4.575
20% Cr/HZSM-5 3.09 190 1.87 3.223 1.553 4.776

The acidity of the Cr/HZSM-5 catalysts was systematically evaluated via NH3-TPD,
with the resulting data presented in Figure S3. As depicted in Table 1, all catalysts exhibited
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a distinct peak at approximately 110 °C, corresponding to the weak acid sites, such as
hydroxyl (OH) or carboxyl (COOH) groups. The strong acid sites observed in HZSM-5,
characterized by a peak around 400 °C, are attributed to the Breonsted acid centers within
the Si-OH-Al structure. The incorporation of Cr metal induces ion exchange between metal
cations and the Brensted acid sites, thereby enhancing the concentration of strong acid
sites within the catalyst [32]. The aforementioned results demonstrate that, with increasing
Cr metal loading, the total acidity of the Cr/HZSM-5 catalyst also rises proportionally.
The 20% Cr/HZSM-5 catalyst exhibits the highest acidity, quantified at 4.776 mmol/g.
This suggests that a greater amount of metal is incorporated into the pore structure of the
HZSM-5 relative to other Cr/HZSM-5 catalysts, thereby providing a higher density of
active acid sites.

2.2. Activity Comparison of HZSM-5 Catalyst with Different Cr Loading Ratios

The glucose conversion and downstream product distributions as a function of HZSM-
5 catalyst with different Cr loading ratios are shown in Figure 4. The primary downstream
products of glucose were FA and LA. The isomerization of glucose to fructose played a
crucial role in the sequential conversion of glucose to LA. The interactions between the
metal and oxygen atoms (Cr*3-OH) actively promoted the isomerization of glucose [33,34].
In the blank control experiment, the glucose conversion and LA yield only reached 56.8%
and 20.1%, respectively. Yet, with the progressive increase in metal loading (Cr) on the
Cr/HZSM-5 catalyst, both the glucose conversion and LA yield first increased and then
declined. The highest values of LA yield of 36.5% and glucose conversion of 95.6% were
reached when the catalyst was 15% Cr/HZSM-5. It indicated that an elevated number of
acidic sites did not consistently promote the reaction process from glucose to LA. Excessive
Cr, functioning as Lewis acid sites, could potentially expedite concurrent side reactions,
leading to the degradation of glucose and reaction intermediates into by-products, such as
humins [35].
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Figure 4. Effect of 0-20% Cr/HZSM-5 catalyst on glucose conversion and downstream product
distribution. Other reaction conditions: Glucose concentration of 20 g/L, at 180 °C for 3 h, Cr/HZSM-
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2.3. Influence of Reaction Conditions on Catalytic Performance

The effects of 15% Cr/HZSM-5 catalyst on the conversion of glucose to LA under dif-
ferent reaction conditions were investigated. Research has demonstrated that temperature
plays a crucial role in influencing the downstream products of glucose [36]. As shown in
Figure 5A, both the desired product LA and the accompanying product FA exhibited a
trend of initial increase followed by a subsequent decrease with the elevated temperature.
Upon elevating the temperature from 140 °C to 180 °C, the yields of LA and FA exhibited
an ascent from 4.8% and 19.2% to 38.7% and 58.3%, respectively. Simultaneously, glucose
conversion rose from 24.7% to 97%, As the temperature increased further, the yields of LA
and FA decreased. The maximal yields of LA and FA were obtained at 180 °C. This might
because HMF generation was more favorable within the temperature range of 140-160 °C,
and lower temperature was not conducive to the spontaneous advancement of this cascade
reaction [37].
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Figure 5. Effect of reaction conditions on glucose conversion and downstream product distribution.
(A): temperature; (B): time; (C): substrate concentration; (D): catalyst dosage.

The influence of reaction time on the conversion of glucose to LA is illustrated in
Figure 5B. It is evident that both fructose and HMF exhibited a gradual decrease when the
reaction time was extended from 2 to 5 h, suggesting that these unstable intermediates
undergo further rehydration to yield LA and FA (Figure 6). The yield of LA demon-
strated a trend of initially increasing and subsequently decreasing with the prolongation
of reaction time. This observation suggests that LA is more prone to form humic acid
through aldol condensation, acetal cyclization, and dehydration processes under prolonged
high-temperature conditions [38].
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Figure 6. Reaction pathway diagram of cellulose to LA.

As shown in Figure 5C,D, the yields of both LA and FA exhibited a trend of initial
increase followed by subsequent decrease as the glucose concentration was elevated along
with the substrate concentration. This phenomenon could be attributed to the escalating
concentration of glucose in the reaction system. As glucose concentration rose, the sole
catalytic site offered by the catalyst became increasingly encapsulated by hydroxyl groups
within the glucose. Consequently, this singular catalytic site became incapable of facilitating
the subsequent dehydration of generated HMF, leading to the formation of LA and FA.
The yield of HMF exhibited a gradual decline with the augmentation of catalyst dosage.
This phenomenon could be attributed to the dynamics of glucose hydrolysis, wherein
an increased quantity of catalysts supplied additional acidic sites. These sites played a
pivotal role in sustaining the ongoing dehydration of HMF, leading to the production of
LA. Additionally, as depicted in Figure 5C, there was nearly a 12% reduction in the LA
yield when the substrate concentration escalated from 30 g/L to 50 g/L. This could be
attributed to the heightened concentrations of glucose inducing more dynamic intermolec-
ular movements and the generation of additional intermediates (1,2-enediols, etc.) These
intermediates possessed a furan ring structure and were highly prone to generating unde-
sirable by-products, such as humins. This occurred through intermolecular etherification
reactions and electrophilic substitution of furfuryl alcohols [39].

Consequently, the optimal LA yield of 42.5% was achieved under conditions of 180 °C
temperature, 5 h reaction time, 30 g/L substrate concentration, and 1 g catalyst dosage.
The accompanying FA yield peaked at 52.1%. Calculations based on the equation revealed
that the production of LA was concomitant with the production of an equivalent number
of moles of FA. Throughout this reaction, the molar ratio of LA to FA was 13:16, where
the surplus FA likely originated from the gradual degradation of glucose. In this reaction
system, equilibrium was essentially attained in the reaction process, resulting in few by-
products. Hence, the dosage of 15% Cr/HZSM-5 catalyst proved advantageous for the
cascade conversion of glucose to LA.

2.4. Effect of Different Co-Solvents on the Conversion of Glucose

Figure 7 shows the effect of different co-solvents on glucose conversion and LA yield.
The addition of GVL and THF as co-solvents had a boosting effect on the LA yield. In a
pure aqueous system, the LA yield reached 42.5%. However, the incorporation of two polar
nonprotonic solvents led to an enhancement in the LA yield, ca., 51.4% and 46.5%, respec-
tively. The primary explanation for this lies in the ability of polar nonprotonic solvents to
augment interaction with the reaction substrate, which can substantially increase the yield
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of LA. The introduction of acetonitrile as a co-solvent resulted in a reduction in LA yield,
which is possibly attributed to the inherent differences in individual solvents. Furthermore,
the inclusion of methanol and ethanol, serving as typical polar proton solvents, adversely
impacted the yield of LA. A substantial distinction existed in the characteristics of these
two solvent types. Polar nonprotonic solvents possessed the capability to accept electrons
and exhibited a reduced propensity to form hydrogen bonds with the solute. Consequently,
this accelerated the mass transfer rate and diminished the reaction energy barriers, thereby
facilitating the reaction process. By contrast, polar protonated solvents were prone to ac-
cepting electrons, leading to the formation of hydrogen bonds with the solute and resulting
in stronger interactions [40]. These interactions may potentially influence the catalytic
efficiency of the overall reaction system. A comprehensive analysis conclusively identified
GVL as the most effective solvent.
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Figure 7. Effect of different solvent systems on glucose conversion and downstream product distribution.

2.5. Effect of Different GVL Contents in Solvent Systems on the Conversion of Glucose

Figure 8 shows the pattern of the effect of different GVL contents in solvent systems
on the conversion of glucose to LA. As the GVL content increased, the glucose conversion
consistently remained at approximately 99% (£1%). The yields of LA and FA exhibited
an initial increase followed by a decline, whereas the yield of HMF steadily increased. At
a GVL/H,O ratio of 20/80, the LA yield reached 51.4%, approximately 10% higher than
that in the pure water system. This finding suggests that the addition of GVL effectively
mitigates side reactions caused by the condensation of the target product with the reaction
substrate. However, further increasing the GVL proportion failed to enhance the LA
yield, likely due to GVL’s coating effect on HMF, which impedes the rehydration reaction.
Moreover, due to glucose’s higher solubility in water, the use of water as a co-solvent
enhances substrate solubility and reduces the viscosity of the reaction medium (GVL/H;0),
thereby accelerating the mass transfer rate [41]. Based on a comprehensive analysis, the
optimal GVL/H,0 ratio was identified as 20/80.
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uct distribution.

2.6. Kinetic Study of the Response of GVL to Glucose to LA

Table 2 summarizes the kinetic parameters for glucose dehydration and HMF rehy-
dration in various solvent systems over the 15% Cr/HZSM-5 catalyst. The reaction energy
barrier (Ea) was subsequently determined from the Arrhenius equation. As indicated in
Table 1, the reaction energy barrier for glucose dehydration in pure aqueous solvent was
59.19 kJ /mol, whereas that for HMF rehydration was 52.62 kJ/mol.

Table 2. Kinetic parameters of glucose dehydration and HMF rehydration in H,O and GVL/H,0
(1:4) solvent systems.

Solvent Tem. D;hi;::t?on R2 Ea Rethllvr[Ft' R2 Ea
Systems 0 3;<G (kJ/mol) YKHa on (kJ/mol)
H,O 160 0.09578 0.96322 59.19 0.07813 0.95625 52.62
180 0.20125 0.94285 0.15054 0.96437
200 0.38468 0.97468 0.26869 0.99518
20%GVL/H,0 160 0.11245 0.9788 27.02 0.08351 0.99087 26.27
180 0.13284 0.94533 0.13683 0.91705
200 021312 0.97582 0.15417 0.98887

The specific role of GVL as a co-solvent in the conversion of glucose to LA has not been
adequately elucidated. Researchers have classified the impacts of incorporating co-solvents
into two categories: physical type and chemical type [42]. The former aimed to safeguard
biomass molecules from undesirable side effects, while the latter enabled the co-solvents
as catalysts to modify the reaction energy barriers or directly engage in the reaction. To
deeply understand the influence of GVL co-solvent on the reactions of glucose dehydration
and HMF rehydration, kinetic analyses of the solvent system with a GVL/H;O ratio of
20/80 were conducted. It is evident from Table 1 that the energy barriers for glucose
dehydration and HMF rehydration in GVL/H,O solvent exhibited a substantial reduction,
in comparison to those in pure water (27.02 kJ/mol < 59.19 k] /mol and 26.27 kJ/mol <
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52.62 kJ /mol). This implied that the incorporation of GVL had a positive impact on both
glucose dehydration and HMF rehydration, thereby augmenting the yield of the desired
product LA. Under the same temperatures, the glucose dehydration rate constant (Kg) in
the GVL/H;0 system exhibited a significant increase compared to that in the pure water
system. This further emphasized the promotional impact of GVL on glucose dehydration.
In a word, the inclusion of GVL reduced the energy barrier for this secondary reaction,
signifying that the action of GVL as a co-solvent in the production of LA from glucose
primarily fell into the chemical category.

2.7. MD Simulation Analysis of Glucose to LA Under Solvent Action

Molecular dynamics simulations provided additional insights into the interaction
between the target product LA and the solvents (H,O, GVL/H,0). The examination of the
distribution, position, and arrangement of solvent molecules around the product involved
calculating spatial density distribution maps. These maps, represented in red for GVL
and blue for water, were generated around glucose (Figure 9). Additionally, the radial
distribution functions (RDEF, Figure 10) of solvent molecules’ centers of mass were calculated
for further analysis.

Figure 9. (A) Spatial density distribution of water (blue) around LA. (B) Spatial density distribution
of GVL (red) and water (blue) around LA.
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Figure 10. RDF of solvent molecules relative to LA in pure or mixed solvents.
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Figure 9 illustrates the spatial density distribution of LA in both water and the mixed
solvent system. As depicted in the figure, within the GVL/H,O system, water molecules
surrounding LA are relocated to the second solvation shell due to the competitive interac-
tions between GVL and water. Within the first solvation shell, GVL primarily surrounds
the carbonyl, hydroxyl, and carboxyl groups of LA, and this coordination plays a pivotal
role in minimizing side reactions, such as esterification and condensation, which can occur
with LA in the presence of excess water. Consequently, in the GVL/H,O biphasic solvent
system, the introduction of GVL provides a protective effect on the functional groups of
LA while simultaneously reducing the mobility of glucose molecules within the reaction
system. These synergistic effects facilitate the efficient catalytic conversion of glucose to LA.
To elucidate the solvation shell layer more specifically, we simulated the solvation peaks
across different solvent systems, as shown in Figure 10.

In a pure aqueous solvent, the solvation peak for water was 0.187 nm, whereas the
solvation peak in the biphasic solvent reached 0.618 nm with the addition of 20% GVL to
the system. The radial distribution function (RDF) curves between LA and the biphasic
solvent exhibit a pronounced first solvation peak, indicating robust interactions between
the biphasic solvent molecules and LA. This suggests that within the biphasic solvent
system, GVL molecules actively compete with water to enter LA’s first solvation shell.

2.8. Catalyst Reusability

To evaluate the stability of the 15%Cr/HZSM-5 catalyst, recovery tests were conducted.
As depicted in Figure 11A, the 15%Cr/HZSM-5 catalyst exhibited excellent reusability.
After four reaction cycles under identical conditions, the catalytic activity remained largely
unchanged. In the fifth cycle, the target product LA achieved a yield of 45.7%, representing
a 4.7% decline compared to the fresh 15%Cr/HZSM-5 catalyst. Figure 11B shows that
the FT-IR characterization of the catalyst after five cycles revealed characteristic peaks
at 456 cm 1, 546 cm !, and 794 cm~!. However, the weakened intensity of these peaks
after five cycles suggests partial structural degradation of the catalyst, thereby reducing

its stability.
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Figure 11. (A) 15% Cr/HZSM-5 catalyst reusability in the conversion of glucose to LA. Reaction
conditions: 1.5 g glucose, 40 mL water and 10 mL GVL, 1 g catalyst, 180 °C reaction for 5 h. (B) FTIR
spectra of fresh, and five times-recycled 15%Cr/HZSM-5 catalysts.
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3. Experimental
3.1. Materials

Zinc Chloride (ZnCl,, AR), Ferric Chloride (FeClz, AR), Chromium Chloride (CrCls,
AR), Glucose (C4H12,0¢, AR), Fructose (C¢H12,0¢, GR), 5-hydroxymethylfurfural (CgHgO3,
GR), Levulinic acid (CsH;O3, GR), and HZSM-5 were obtained from Biotest Technology,
Tianjin, China.

3.2. Catalyst Preparation

In this paper, a wet impregnation method was used to synthesize solid acid catalysts.
For the preparation of the 15% Cr/HZSM-5 catalyst, 1.5 g of CrCl;-6H,O was accurately
weighed and dissolved in 100 mL of deionized water to ensure complete dissolution.
Subsequently, 10 g of HZSM-5 was precisely weighed and uniformly mixed with the
solution. The resulting mixture was stirred at room temperature for 3 hours, followed by
drying in an oven at 105 °C overnight. Finally, the dried mixture was calcined in air to
yield a solid acid catalyst, which was heated to 550 °C at a rate of 2 °C/min and calcined
for 6 h. The obtained solid acid catalyst was ground and passed through a 200-mesh sieve.

3.3. Catalytic Reactions

The conversion of glucose to LA was carried out in a 250 mL intermittent reactor
equipped with a magnetic stirrer. At the beginning of the experiment, 1 g of glucose,
1 g of Cr/HZSM-5 catalyst, and 50 mL of water were added to the reactor. The optimal
concentrations of glucose solution and catalyst dosage were subsequently determined
under varying reaction conditions. The reaction was carried out at 140-220 °C for 1-7 h.
After the reaction, the reactor was placed in ice water to stop the reaction. Each set of
responses was repeated three times.

After the reaction, the catalyst was recovered by centrifugation and thoroughly washed
with water and ethanol. The catalyst was subsequently dried overnight in an oven and
reused in the next cycle.

3.4. Analytical Characterization

The product distribution in the reaction solution was detected by HPLC (LC-20A),
with a refractive detector using a column (BioRad Aminex HPX-87H, 300 x 7.8 mm) at
65 °C and 0.05 M H;SOy as the mobile phase at a flow rate of 0.6 mL/min.

The conversion of glucose, the yield of fructose, HMF, LA, and FA were calculated
as following;:

mole of glucose reacted
mole of initial glucose

Glucose conversion = < ) x 100%

mole of fructose, HMF, LA, and FA
mole of initial glucose

Products yield = < > x 100%

3.5. Characterization Test

The morphology and elemental composition of Cr/HZSM-5 catalysts were examined
using a high-resolution field-emission scanning electron microscope (SEM, TESCAN MIRA
LMS) coupled with an energy-dispersive spectrometer (EDS, TESCAN MIRA LMS). The
equipment was acquired by TESCAN, Brno, Czech Republic. The crystalline structure was
analyzed using an X-ray diffractometer (XRD, Rigaku Smartlab 9KW) with a scanning range
of 5° to 90° and a scanning speed of 10° /min. The facility was acquired by Nippon Rigaku
Corporation, Akishima, Tokyo, Japan. Functional groups in the samples were identified
using a Fourier-transform infrared spectrometer (FT-IR, Perkin Elmer Spectrum One) over
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a wavenumber range of 400-4000 cm~!. The facility was acquired by PerkinElmer AG,
Waltham, Massachusetts, USA. The crystalline structure was characterized using a Rigaku
Smartlab 9KW X-ray diffractometer (XRD) with a scanning range of 5° to 90° at a speed of
10°/min. The X-ray source employed a rotating copper anode operating at 40 kV and 40 mA.
The facility was acquired by Nippon Rigaku Corporation, Akishima, Tokyo, Japan. Metal
concentrations in the catalysts were detected using an inductively coupled plasma emission
spectrometer (ICP-OES, Agilent 5110). The device was acquired by Agilent Technologies,
Inc. of California, USA. The specific surface area and pore volume of the prepared catalysts
were detected using a specific surface area and porosity analyzer (ASAP 2020 PLUS). The
device was acquired by Micromeritics of Norcross, GA, USA. Metal valence states in the
catalysts were detected using x-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha). The facility was acquired by Thermo Fisher Scientific, Waltham, MA, USA.

3.6. Molecular Dynamics Simulation

Molecular dynamics (MD) simulations were executed employing the GROMACS 2021
package. Files pertaining to formic acid (FA) and LA molecules were acquired by Sobtop
and employed in subsequent MD simulations. Periodicboundarycondition (PBC) was used
for all three dimensions of the system. Modeling of FA and LA molecules involved the
Generalized Amber Force Field (GAFF) force field, while the water molecule was optimized
by the TIP4P model. Upon the completion of system construction, an energy minimization
process was executed by using the steepest descent method for a duration of 5000 steps
and the conjugate gradient method for an additional 5000 steps. This meticulous approach
ensured the conventional structure and rational geometric configuration for molecules.
After the system was at the energy minimization point, the real dynamics simulation could
be started. A 1ns NVT ramp-up kinetics phase was performed initially, followed by a 1 ns
NPT balancing phase, and culminating in a 50 ns NPT synthesis simulation. The Leapfrog
method with a time step of 2 fs was employed as the integral solution algorithm. Long-
range electrostatic interactions were calculated using the Cut-Off method, employing a
truncation distance of 1.0 nm for non-bonded interactions. Pressure coupling was achieved
through the isotropic Parrinello-Rahman method, maintaining a controlled pressure of
1 bar. Temperature coupling was analyzed by the Velocity-rescale heat bath method. All
bonds were constructed by the Linear Constraint Solver (LINCS) algorithm. The simulation
trajectory data with an interval of 2 ps were analyzed by GROMACS 2021.6 software
package, and visualized by VMD 1.9.3 software [43].

4. Conclusions

In this study, we synthesized Cr/HZSM-5 catalysts with varying Cr loadings to
evaluate their catalytic performance in the conversion of glucose to LA. It was found
that at a reaction temperature of 180 °C, a reaction time of 5 h, a catalyst dosage of 1 g,
and a glucose concentration of 30 g/L, the glucose conversion reached 99% and the LA
yield was 42.5%. Building on this foundation, the impact of solvent enhancement on the
catalytic performance of Cr/HZSM-5 catalysts was investigated, identifying GVL as the
most effective solvent. The addition of 20% GVL into the solvent system led to an LA
yield of 51.4%, representing an 8.9% increase compared to using water as the solvent.
Reaction kinetics and molecular dynamics simulations were conducted to further elucidate
the mechanism of solvent potentiation. Based on reaction kinetics calculations, it was
demonstrated that the solvent system composed of GVL and water reduced the activation
energy barrier for the conversion of glucose to LA, compared to the pure water system
(78.89 kJ /mol < 86.21 k] /mol). Molecular dynamics simulation results indicate that the
incorporation of GVL forces water molecules in the solvent system into the secondary
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solvation shell, thereby diminishing the presence of water around the LA. Concurrently,
GVL predominantly localizes around the carbonyl, hydroxyl, and carboxyl groups of
LA, thereby minimizing the likelihood of side reactions and consequently enhancing the
LA yield.
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TPD profiles of HZSM-5 and Cr/HZSM-5 catalysts; Figure S5. Effect of 0%-20% Fe/HZSM-5 catalyst
on glucose conversion and downstream product distribution; Figure S6. Effect of 0%-20% Zn/HZSM-
5 catalyst on glucose conversion and downstream product distribution; Figure S7. State of the reaction
system before (A) and after (B) the test; Figure S8. Determination of energy barriers for glucose
dehydration and HMF rehydration in water from the Arrhenius equation. (A) Plots of Ln (Cglucose) Vs-
time at different reaction temperature; (B) Arrhenius plot of Ln (K) vs. 1/T for glucose dehydration.
(C) Plots of Ln (Cypvr) vs. time at different reaction temperature; (D) Arrhenius plot of Ln(K) vs.
1/T for HMF rehydration; Figure S9. Determination of energy barriers for glucose dehydration and
HMEF rehydration in GVL/H,0 from the Arrhenius equation. (A) Plots of Ln (Cgjycose) Vs. time at
different reaction temperatures; (B) Arrhenius plot of Ln (K) vs. 1/T for glucose dehydration. (C)
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Abstract: The combination of TiO, with zeolites has emerged as a transformative strategy
to enhance photocatalytic performance for environmental applications. The combination
of zeolites” regular pore structure, high surface area, and adsorption capacity with the
photocatalytic properties of TiO, allows synergistic effects, significantly improving the
removal of organic pollutants and hazardous substances from water. This review provides
a comprehensive analysis of TiOp—zeolite composites, focusing on their synthesis, struc-
tural characteristics, and photocatalytic mechanisms. Advances in the characterization
of material and computational analysis are applied to explain the relationship between
structure and catalytic activity. Environmental applications such as water purification
and renewable energy production are critically evaluated, highlighting their potential for
addressing pressing global challenges. The review also addresses key challenges, including
material stability, scalability of synthesis methods, and cost-effectiveness, while presenting
future perspectives for the development and application of TiO,-zeolite composites in
sustainable catalysis.

Keywords: TiO,—zeolite composites; environmental catalysis; photocatalysis; catalytic
mechanisms; water purification; organic pollutant degradation; synergistic effects;
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1. Introduction

Environmental pollution has escalated as one of the most threatening challenges of
the 21st century, demanding immediate attention and action [1-4].

Figure 1 takes Europe as an example to depict the ecological status of surface water re-
sources from 2004 to 2024, categorized into three distinct groups: natural, non-natural, and
seriously disturbed. Figure 1 highlights the different environmental challenges and achieve-
ments across Europe. Clean (natural) water, represented in blue, is predominantly found in
northern Europe, reflecting minimal human impact and preserved ecosystems. In contrast,
central and southern Europe show higher proportions of non-natural disturbed (green)
and seriously disturbed (yellow) water bodies, demonstrating the significant influence of
activities such as agriculture, urbanization, and industrialization on water quality [5].

Parameters such as pH value, dissolved oxygen concentration, and chemical oxygen
demand are important for evaluating water quality and detecting pollutants that require
advanced treatment. Information from global water quality monitoring highlights the
growing need for efficient treatment technologies to remove different pollutants from water
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systems [5,6]. At the country and basin levels, the water quality indicators are calculated
as weighted averages of station-level indicator values, with weights determined by the
availability of monitoring data for each parameter at individual stations.

Zeolite-supported TiO, CO, + H,0 + Inorganic ions

Pollutants®

Pollutants

(pH<7) (pH~7) (pH>7) HO*

Acidic Neutral Alkaline

balanced adsorption and degradation

Pollutants CO, + H,O + Inorganic ions

stabilization of intermediates reactive radical formation
promoting adsorption promoting degradation

Figure 1. General schematic illustration of TiO,—zeolite composite photocatalysis mechanisms.

This dataset reveals regional differences in ecological status and underscores the
potential for targeted interventions and policies to deal with water pollution and restore
environmental balance.

The need for efficient and sustainable water treatment technologies is more critical
than ever. Photocatalysis is a promising solution, utilizing the energy from light to degrade
pollutants into harmless products [7,8]. Titanium dioxide (TiOy) has attracted significant
attention because of its high photocatalytic activity, chemical stability, nontoxicity, and
cost-effectiveness as one of the most used materials for photocatalysis. However, TiO,
comes with certain limitations, such as a large bandgap that decreases its activity to UV
light and a high recombination rate of photogenerated charge carriers, which reduce its
efficiency under sunlight [3,4,9].

In recent years, various TiO,-based composites, including TiO, /graphene [10,11],
TiO, /carbon nanotubes [12,13], and TiO,/metal oxides [14], have been extensively ex-
plored for environmental applications. These materials are known for improving photo-
catalytic performance by enhancing charge separation, increasing light absorption, and
improving stability. However, zeolite-supported TiO, composites offer unique advantages
such as the high surface area, suitable pore size, strong adsorption capacity, and ion-
exchange properties of zeolites, which not only help in trapping pollutants but enhance the
dispersion and stability of TiO, particles, leading to improved catalytic efficiency [15-17].
This combination makes TiO,-zeolite composites particularly attractive for applications
such as wastewater treatment and pollutant degradation [18-20].

This review first examines the synergistic mechanisms driving the enhanced photo-
catalytic performance of TiO,—zeolite composites. It then deals with synthesis methods,
advanced characterization techniques, and computational approaches, particularly density
functional theory (DFT), to optimize their structure and performance in environmental
applications. The findings of this review are of the highest importance, as they introduce the
potential of TiO,-zeolite composites to emerge as a sustainable solution for environmental
catalysis. Additionally, recent advancements in material characterization and computa-
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tional modeling are considered, aiming to explain the relationship between composite
structure and catalytic activity. The environmental applications of these composites in
water purification are critically evaluated. Furthermore, the challenges connected with
material stability, scalability, and costs are emphasized as future perspectives for advancing
TiO,—zeolite composites.

2. Synergistic Mechanisms of TiO, and Zeolites

The combination of TiO, with zeolites has attracted attention in recent years due
to the complementary properties of the components, which enhance photocatalytic per-
formance [17,21]. Zeolites, with their highly microporous and mesoporous structures,
have been recognized as effective support materials for TiOy, providing a robust material
to overcome limitations associated with independent TiO, photocatalysts [22,23]. This
synergy appears from multiple physicochemical interactions between the two materi-
als, including adsorption enhancement, charge carrier separation, and light absorption
improvements [21,24].

2.1. Enhancing Photocatalytic Performance: Structural Benefits and Limitations Overcome by
TiOy—Zeolite Composites

The combination of TiO, with zeolites offers a promising and highly effective strategy
for enhancing photocatalytic performance. This synergy plays a crucial role in improving
charge transfer, pollutant adsorption, and photocatalytic reaction rates. Table 1 summarizes
the key benefits of zeolite-supported TiO, composites. Recent research has shown the
underlying mechanisms, structural interactions, and potential limitations of TiO,—zeolite
composites, highlighting their environmental applications [25-28].

2.1.1. Adsorption-Driven Catalysis and Pollutant Preconcentration

Zeolites are aluminosilicate materials that typically have high surface area, crystalline
framework, and well-defined pore structure [29]. These properties allow the selective
adsorption of organic and inorganic pollutants, effectively concentrating them near the
photocatalytic sites of TiO,. As a result, the reaction efficiency is significantly increased via
the “preconcentration effect”, which ensures that pollutants are more readily available for
photocatalytic degradation (Figure 1).

2.1.2. Charge Carrier Separation and Electron-Hole Transport

Even with its strong oxidative capability, chemical stability, and nontoxicity, TiO, has
fundamental limitations. One of the main limitations of TiO; is the rapid recombination of
photogenerated electron-hole (e —h™) pairs, which reduces its photocatalytic efficiency.
The incorporation of zeolite into TiO, photocatalytic systems facilitates charge separation,
as zeolites can act as electron sinks, delaying recombination and prolonging the lifetime of
reactive charge carriers [30-35].

Zeolites with specific Si/ Al ratios influence their electronic properties, affecting their
ability to trap photogenerated e~ [17,36-38]. Cation-exchanged zeolites, such as M-ZSM-5
and H-Beta, have been reported to further enhance charge separation via their strong
electrostatic interactions with TiO,. These modifications contribute to the formation of
an internal electric field, which assists in charge migration and enhances photocatalytic
activity [7,27,39-42].

2.1.3. Reactive Oxygen Species Formation, Surface Characteristics, and Surface
Acidity Effects

Zeolite-supported TiO, composites enhance the formation of reactive oxygen species
(ROS), such as hydroxyl radicals (*OH), which are crucial for the degradation of organic pol-
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lutants (Table 1 and Figure 1). This enhancement is attributed to several synergistic effects,
including improved charge carrier separation, enhanced adsorption of oxygen and pollu-
tants, and the influence of zeolite’s surface properties on ROS stabilization [19,28,36,43,44].

Studies by Piedra Lopez et al. [17] demonstrated that metoprolol was degraded by
over 95% under near-UV light, illustrating the effectiveness of this synergy.

The synergy between TiO, and zeolites has a strong effect on the surface characteristics
and particle properties of the composite. While pure TiO; is primarily active under UV
light because of its wide bandgap (~3.2 eV for anatase), the combination with zeolites
can modify its optical properties. This can be achieved by preventing agglomeration and
increasing active surface area, as well as doping TiO,—zeolite composites with metals or
nonmetals to induce.

Studies, including those by Sun et al. [45] and Torkian et al. [46], have demonstrated
that these changes significantly improve photocatalytic efficiency by promoting ROS gener-
ation and extending the light absorption range of the TiO, phase into the visible spectrum.

Acidic and basic sites on the zeolite further direct degradation reactions [47-49].
Experimental results showed higher tetracycline adsorption on zeolites in an alkaline
medium due to additional binding sites (—NH ™), while in acidic conditions, tetracycline
interacted via hydroxyl groups (—OH). Photocatalytic degradation studies using radical
scavengers confirmed h™ as the dominant reactive species, with *OH also contributing.
The acidity and basicity of zeolites influence degradation pathways, with basic zeolites
enhancing *OH formation and acidic zeolites stabilizing intermediates [48].

Table 1. Roles of zeolite in improving the photocatalytic degradation mechanism of TiO, [19,21,28,3844,50-54].

Role What Happens Why It Is Important Example

Zeolite’s porous structure traps Increases pollutant concentration ~ Molecules adsorbed into zeolite

Adsorption and concentrates pollutants near  close to TiO,, enhancing pores are degraded efficiently
TiO; active sites. reaction efficiency. by TiO,.
. . . . . ith lite, Ti icl
Zeolite prevents TiO, particles Better TiO, active surface area, W.lt out zeolite 10.2 particles
. . . . might cluster, reducing the
Dispersion from agglomerating by evenly allowing more pollutants to

distributing them on its surface.

interact with catalytic sites.

available surface area
for catalysis.

Enhanced mass
transfer

Zeolite’s porous structure
facilitates diffusion of pollutants

to TiO, and removal of products.

Ensures efficient transport of
reactants and intermediates,
avoiding reaction block.

Pollutants diffuse through zeolite
pores to TiO, for degradation
by ROS.

Zeolite buffers change in pH
during the reaction, maintaining

Stabilizes TiO, photocatalytic

Acidic products are neutralized

pH regulation ontimal conditions for performance, especially under by zeolite, maintaining an ideal
TfO activity. varying reaction conditions. pH for pollutant degradation.
v} g
TiO; generates ROS under light, izzlelize,ﬁgﬂeifoiiﬁmi}gi Molecules are degraded into CO,
ROS which degrades pollutants 2, Imp & and water by ROS generated

adsorbed on zeolite.

interaction with ROS and
enhancing degradation.

on TiO,.

Recent studies, including that by Sun et al. [45], have highlighted the critical role of
cation-exchanged zeolites in further optimization of material’s properties. For instance,
the substitution of native cations in zeolites with Ca2™ or K™ enhances surface acidity
and facilitates stronger interactions with TiO,, resulting in improved charge separation
and more efficient proton generation. This modification also contributes to a more sig-
nificant reduction of e——h+ recombination, which is vital for increased photocatalytic
efficiency under visible light irradiation. Guang Hu et al. [21] emphasized the role of
key zeolite parameters, such as the Si/ Al ratio and surface acidity, in further enhancing
catalytic efficiency.
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2.2. Impact of TiO; Distribution, Morphology, and Crystallinity on Photocatalytic Performance

The distribution of TiO, on the zeolite surface plays a crucial role in photocatalytic
efficiency. A homogeneous distribution of TiO, provides a higher availability of active sites,
leading to better pollutant adsorption and charge separation. Different synthesis techniques,
such as sol-gel, hydrothermal, and impregnation, directly influence the dispersion of
TiO,. Nonuniform TiO, distribution with agglomeration can lead to inactive zones and
increased recombination.

The morphology of TiO; has a direct impact on its light absorption properties and
charge carrier dynamics. Nanoparticles of TiO, offer a high specific surface area, but exces-
sive packing may lead to faster electron—hole recombination. Nanorods and nanosheets
promote directional electron transport, reducing recombination losses and enhancing pho-
tocatalytic activity. Studies have shown that TiO, nanorods supported on zeolite exhibited
up to 40% higher photocatalytic efficiency in organic pollutant degradation compared
with spherical nanoparticles. Mesoporous TiO, structures provide additional pathways
for pollutant diffusion, increasing the degradation rate by facilitating mass transfer within
the catalyst.

The crystal structure of TiO; significantly influences charge carrier dynamics and
photocatalytic efficiency (Table 2).

Table 2. Comparison of different TiO, morphologies and crystalline phases on zeolites.

Parameter Morphology Crystal Phase Effect on Photocatalysis
High specific surface area Nanoparticles Anatase High adsorption, but prone to aggregation
Directional electron transport ~ Nanorods Anatase-rutile Improved charge carrier separation
Greater thermal stability Nanotubes Rutile Lower activity but better stability
Enhanced pollutant diffusion =~ Mesoporous structures Anatase Faster degradation rate

The combination of natural zeolites as supports offers additional practical benefits,
including cost-effectiveness, availability, and environmental compatibility. When com-
bined with scalable synthesis methods such as sol-gel and hydrothermal techniques, these
composites become highly applicable for comprehensive applications, emphasizing their
potential as a sustainable solution for tackling emerging contaminants and other environ-
mental challenges [27,40,55,56]. Additionally, the choice of synthesis method significantly
influences the structural properties of zeolite-supported TiO,. Some reasons for this could
include affecting the distribution, morphology, and crystallinity of the TiO,. This is crucial
for optimizing its efficiency in water purification and pollutant degradation. Because of
this, this review provides a more detailed analysis of this topic in the following section.

3. Strategies for Enhancing TiO,-Zeolite Performance: Synthesis and
Modification Techniques

The synthesis and modification techniques used for zeolite-supported TiO, play an
important role in determining its structural characteristics, electronic behavior, and catalytic
performance. Different synthesis methods and modifications can introduce variations in
the particle dispersion, pore accessibility, crystallinity, and light absorption properties of
TiO, [19,21,25,28,29,38,44,50-54,57]. By optimizing these techniques and balancing their
advantages and limitations, it is possible to enhance the synergistic interactions between
TiO; and the zeolite framework, thereby improving photocatalytic efficiency and expanding
the range of environmental applications [27,29,56,58].
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3.1. Synthesis Methods and Their Influence on Material Properties
3.1.1. Sol-Gel Method

The sol-gel method is a widely used technique for synthesizing TiO,—zeolite com-
posites because of its ability to produce uniform and high-quality materials [45,59,60].
This method involves the hydrolysis and condensation of titanium precursors, such as
titanium isopropoxide or titanium tetrachloride, in the presence of zeolites. The resulting
combination of TiO, with the zeolite framework enhances photocatalytic performance by
employing the structural and adsorptive properties of zeolites [27,61].

In this process, titanium precursors are dissolved in a solvent, hydrolyzed with water
or a catalyst, and condensed to form TiO;. Zeolites are introduced during this stage,
allowing the deposition of TiO, nanoparticles on and within their porous structure. Drying
and subsequent calcination at high temperatures complete the synthesis, ensuring the
formation of TiO;, typically in the anatase phase, which is optimal for photocatalysis [62].

The sol-gel method offers key advantages, including uniform dispersion of TiO,,
precise control over particle size and morphology, and enhanced interaction between
TiO, and zeolites. These characteristics improve charge transfer, prevent agglomeration,
and maximize photocatalytic efficiency. However, challenges such as pore blockage from
extreme TiO; loading and energy-intensive calcination require careful optimization [62,63].

TiO,—zeolite composites synthesized through this approach have shown excellent
efficacy in degrading pollutants such as dyes, pharmaceuticals, and pesticides. Future
advancements in the use of greener solvents, energy-efficient calcination, and hybrid
techniques are expected to further improve the scalability and environmental sustainability
of the sol-gel process for large-scale applications [61-63].

3.1.2. Hydrothermal Synthesis

Hydrothermal synthesis is a widely adopted method for producing TiO,—zeolite
composites, offering advantages in material crystallinity and structural stability. This
technique involves the crystallization of TiO, in the presence of zeolites under controlled
high-temperature and high-pressure conditions, typically in an autoclave [24,49,64,65].

The hydrothermal process forms well-crystallized TiO, structures with strong ad-
hesion to the zeolite framework, enhancing the thermal stability of the composites and
making them suitable for applications in varying environmental conditions. Additionally,
the close contact between the TiO, and the zeolites facilitates efficient charge transfer and
separation, thereby improving photocatalytic performance [24,64].

Key parameters, such as reaction temperature, pressure, precursor concentration,
and synthesis time, significantly influence the properties of the final composite. Proper
optimization of these parameters confirms uniform TiO, distribution within the zeolite
pores and prevents structural damage to the zeolite borders [49,65].

Hydrothermal synthesis demonstrates high photocatalytic efficiency, particularly
in degrading organic pollutants in water. Their ability to create persistent and active
photocatalysts makes it a competitive choice for environmental remediation. However,
the process is energy-intensive and too long, requiring further investigation to improve
scalability and cost-effectiveness. Future research should focus on the reduction of energy
consumption and exploration of alternative synthesis conditions to make hydrothermal
synthesis more sustainable for large-scale applications [49,54,64].

3.1.3. Impregnation Method

The impregnation method is a simple and cost-effective technique for synthesizing
TiO,—zeolite composites, making it highly suitable for industrial applications. In this
approach, a solution of a titanium precursor, such as titanium isopropoxide or titanium
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tetrachloride, is introduced into the zeolite. The mixture is then dried to remove sol-
vents and calcined at high temperatures to put TiO, within the zeolite’s pores or on its
surface [66-69].

This method is popular for its simplicity and scalability. It requires relatively inexpen-
sive equipment and materials, making it accessible for practical production. Furthermore,
the technique allows for flexibility in the amount of TiO, formed, which can be adjusted
based on specific application requirements [70].

However, reaching uniform TiO, dispersion across the zeolite framework can be chal-
lenging. Unequal distribution may lead to aggregation or pore blockage, which would
reduce the adsorption capacity and limit pollutant access to composite active sites. There-
fore, optimizing synthesis parameters, such as precursor concentration, drying conditions,
and calcination temperature, is crucial for ensuring structural and functional composite
properties [68].

Regardless of these challenges, TiO,—zeolite composites synthesized through the
impregnation method have demonstrated significant photocatalytic activity in the decom-
position of pollutants. Their cost-effectiveness makes this method an attractive option
for environmental application technologies. Future research should focus on clarifying
techniques by improving TiO, dispersion and minimizing structural issues, giving more
efficient and robust composite materials for practical applications [70,71].

3.1.4. Atomic Layer Deposition

Atomic layer deposition (ALD) is an advanced technique for the synthesis of TiO,—
zeolite composites. It involves deposition of an ultrathin and uniform TiO, layer on
zeolite surfaces. This method involves a sequential, self-limiting chemical vapor deposition
process, ensuring precise control over the thickness and coverage of the deposited TiO,
layer. The nanoscale precision achieved through ALD enhances the interaction between
TiO, and the zeolite, resulting in much better composite performance [72].

One of the primary advantages of ALD is its ability to uniformly coat complex geome-
tries and porous structures, making it ideal for zeolites with complex pore networks. This
uniformity ensures effective TiO, distribution, avoiding agglomeration or uneven loading,
which are familiar problems with other synthesis methods. To optimize photocatalytic
activity, the controlled deposition allows for precise tuning of the crystallinity and phase
composition of the TiO, [73].

ALD is particularly effective in enhancing light absorption and charge separation
in TiO,-zeolite composites. By placing a thin layer of TiO,, the method minimizes the
recombination of photogenerated e”-h* pairs, improving the generation of ROS necessary
for pollutant degradation. The precise control over layer thickness further optimizes light
absorption, making the composites suitable for applications under both UV and visible
light [74].

ALD has limitations, including high operational costs and the need for specialized
equipment, that may restrict its industrial applications. However, its ability to produce high-
performance photocatalytic materials makes it a valuable tool for research and development
in practical environmental solutions [72-74].

3.1.5. Green and Sustainable Synthesis

Ecofriendly synthesis methods are becoming increasingly important in the develop-
ment of TiO,—zeolite composites. These approaches emphasize reduced environmental
impact with sustainable development goals. They aim to minimize energy consump-
tion and avoid the use of hazardous chemicals, making them safer and more sustainable
alternatives to traditional methods [67,75-78].
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One promising technique is solvent-free processing, which eliminates the need for
organic solvents commonly used in conventional synthesis, reducing waste generation and
toxicity risks [67,75]. Another promising strategy involves the use of biogenic precursors,
such as plant extracts or bioderived materials. These methods not only lower the environ-
mental footprint of the production process but introduce unique structural and chemical
qualities to the resulting composites [75,77].

By focusing on sustainability, these green synthesis techniques contribute to the
significant adoption of TiO,—zeolite composites in environmental applications, particularly
in water treatment and pollution remediation [67,76]. Future research should scale up these
methods while keeping their ecofriendly nature to ensure their feasibility for industrial
applications [75,77].

During the synthesis of TiO,—zeolite composites, TiO, particles can cluster because of
their high surface energy and attraction between particles. To prevent this, factors such as
temperature, mixing methods, and the use of surfactants or dispersing agents are important
for achieving even particle distribution, which improves photocatalytic performance.

3.2. Doping and Cocatalyst Combination

To overcome the limitations of TiO;, its large bandgap and restricted activity under
UV light, different doping strategies have been employed to extend its light absorption
range into the visible and near-infrared spectrum. Near-infrared light-responsive TiO; ma-
terials have been extensively studied to improve solar energy utilization, with doping and
structural modifications being key to extending light absorption [79-82]. Zeolite-supported
TiO, composites contribute to this by enhancing charge separation and stabilizing the
photocatalytic system [73,83,84].

Metal doping. Incorporating metal dopants, such as copper (Cu), silver (Ag), iron
(Fe), nickel (Ni), or cobalt (Co), into TiOp—zeolite composites introduces localized electronic
states within the bandgap of TiO,. These states enable the absorption of visible light,
expanding the range of the photocatalyst out of the UV spectrum. For example, Cu and
Fe dopants can act as charge carrier traps, promoting the separation of photogenerated
e -h* pairs and extending their lifetimes. This mechanism enhances the production of
ROS, which is critical for pollutant degradation [85-87].

Nonmetal doping. Nonmetal elements, such as nitrogen (N) or sulfur (S), are also
effective dopants for TiO;. These elements replace oxygen atoms in the TiO; lattice or form
interstitial bonds, obtain the bandgap, and shift light absorption into the visible spectrum.
Nonmetal doping is particularly advantageous for improving photocatalytic activity under
solar irradiation, offering an environmentally friendly and cost-effective approach [88,89].

Cocatalyst combination. The addition of cocatalysts, such as graphene or noble metals
such as palladium (Pd) and platinum (Pt), further enhances the performance of TiO,-zeolite
composites. Cocatalysts facilitate electron transfer by providing alternative pathways for
charge carriers, reducing recombination. Graphene acts as an electron reservoir, improving
charge separation and conductivity. Noble metals increase catalytic efficiency by creating
Schottky barriers that promote electron flow and increase ROS generation [90,91].

Doping and cocatalyst combination lead to significant improvements, but challenges
such as maintaining long-term stability, controlling dopant distribution, and optimizing
cocatalyst loading remain. Future research activities should focus on understanding the
interactions among dopants, cocatalysts, and the TiO,—zeolite framework to maximize
their synergistic effects. Additionally, the development of ecofriendly and applicable
modification methods will be crucial for their practical implementation [58,89,91,92].
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3.3. Surface Modification of Zeolites

Pretreatment and post-treatment of zeolites are effective strategies to optimize their
structural and chemical properties, which improve their interaction with TiO; in photocat-
alytic composites. These modifications enhance the compatibility of zeolites with TiO, and
enable the design of composites for specific applications [58-60,71,91,93,94].

Acid treatment involves exposing zeolites to acidic solutions, such as sulfuric or
hydrochloric acid, to remove impurities and adjust their surface properties. This process
can increase surface acidity, enhancing the adsorption of organic pollutants and promoting
catalytic activity. Acid treatment also creates additional active sites on the zeolite surface,
facilitating better combination with TiO, nanoparticles [60,94].

Dealumination is a postsynthesis modification technique that selectively removes
aluminum atoms from the zeolite. This process increases the zeolite’s Si/ Al ratio, changes
its hydrophobicity, and improves its thermal and chemical stability. Dealumination en-
hances the material adsorption characteristics, making it more effective for interacting with
nonpolar organic pollutants in photocatalytic processes [27].

Ion exchange is another method to modify zeolites by replacing their native cations
(e.g., Nat or K*) with desired metal ions, such as Cu?*, Fe*>*, or Zn?*. This modification
introduces catalytic active sites and improves the ability to interact with TiO, and photo-
generated charge carriers. For example, ion-exchanged zeolites can exhibit enhanced redox
properties, changing photocatalytic efficiency [59,95,96].

Modified zeolites have been successfully employed in TiO,—zeolite composites to
degrade organic pollutants, remove heavy metals, and facilitate advanced oxidation pro-
cesses [59,93,95]. Future research should focus on combining multiple modification tech-
niques to achieve synergistic effects and exploring ecofriendly modification methods to
reduce environmental impact [60,94]. The development of scalable approaches for zeolite
modification will be essential for its industrial application [93,94].

Table 3 provides a concise summary of each synthesis and modification method’s
strengths and weaknesses, offering a practical guide for researchers to select the most
suitable method based on specific application requirements and resource availability.

Table 3. Advantages/limitations of synthesis and modification techniques for TiOp—zeolite composites.

Synthesis Method Advantages Limitations References
Sol-gel Uniform dispersion of TiO, nanoparticles Risk of pore blockage in zeolites [59-61]
o8¢ Control of particle size and morphology Requirement of careful optimization of precursor ratios
Production of well-crystallized TiO, . . .. .
Hydrothermal Strong adhesion to zeolite surfaces ngh-temperahire and high pressure cgnd1t1ons required [49,64,65]
N ot onger synthesis duration
High thermal stability
Impregnation Simplicity and cost-effectiveness Uneven TiO; distribution possible [67-69]
pregnatio Scalability for industrial applications Potential for pore blockage in zeolites
Atomic laver deposition Precise control over TiO; layer thickness and uniformity Expensiveness and time-intensiveness [73,74]
Y P Enhanced interaction with the zeolite Requires specialized equipment !
Ecofriendly approach - eee s
Green and sustainable Reduces environmental impact and agrees with L imited scalability n some methods . [75-77]
L Alternative precursors or equipment may be required
sustainability goals
Doping and Improvement of visible light absorption Complex synthesis process [86,88,59]
cocatalyst combination Better charge separation and ROS generation Possible stability issues with dopants o
Surface modification Enhanced adsorption properties Additional processing steps required [59,60,94]
of zeolites Tailoring of zeolite structure for specific applications Risk of structural degradation with aggressive treatments o

4. Characterization Techniques

Understanding the structural, chemical, and photocatalytic properties of zeolite-
supported TiO, composites is crucial for optimizing their performance in environmental
applications. This section highlights key characterization techniques used to evaluate
the materials, including scanning electron microscopy (SEM), transmission electron mi-
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croscopy (TEM), X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) analysis, and
various spectroscopy techniques. These techniques help identify important features such
as particle distribution, potential clustering, surface area, and crystal structure. By un-
derstanding these properties, researchers can minimize TiO, particle aggregation, en-
sure uniform distribution on the zeolite surface, and enhance overall photocatalytic effi-
ciency [16,18,19,25,36,42,45,46,56,63,66,72,84,97,98].

SEM is extensively used to evaluate the surface morphology of TiO,—zeolite com-
posites. It provides high-resolution images that reveal the dispersion and uniformity
of TiO, particles on the zeolite matrix, insights into how synthesis methods influence
agglomeration, and evidence of reduced porosity due to TiO, deposition [43,87,99].

SEM studies often highlight smoother surfaces after TiO, loading, indicating well-
dispersed nanoparticles, critical for photocatalytic efficiency [16,46,97].

TEM offers detailed visualization of internal structures and interfaces at the nanoscale,
measurement of the dimensions of TiO,, information on the depth of TiO, deposition
within zeolite pores, and identification of homogeneously distributed particles [25,34,45].

TEM studies frequently confirm the integration of TiO, into the zeolite, ensuring
structural stability [71,84].

XRD is crucial for identifying crystalline phases and assessing the structural in-
tegrity of composites. Significant observations include differentiation among the anatase,
rutile, and brookite phases of TiO, and confirmation that the zeolite remains intact
postsynthesis [15,16,71,100].

For example, the presence of characteristic peaks for anatase at 26 = 25° confirms the
photocatalytically active phase of TiO, [45].

BET analysis measures surface area, pore volume, and pore size distribution. TiO,
loading often reduces the surface area because of pore blockage and evidence of meso-
porous or microporous transformations [45,46].

These findings are critical for correlating structural properties with photocatalytic
performance [36].

Spectroscopic techniques. UV-Vis, Raman, Fourier transform infrared (FTIR), and X-
ray photoelectron spectroscopy (XPS) collectively provide critical insights into the optical,
structural, and chemical properties of TiO,-zeolite composites, enabling the assessment of their
photocatalytic potential and interaction mechanisms with pollutants [15,17,43,45,66,87,98].

UV-Vis spectroscopy is used to analyze the optical properties and light absorp-
tion properties of TiO,—zeolite composites. Observations include evaluating optical
band gaps to predict photocatalytic activity and analyzing light absorption in modified
composites [43,45,66].

Further, diffuse reflection spectroscopy (DRS) enables precise measurement of absorp-
tion behavior across the UV and visible ranges [84,101].

Raman spectroscopy provides information on vibrational modes, enabling the analysis
of molecular and structural changes. Specific findings include the detection of anatase,
rutile, or brookite phases through characteristic Raman peaks and changes in vibrational
modes, indicating successful integration of TiO; into the zeolite [87,102].

FTIR spectroscopy is a technique for the characterization of the functional groups and
chemical bonds within zeolite-supported TiO, composites. FTIR provides insights into the
interaction of TiO, with the zeolite and adsorbed molecules by analyzing vibrational modes.
FTIR spectra reveal characteristic bands for Ti-O-Ti and Ti-O-Si linkages, indicating the
successful integration of TiO, onto the zeolite surface. Shifts or intensity changes in bands
associated with Si-O-5i and Al-O-Si vibrations suggest structural alterations in the zeolite
framework due to TiO, deposition. FTIR helps identify the types of organic pollutants
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adsorbed on the composite surface during photocatalytic reactions, offering insights into
degradation mechanisms [17,46,97].

For example, the appearance of peaks at 9501200 cm ! corresponding to Si-O
stretching vibrations confirms the zeolite’s structural integrity, while new peaks around
550-800 cm~! indicate TiO, incorporation. FTIR is particularly valuable for understanding
the chemical interactions that drive photocatalytic activity, making it a complementary tool
alongside SEM, TEM, and other techniques.

XPS studies surface chemistry and electronic states, revealing elemental analysis of Ti,
O, Si, Al, etc.; insights into interactions between TiO, and pollutants; and shifts in binding
energies during photocatalytic processes. XPS studies are fundamental in confirming the
chemical interactions and stability of TiO,—zeolite composites [36,72,87].

The characterization techniques discussed above are summarized in Table 4. The
combination of these techniques provides a comprehensive understanding of the physic-
ochemical properties and catalytic potential of TiO,—zeolite composites. SEM and TEM
offer morphological insights, XRD and Raman identify structural integrity and phases,
BET assesses porosity and surface area, FTIR analyses functional groups and chemical
interactions, and UV-Vis and XPS elucidate optical and chemical properties. The mentioned
methods serve as a guide, directing the optimization of synthesis protocols and enhancing
material performance for environmental applications.

Table 4. Overview of characterization techniques for zeolite-supported TiO,.

Technique Purpose Key Insights References
. Dispersion, particle size and aggregation,
SEM Surface morphology analysis and pore blocking by TiO [43,87]
TEM Internal structure visualization Particle size distribution, .layer .thlckness, and [25,45]
structural uniformity
XRD Crystalline phase identification Phase identification and structural stability [16,71]
BET Surface area and porosity measurement Quantification of su.rface area reduction and [45,46]
pore size changes
. . . Band gap determination and light
UV-Vis Optical property evaluation absorption shifts [43,45]
Raman Molecular and structural vibration analysis Identification of TIO.Z. ph.a ses and [87]
structural modifications
FTIR Chatacterization of t.he functional groups Identification of functional groups [45,97]
and chemical bonds
XPS Surface chemical composition and bonding ~ Chemical composition, bonding states, and [72,87]

state analysis catalytic mechanisms

The costs of characterization techniques differ based on equipment, maintenance, and
operational expenses. Techniques such as TEM and XPS are the most expensive, with
substantial costs that can overtop standard laboratory budgets because of their advanced
capabilities and high-resolution output. SEM and Raman spectroscopy also fall into the
high-cost category, requiring significant investment for quality imaging and spectral analy-
sis. FTIR spectroscopy is a moderately priced technique that offers valuable insights into
functional groups and chemical interactions, making it a practical choice for understanding
structural and chemical modifications in composites. UV-Vis spectroscopy is a practical and
affordable solution for routine optical analysis. Along with XRD, BET, and FTIR analysis,
it is a moderate-cost technique that offers reliable structural and surface data at relatively
accessible pricing levels.
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Costs play a crucial role in the selection of characterization methods. More affordable
methods such as UV-Vis spectroscopy are favored for quick assessments. At the same
time, high-cost techniques such as TEM and XPS are reserved for specialized studies that
demand precise nanoscale or chemical-state insights. Researchers carefully balance these
costs against requirements to select the most appropriate methods for their needs.

5. Applications in Environmental Catalysis

Zeolite-supported TiO, composites are emerging as highly promising materials in
environmental catalysis because of their dual functionality, the superior photocatalytic
activity of TiO,, and the strong adsorption and ion-exchange properties of zeolite. These
composites offer practical solutions for addressing critical environmental issues, including
the removal of organic pollutants, heavy metals, and gaseous pollutants from water or
air [21,28,45,103,104].

5.1. Removal of Organic Pollutants

One of the most significant applications of zeolite-supported TiO; is the degrada-
tion of organic pollutants to nontoxic inorganic compounds. The composites effectively
degrade dyes, pharmaceuticals, and pesticides into less dangerous products under irradia-
tion. The literature data showed that these materials can achieve over 90% efficiency in
methylene blue and methyl orange degradation under UV exposure, demonstrating their
effectiveness in the purification of dye-contaminated wastewater. Similarly, their ability to
degrade pharmaceutical pollutants makes them valuable in treating industrial and hospital
effluents [44,105].

It can be stated that, although UV light exposure leads to high degradation efficiencies
of dyes and pharmaceuticals because of the high energy available, sunlight-driven photo-
catalysis is more sustainable. With proper modifications, such as doping or cocatalysts, the
efficiency of zeolite-supported TiO, under sunlight can approach that of UV systems.

5.2. Heavy Metal Remediation

In addition to organic pollutant removal, zeolite-supported TiO, composites are highly
effective in heavy metal remediation. The strong ion-exchange capacity of zeolites allows
for the adsorption of toxic metal from aqueous media. The photocatalytic activity of the
zeolite-supported TiO, reduces these metals to less toxic or inert states. These properties
are advantageous for improving the quality of drinking water in areas affected by industrial
contamination [105].

5.3. Air Purification

Air purification represents another vital application of these composites [106]. Zeolite-
supported TiO; excels in removing volatile organic compounds (VOCs) and nitrogen
oxides (NOx) from polluted air. The porous structure of zeolites catches gaseous pollutants,
while TiO, decomposes them into less dangerous compounds under UV light. Data
from the literature have shown that these composites can achieve up to 80% removal of
formaldehyde and acetaldehyde and significant reductions in NOx levels. This capability
makes them highly relevant for improving urban air quality [71,107].

Sunlight can also drive VOC and NOx removal, but achieving efficiency comparable
to that of UV systems requires structural optimization or the addition of cocatalysts.

5.4. Comparison with Other Photocatalytic Materials

When compared with other photocatalytic materials, zeolite-supported TiO, materials
offer several advantages. Unlike pure TiO,, these composites enhance stability and improve
pollutant catch due to the zeolite matrix. Compared with graphene-TiO, hybrids, zeolite-
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supported TiO, is more cost-effective because of the abundance of affordable natural
zeolites. Its performance under sunlight reduces costs, making it an attractive option for
large-scale environmental applications [27,46,96].

5.5. Sustainability and Green Applications

The sustainability of TiO,—zeolite composites stems from the availability of natural
zeolites, and when coupled with green synthesis techniques, these composites align with
green chemistry principles. Sunlight-driven photocatalysis further minimizes energy
consumption, making TiO,—zeolite composites particularly suited for environmentally
sensitive applications [21]. These factors make the composites suitable for use in resource-
limited and environmentally sensitive regions, underscoring their potential to address
pressing global pollution challenges.

Table 5 summarizes the most commonly used zeolite-supported TiO, composites,
highlighting their key properties, applications, and benefits.

Table 5. Commonly used zeolites in combination with TiO, and their applications.

Zeolite Properties Applications Benefits with TiO; References
High silica content, . .
7SML5 thermal stability, Dyes: methylene blue, methyl orange Enhan.ces a(.:lsorpt}on and [34,71,99,101,108,109]
) 1 VOCs: toluene, formaldehyde TiO, dispersion
adjustable acidity
Y Zeolite Large pore size, high Heavy metals: Pb>+, Cd?+ Provides large surface area 126,68,110]
(Faujasite) cation-exchange capacity Air purification: NOx, VOCs for TiO, deposition T
Beta Zeolite High hydrophilicity, large ~ Pharmaceuticals: antlblgtlcs, effluents Improves Photocatalytlc [35,43,91,111]
surface area Dyes: rhodamine B efficiency
.t N2t
. High thermal stability, Heavy metal removal: Cr L Ni Synergizes with TiO,
Mordenite . Organic pollutants: pesticides, . [112-114]
channel-like structure under UV light
hydrocarbons
. - Natural zeolite, high Heavy metals Cost-effective and .
Clinoptilolite cation-exchange capacity Pesticides: atrazine widely available [102,115-118]
Zeolite A Small pore size, strong Water softening: hardness removal Ensures close interaction [103,119,120]

ion-exchange capacity

Selective adsorption: arsenic

with TiO, active sites

5.6. Influence of Energy Sources on Photocatalytic Efficiency

The performance of zeolite-supported TiO, composites is highly dependent on the
energy source used to activate the photocatalyst. While UV light is traditionally preferred
for its high-energy photons and strong ROS generation, sunlight and visible light offer more
sustainable alternatives for large-scale applications. The following Table 6 summarizes
the key advantages, challenges, and optimization strategies for different energy sources to
improve photocatalytic efficiency.

Table 6. Influence of energy sources on photocatalytic efficiency of zeolite-supported TiO,.

Energy Source Advantages Challenges Optimization Strategies References

H1gh—er}ergy P h(?tons dl.r ectly Limited to small-scale applications ~ No significant optimization is needed, but
. excite TiO,, leading to high . 2 X . . X

UV light . L © because of high ensuring good TiO, dispersion and light [14,31,63]
ROS generation and efficient energy consumption penetration maximizes efficienc
pollutant degradation. y ’ ¥
Sustainable, cost-effective, and . . - .
suitable for large-scale Sunlight contains a limited fraction Doping with metals or nonmetals to extend

Sunlight (natural /simulated) L of UV light (~5%), resulting in N . L. [3,8,19,54]
applications. Abundant 1 . light absorption into the visible spectrum.

ower photocatalysis.

natural energy source.
Expands the application of TiO; has a large bandgap (~3.2 eV) Cocatalysts (graphene, noble metals) or

Visible light (simulated light) photocatalysis to regions with ~ and is inactive under primarily heterojunctions enhance charge separation ~ [10,14,21,86]

limited sunlight availability. visible light. and light absorption.
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6. Computational Modeling in TiO,-Zeolite Research

Computational modeling by atomistic calculations plays a crucial role in understand-
ing composites by providing detailed insights into their structural and electronic proper-
ties [24,53]. Techniques such as density functional theory (DFT) and molecular dynamics
(MD) simulations have been employed in various aspects of materials science to explain
the interaction between structures, optimize structural parameters, and explore the charge
transfer dynamics crucial for photocatalysis. In the context of zeolites, computational
studies have shown the significant influence of the Si/ Al proportion on the surface acidity
of zeolites and its interaction with photogenerated charge. This insight is crucial in improv-
ing pollutant degradation efficiency. Researchers have also used atomistic calculations to
simulate the adsorption of different pollutants on new materials and allow the design of
composites with specific properties such as high adsorption capacity, rapid degradation,
and long-term stability.

Despite the extensive research on zeolites and TiO; individually, for their exceptional
adsorption and photocatalytic properties, computational studies focusing on their inter-
action remain scarce. While zeolites are renowned for their high adsorption capacities
and tunable acidity, and TiO; for its unparalleled photocatalytic activity, computational
investigations into the synergistic mechanisms between these materials are notably under-
explored. The lack of such studies is a consequence of the complexity of modeling hybrid
systems, which require accurate representation of both the periodic nature of zeolites and
the electronic properties of TiO,. Additionally, challenges arise from the need to account
for diverse interaction mechanisms, such as charge transfer, surface binding, and coupled
adsorption—photocatalysis processes. This gap in computational research presents a signifi-
cant limitation, as understanding these interactions could unlock new routes for designing
advanced materials with enhanced environmental remediation capabilities. In this chapter,
we aim to address this challenge by reviewing the available database, computational tools,
and methodologies.

6.1. The Role of Atomistic Calculations in Understanding How Photocatalyst Structure Influences
Removal Efficiency

The structure of a photocatalyst plays a crucial role in determining its efficiency in
pollutant degradation. As already mentioned, some key structural parameters, such as
surface area, crystal phase, particle size, and morphology, directly influence photocatalytic
activity. Modifying the photocatalyst’s structure through doping can significantly enhance
its pollutant removal efficiency. Doping involves introducing foreign atoms into the
photocatalyst’s lattice, which can alter its electronic structure and improve light absorption.

For example, doping TiO, with nonmetals such as nitrogen can narrow its band gap,
enabling it to utilize visible light more effectively [121,122]. Similar results have also
been obtained with boron doping [123,124]. This modification enhances the generation of
reactive oxygen species that degrade pollutants. Furthermore, creating composite structures
by combining different semiconductors can facilitate efficient charge separation, reducing
recombination losses.

Regarding photocatalyst structure, there has also been significant interest in doping
TiO, with transition metal ions due to their partially filled d-orbitals [125,126]. Specif-
ically, studies have established that doping TiO, with Al, Cu, Mo, and W leads to a
narrowed band gap, improving its photocatalytic efficiency [127]. Additionally, the intro-
duction of AI3* into TiO, generates oxygen vacancies, which further enhance photocatalytic
activity [127,128].

Determining how modifications to a photocatalyst’s structure influence its photo-
catalytic properties is an expensive and time-consuming process. Fortunately, atomistic
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calculations provide a powerful tool for predicting how structural changes affect key
photocatalytic properties, with the band gap being a primary focus. This is because a
material’s electronic band structure directly governs its optical and electronic properties,
which, in turn, dictate its photocatalytic efficiency. In this context, DFT offers a reliable
computational framework for predicting crucial electronic properties, such as band gap
energy, DOS, and band edge positions. These factors are essential in determining a mate-
rial’s ability to absorb light and generate charge carriers (electrons and holes), which drive
photocatalytic reactions.

When discussing the application of DFT for obtaining band structures, it is important
to acknowledge its limitations in the context of photocatalysis. One of the most critical
properties, the bandgap, is often severely underestimated when standard density func-
tionals, such as the widely used Perdew—Burke-Ernzerhof (PBE) functional [129,130], are
applied. To address this challenge, researchers have pursued two main approaches: (i) the
development of novel density functionals that provide a more accurate description of
the electronic subsystem and (ii) the implementation of corrections to existing density
functionals that have already demonstrated reliability across various applications.

Both approaches are equally important, though the first is generally associated with
higher computational costs. Among recently developed functionals, one of the most
noteworthy is the Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional [131], which has
shown remarkable accuracy in predicting band gaps across a wide range of materials, as
demonstrated in several studies [132,133].

To further address the underestimation of band gaps, the DFT+U method [134,135]
has been introduced. This approach incorporates a Hubbard-like term into the Hamil-
tonian, which improves the description of on-site electron—electron interactions, offer-
ing a computationally affordable correction that significantly enhances the accuracy of
bandgap predictions.

Another widely used bandgap correction technique is the DFT-1/2 method [136,137],
which mitigates self-interaction errors in standard DFT by introducing an atomic self-energy
potential to counteract electron-hole self-interaction energy. This correction effectively
refines bandgap predictions while maintaining computational efficiency.

Therefore, researchers working with DFT-based band structure calculations have
multiple strategies to improve accuracy. They may use the computationally inexpensive
PBE functional—often considered the workhorse for periodic structures—and enhance its
performance using DFT+U or DFI-1/2 corrections. Alternatively, when higher precision
is required and computational resources allow, they can apply hybrid functionals such as
HSEO06, which offer improved predictive power at a higher computational cost.

6.2. Database of Zeolite Structures

The accurate modeling of zeolite structures is fundamental in computational stud-
ies of TiOp—zeolite composites. While the periodic structures of all TiO, polymorphs are
well-established and readily available in various databases, zeolites present a much more
significant challenge because of their vast diversity in forms and derivatives. TiO; struc-
tures can often be generated with relative ease using crystal builders in various software
tools. In contrast, the modeling of zeolites is far more complex, primarily because of their
specific frameworks, their significant variability, and the large sizes of their unit cells. This
complexity necessitates advanced computational strategies and resources to create reliable
models that reflect their structural and chemical properties accurately.

In these regards, it is important to mention the Database of Zeolite Structures is avail-
able at https:/ /www.iza-structure.org/databases/ (accessed on 25 December 2024). The
Database of Zeolite Structures, curated by the Structure Commission of the International
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Zeolite Association (IZA-5C), serves as a comprehensive resource for researchers and pro-
fessionals in the field of zeolite science. Established in 1996 by Christian Baerlocher, the
database was initially an online version of two critical publications: the “Atlas of Zeolite
Structure Types” and the “Collection of Simulated XRD Powder Patterns for Zeolites” Over
the years, it has evolved significantly, incorporating dynamic data generation, enhanced
search capabilities, and interactive features to facilitate user engagement.

This extensive repository provides detailed structural information on all zeolite frame-
work types approved by the IZA-SC. Users can access crystallographic data, simulated
powder diffraction patterns, and descriptions for each framework type. The database
also includes user-controlled animated displays, measured powder patterns from verified
syntheses, and NMR spectra for various zeolites. Additionally, it offers detailed instruc-
tions for building models, facilitating the accurate representation of zeolite structures in
computational studies. In Figure 2, we present the unit cells of two well-known zeolite
frameworks that can be found in the Database of Zeolite Structures. Structures were made
with the Maestro molecular visualization program [127] using .cif files from the Database
of Zeolite Structures.
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Figure 2. Unit cell structures of two well-known versions of ZSM-5 zeolites: (a) calcined ZSM-5 and

(b) mordenite.

Zeolite structures in the database are systematically categorized by their unique three-
letter framework type codes (FTCs), assigned by the IZA-SC. These codes are derived from
the names of the type materials and are essential for distinguishing between different frame-
work topologies. The database’s search functionality allows users to filter structures based
on various criteria, including unit cell parameters, chemical composition, and pore charac-
teristics. This organized distribution enables researchers to efficiently locate and download
molecular structures of zeolites and subject those structures to atomistic calculations.

In addition to the specific structures of zeolites provided in .cif format, it is important
to note that all pristine zeolite frameworks are also readily available in this format. This
feature of the database is extremely valuable, as it allows users to fine-tune these structures
to suit their specific computational and experimental needs.

6.3. Tools for Atomistic Calculations—Types and Capabilities

As is already known, atomistic calculations provide invaluable insights into the prop-
erties of molecular and periodic structures and their interactions with other systems. With
advancements in science and technology, a wide range of computational codes and soft-
ware packages have been developed. These tools have now been optimized for efficiency,
enabling even complex simulations to be run on standard personal computers without
technical issues. Computational tools for atomistic calculations can be broadly categorized
into three main groups: open-source, free-for-academics, and commercial software.
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Open-source software is freely available to everyone and offers complete access to the
source code. This allows users to modify, improve, and adapt the software for specific needs,
making it highly flexible and suitable for a wide range of research applications. Notable
examples of open-source codes for atomistic calculations based on quantum mechanical
approaches include Quantum ESPRESSO [138-141], PSI4 [142-144], Multiwfn [145,146],
xTB [147-150], and others.

Given the periodic nature of both zeolites and TiO;, Quantum ESPRESSO is par-
ticularly important, as it supports periodic DFT calculations, enabling users to obtain
critical information such as band structures, projected density of states (PDOS), charge
distributions, and charge transfer properties.

On the other hand, PSI4 offers a variety of computational methods for studying the
electronic properties of molecules. At the same time, Multiwfn provides exceptional capa-
bilities for analyzing output files from modern atomistic codes and calculating thousands
of molecular properties. The xTB code, developed by the group of Professor Stefan Grimme,
is renowned for its efficient semiempirical calculations based on the extended tight-binding
method. It also offers the capability to perform MD simulations using the methods it
covers. It includes the GFN-FF force field [151], a highly accurate and fast force field
that bridges the gap between semiempirical calculations and standard classical force field
MD simulations.

For force-field-based MD simulations, LAMMPS [152,153] and GROMACS [154-161]
are among the most widely used open-source tools. Since LAMMPS is more commonly
applied in materials science, with a variety of force fields available, GROMACS is primarily
designed for simulating the dynamics of biological molecules, such as proteins and lipids.

Free-for-academic tools are typically provided at no cost to researchers affiliated with
academic institutions. While they may not be open-source, they are designed to support
educational and research efforts without the financial burden of licensing fees. One of the
most prominent examples is ORCA [162-170], which offers an extensive range of possibili-
ties for atomistic calculations and MD simulations. The latest version, ORCA 6, introduced
significant improvements, including unparalleled speed due to code optimization and an
expanded array of computational methods. While ORCA is predominantly focused on
molecular systems, its diverse capabilities also make it suitable for studying cluster or
molecular configurations of zeolites and TiO, nanoparticles.

In this context, we also refer to our project, atomistica.online (https://atomistica.online
(accessed on 25 December 2024)) [171,172]. Atomistica.online is a free-for-academics, online
molecular modeling platform that provides a range of web-based and desktop tools for
atomistic calculations on molecules. Among these tools is an online xIB tool, which acts
as an interface connecting users to the xXIB code hosted on a remote server. This allows
users to perform semiempirical calculations directly from their web browsers without the
need for installation or maintenance. The platform’s fast semiempirical calculations are
particularly valuable for (pre)optimizing large molecular and cluster models of combined
zeolite-TiO, systems, significantly accelerating computational workflows for modeling
such complex systems.

Commercial software packages are fully developed, highly polished products of-
fered by companies for a fee. These tools typically provide extensive customer sup-
port, regular updates, and advanced features tailored for industrial and research appli-
cations. Examples include Materials and Biologics Science Suites by Schrodinger Inc.
(https:/ /www.schrodinger.com (accessed on 25 December 2024)), Amsterdam Density
Functional (ADF) by Software for Chemistry and Materials B.V. (https://www.scm.com
(accessed on 25 December 2024)), QuantumATK by Synopsys (formerly Atomistix Toolkit,
https:/ /www.synopsys.com/manufacturing /quantumatk.html (accessed on 25 December

116



Catalysts 2025, 15, 174

2024)), and others. These packages are comprehensive, offering tools for DFT calculations,
MD simulations, advanced visualization, graphical user interfaces (GUI), and postprocess-
ing capabilities.

For example, both Schrodinger’s Materials Science Suite and ADF integrate Quantum
ESPRESSO with advanced GUISs for setting up and postprocessing calculations. ADF also
includes its own periodic DFT program, BAND, while Schrodinger’s suite incorporates
Desmond for MD simulations with the latest force fields. QuantumATK provides its codes
for both molecular and periodic DFT calculations, as well as advanced system builders and
tools for force field generation.

Each category of computational tools has its unique strengths and limitations. Open-
source tools foster innovation and collaboration, offering flexibility and accessibility. Free-
for-academic software lowers barriers for students and researchers, enabling high-quality
calculations without financial constraints. Commercial tools, while requiring significant
investment, deliver unmatched reliability, support, and advanced features, making them
indispensable for modern applications. The choice of tool depends on the specific needs,
expertise, and budget of the user, ensuring that researchers can access appropriate resources
for their studies.

6.4. Computational Studies of Zeolites and Zeolite-TiO, Structures

As is already known, first-principles calculations, particularly those based on the DFT
approach, are highly valuable because of their favorable balance between computational
cost and accuracy. However, performing calculations at the DFT level for large structures,
such as zeolites, can be very challenging. Nonetheless, with a careful selection of density
functionals, basis sets, pseudopotentials, and other computational parameters, the liter-
ature has demonstrated that it is indeed possible to effectively investigate large zeolite
unit cells and their interactions with TiO, nanostructures. Additionally, MD simulations
based on force fields have proven to be a valuable computational tool for studying the
dynamical properties of various structures, primarily because of their ability to handle
huge systems with satisfactory accuracy. However, the availability of force fields capable
of obtaining accurate results for zeolites is limited, and the development of new, improved
force fields remains an active area of research. As noted earlier, a literature search revealed a
limited number of computational studies addressing combined zeolite and TiO, structures.
Nevertheless, the studies discussed in this chapter may serve as valuable inspiration for
further investigations.

Historically, one of the first first-principles studies of zeolites and some titania-based
compounds is found in the paper by Zicovich and Dovesi [173]. In their study of the
so-called titanozeolites, the authors employed the periodic quantum mechanical program
CRYSTAL [174,175] to study the equilibrium geometry, electronic structure, and relative
stability of these materials. Their study encompassed nine crystalline models with compo-
sitions of (TiO7)x(Si0,)1-X, incorporating various framework structures such as chabazite,
sodalite, and a-quartz, as well as rutile as a TiO, reference. By employing a split-valence
double-zeta basis set, the geometries of the models were fully optimized, and the influence
of extended basis sets on electronic properties and relative stabilities was investigated. A
key finding highlighted the lower stability of fourfold-coordinated titanium in titanozeolites
compared with sixfold-coordinated titanium in rutile.

The study by Zhang et al. [176] highlights the structural and electronic synergies
achieved by modifying zeolites with TiOj, offering insights for designing advanced cata-
lysts for hydrocarbon cracking and other applications. The authors combined DFT calcu-
lations and experimental approaches to investigate the structural, electronic, and acidic
properties of TiO,-modified USY zeolite (TiO, /USY). The DMol® module of the Materials
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Studio software package was used for the DFT calculations, employing the BLYP [177-181]
functional under the GGA approximation. Adsorption and deprotonation energies were
key metrics for evaluating interaction strength and acidity changes. The results revealed
two primary configurations for TiO, adsorption on USY zeolite, the ring-form and bridge-
form configurations, with the bridge-form being more stable because of stronger Ti-O and
Al-O bonding. The modifications introduced Ti-OH acid sites, enhancing medium-strength
acidity while slightly weakening Brensted acidity at AI-OH-Si sites.

Atomistic calculations were particularly useful in the study by Li et al. [182], where
computational investigation of TiO,-modified zeolite 13X provided important additional
insights into the synergy between these materials and their enhanced adsorption capabil-
ities. Using a combination of DFT, Monte Carlo (MC), and MD simulations, the authors
elucidated the adsorption mechanisms of stearyl alcohol (C18H37OH) on zeolite 13X mod-
ified with TiO, via atomic layer deposition (ALD). Both periodic and molecular/cluster
DFT calculations were applied using tools such as Dmol3 and Gaussian 09. In particular, it
was found that physisorption occurred within the zeolite micropores, driven by van der
Waals interactions, and that chemisorption sites were provided by ALD-deposited TiO,
nanoislands, which formed stable Ti-O bonds with stearyl alcohol.

In the context of computational studies, a review by Salashoori et al. [183] is also
beneficial, although it does not directly consider combined zeolite and TiO, structures.
However, it references zeolites and TiO, in the context of adsorption and their roles as
potential materials for pollutant removal, which is important, as it can provide ideas for
researchers on how to combine these materials. From the computational aspect, among
other methods, this paper also highlights the application of MD simulations with GRO-
MACS and LAMMPS codes. Since zeolites are challenging to model because of their size,
this is interesting. Some of the notable case studies mentioned involve the study of the
adsorption properties of zeolites towards pharmaceutical pollutants. Taking into account
the size of the zeolite structures, we reference the study by Fischer [184], which utilized
DEFT calculations to investigate the adsorption properties of eleven all-silica zeolites with
varying pore sizes for carbamazepine. This research highlighted the potential for selective
removal of carbamazepine using tailored zeolite frameworks.

7. Future Perspectives

The future development and application of TiO,—zeolite composites offer promising
directions for addressing environmental challenges. Several research areas hold potential
for enhancing the efficiency and sustainability of these materials. Table 7 outlines key
focus areas for future research, their objectives, and corresponding references that support
or inspire these perspectives. This summarized table serves as a roadmap for advancing
TiOy—zeolite composites to meet emerging environmental and technological demands.

Table 7. Future perspectives on zeolite-supported TiO,.

Focus Area Description Goal References
s I Develop doped TiO,-zeolite composites to Enhance efficiency under
Visible light activation extend activity into the visible spectrum. natural sunlight. [45,46,86,8889]

Employ ecofriendly methods such as
Advanced synthesis atomic layer deposition and Improve scalability and sustainability. [61,63,73,74]
green synthesis.

Target pharmaceuticals, microplastics, and

Emerging pollutants persistent organic pollutants.

Address complex pollution scenarios. [39,44,105]
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Table 7. Cont.

Focus Area Description Goal References

Combine adsorption and photocatalysis
Dual-functionality systems for selective pollutant removal Maximize pollutant remediation. [43,87,97]
and degradation.

Use tools such as DFT and molecular
Computational modeling dynamics to optimize material
interactions and design.

Guld'e the development of [171,172,176]
tailored composites.

Test stability under varying environmental
Real-world applications conditions and conduct Validate practicality and durability. [7,37,55,71]
lifecycle assessments.

. . Embed composites into purification Enable sustainable and innovative
Smart system integration . . . . [66,71,110]
devices, filters, and membranes. environmental solutions.
Circular economy Explore reu§ab111ty and regeneration Promote sustama@hty and [67,93,94]
techniques for materials. waste reduction.
Multidisciplinary research Fqster §ollaborat10n. among Chemlstry, Acceler.ate innovation and [7.21,29]
engineering, and environmental sciences. practical applications.

8. Conclusions

Zeolite-supported TiO, has demonstrated potential for environmental applications,
offering a sustainable solution for removing pollutants from the environment. The synergis-
tic properties of zeolites, such as high adsorption capacity and robust structural stability, in
combination with the photocatalytic efficiency of TiO,, enable the effective degradation of
a wide range of pollutants, including organic contaminants, heavy metals, and gaseous pol-
lutants such as VOCs and NOx. These materials have shown excellent efficiency under UV
light, with promising advancements toward extending the activity to the visible spectrum.

Improvements in material stability and optimization of synthesis methods remain
challenges. Progress in material characterization techniques and computational modeling
has provided more insights into the structure of materials. Adapting material properties
plays a crucial role in influencing catalytic activity. Green synthesis techniques, along
with the exploration of multifunctional systems, present promising opportunities for
future research.

Zeolite-supported TiO, composites represent a sustainable platform for environmental
application. Interdisciplinary collaboration and innovations in this field have the potential
to solve global pollution challenges and contribute to the development of ecofriendly
technologies for air and water purification.
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Abstract: This study examined the hierarchical structuring of *BEA zeolite using two
distinct approaches: double aluminum removal with solid ammonium hexafluorosilicate
(2x-AHFS) and a solution of 0.2 M sodium hydroxide followed by 0.5 M hydrochloric
acid (T-NaOH). Additionally, niobium pentoxide (Nb,Os) was impregnated at different
loadings (5, 10, 15, and 20 wt.%) onto the hierarchized materials. Both treatments increased
the 510,/ Al,O3 ratio and produced crystals with domains of about the same size. The
hierarchization methods generated secondary mesopores and reduced the micropores
in the treated HB zeolite. The solid-state NMR analysis by %’ Al and ?°Si indicated that
the 2x-AHFS treatment increased the hydrophobic character of the zeolite, while the
treatment with NaOH/HCI resulted in a less hydrophobic material. A balanced quantity
of Bronsted and Lewis sites was observed for all treated zeolites. Thus, these combined
physicochemical characteristics of the new catalysts may explain their superior performance
in the dehydration reactions. In the case of ethanol dehydration at 230 °C, the 20 wt.%
Nb,Os5 supported on the T-NaOH catalyst produced an 84% conversion and 86% selectivity
for ethylene (EE), with 14% diethyl ether (DEE) as the only products. Conversely, in the
1-propanol dehydration reaction, the 20 wt.% Nb,Os supported on 2x-AHFS achieved 99%
conversion, producing 99% propene.

Keywords: BEA zeolite; hierarchization; niobium pentoxide; ethanol dehydration;
1-propanol dehydration

1. Introduction

Catalysis involved in the conversion of renewable resources to green chemicals has
attracted significant attention over the past decade [1]. Among heterogeneous catalysts,
zeolites account for more than 40% of solid catalysts used in the chemical industry due
to their superior properties, such as modulated acidity, high surface area, thermal and
chemical stability, and the ability to confine active metal species within their pores [2].
Monte Carlo simulation studies have shown that the structure of zeolites is inherently
altered during adsorption processes, and the conversion (yield) largely depends on both
the crystalline structure (e.g., 10- and 12-ring three-dimensional channel systems) and
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framework compositions (e.g., Si/ Al ratios and the associated acidity and hydrophobic-
ity /hydrophilicity) [3].

Zeolites are crystalline materials with pores and cavities that exhibit excellent thermal
and chemical stability, Brensted /Lewis acidity, and high catalytic activity [4]. Among the
five zeolites with the greatest applicability (FER, MOR, MFI, FAU, and *BEA), *BEA zeolite
stands out due to its wide micropores, intersecting channels, and 12-membered rings [5].
Despite its large pores, some reagents have difficulty accessing the active catalytic sites, and
chemical reactions are limited by diffusion issues [6]. One way to overcome this problem
is through the hierarchization of the zeolite, where the material acquires different types
of pores. This procedure can be performed either before or after zeolite synthesis [7-9].
Several studies in the literature show that catalytic reactions exhibit higher conversion and
selectivity for the products of interest after the hierarchization of the zeolite, including
*BEA [10-12].

Hierarchical zeolites have interconnected pores of different sizes (bimodal micro-
mesoporous structure), which reduce the steric limitations of bulky reagents and their access
to catalytic sites, increase the intracrystalline diffusion rate, minimize catalyst deactivation
caused by coke formation, maximize catalyst utilization, and modulate selectivity towards
target products [13]. Among post-synthesis treatments of zeolites, solid-state dealumination
has shown promise, as Al is removed from the structure with the reinsertion of Si into the
vacancy left by Al. As a result, the Si/ Al ratio increases, thereby enhancing the resistance
of the zeolitic structure to extreme thermal and hydrothermal treatments [14]. On the
other hand, basic leaching is a technique that removes Si from the framework (desilication)
through aqueous alkaline treatment (NaOH). In addition to being promising, this technique
is particularly suitable for zeolites with a high Si/Al ratio. Through the hydrolysis of
Si-O-5i and Si-O-Al bonds, the created mesopores offer higher accessibility to the zeolite’s
outer surface, as they are primarily generated on the outer surface or in defective areas
within the structure [15,16]. According to Groen et al. [17], the framework Si/ Al ratio plays
a crucial role, as lattice aluminum species control the silicon extraction from the zeolite
framework due to the suppressed extraction of neighboring Si species.

One of the applications of hierarchical zeolites is the conversion of biomass-derived
feedstock, such as bioethanol, into renewable ethylene via a dehydration reaction operated
at lower temperatures (200-500 °C). Strong solid acid sites facilitate ethylene formation,
while weak acid sites promote the formation of diethyl ether [17,18]. Additionally, the use
of renewable sources like propanol is important for industrial processes, such as propene
production via dehydration, since propene is a building block to produce a wide range of
chemicals [19]. In a previous study by Valadares et al. [14], it was demonstrated that the cat-
alytic properties of *BEA zeolite treated with ammonium hexafluorosilicate (1 x-70 mol%)
were effectively tuned by incorporating niobium species, which favored the production of
diethyl ether (DEE) from ethanol dehydration and furfural from xylose dehydration. The
addition of niobium enhanced the selectivity for these products, providing the possibility
to control them through different hierarchical processes.

Considering the above, the objective of the present study is to produce hierarchical
*BEA zeolite using two different methodologies: a double dealumination with ammonium
hexafluorosilicate (2x-AHFS) in the solid state and treatment in solution with sodium
hydroxide, followed by treatment with hydrochloric acid (NaOH/HCI). To evaluate the
modifications of the materials, they were characterized structurally and texturally using
several techniques: XRD, EDXRF, FT-IR, 27 Al and 2°Si MAS NMR, SEM, nitrogen sorption
at low temperature, and gaseous adsorption of pyridine followed by FT-IR analysis. All
modified catalysts were tested in ethanol and 1-propanol dehydration reactions to assess
the effect of desilication/dealumination on the performance of the *BEA materials.

129



Catalysts 2025, 15, 340

2. Results and Discussion
2.1. Powder XRD and XRF Characterizations

The different *BEA polymorphs present similar peaks in the powder X-ray diffrac-
tograms but with different positions, which are characteristic, particularly in the low-angle
region, widely accepted as the *BEA fingerprint region (20 = 5-10°). Both sharp and broad
diffraction peaks suggest structural disorder (stacking faults) of the framework due to an
intergrowth of distinct but closely related polymorphs (A and B). In all samples, the main
diffraction peaks were identified at 26 = 7.80° (broad) and 22.50° (sharp), which correspond
to the reflections (101) and (116) of the *BEA zeolite, respectively (Figure 1) [20,21]. The
provided *BEA zeolite showed characteristics of both polymorphs in nearly equal propor-
tion (44% A-chiral and 56% B-achiral) [22]. The modified materials showed no significant
deviation in angles compared to the starting protonic zeolite (HB), indicating the preserva-
tion of the crystalline structure and no phase change. Even a double amount of ammonium
hexafluorsilicate (2 x-AHFS) did not compromise the zeolite network. Relative crystallinity
calculations were performed using the total areas of the characteristic diffraction peaks,
with the parent zeolite designated as 100% crystalline (Table 1). An increase of 2% in
crystallinity was observed for HB treated with 2x-AHFS, and a decrease of 12% was noted
when treated with NaOH /HCI (T-NaOH). For the HB treated with NaOH, it was observed
that when an extra metal source (e.g., niobium) is added above 10 wt.%, this metal will act
as a healing atom, initially occupying the silanol nests to prevent further collapse of the
zeolite [9,23]. The peak at 20 = 27.1° (crystal plane 008), characteristic of the *BEA structure,
decreased after NaOH treatment but not after 2x-AHFS treatment [24]. The diffractograms
for the samples after the impregnation of Nb,Os (Figure 1) for both treatments indicated a
relative decrease in peak intensities for both peaks at 20 = 22.5° (plane 116) and 7.8° (plane
101), since the supported Nb,Os was amorphous when treated at 550 °C.

Table 1. Physicochemical properties of the catalysts.

Catalyst o %C 2 20°)* B@ad)®  D(nm)° L (nm) 4 Strain ©
HB 25 100 2252 0.0105 13.1 4.6 0.0007
2x-AHFS 44 102 22.63 0.0115 119 52 0.0009
5Nb-AHFS 35 100 22.60 0.0119 116 6.5 0.0009
10Nb-AHFS 33 100 22.50 0.0119 116 6.7 0.0009
15Nb-AHFS 35 95 22.50 0.0108 12.7 6.6 0.0008
20Nb-AHFS 36 96 22,50 0.0112 12.3 6.6 0.0008
T-NaOH 39 88 2257 0.0136 10.1 5.0 0.0012
5Nb-NaOH 42 87 22.77 0.0199 6.9 7.7 0.0023
10Nb-NaOH 41 89 22.69 0.0182 7.6 8.6 0.0020
15Nb-NaOH 41 100 22.67 0.0140 9.8 6.2 0.0013
20Nb-NaOH 38 106 2272 0.0157 8.7 5.8 0.0015

2 Crystallinity (%) calculated by Equation (1). ® 20 angle and the respective full width at half maximum (FWHM).

¢ Average size of crystal domain, calculated by Scherrer’s equation: D = 0.9 A/ cos6. ¢ Average particle diameter
(L), calculated by Equation (2). © Microstrain (¢) calculated by ¢ = 3 sin(6)/4.

The average crystallite domain calculated by XRD was 12 nm for the 2 x-AHFS and
9 nm for T-NaOH, whereas the average particle diameter obtained using BET was 7 nm
and 6 nm for 2x-AHFS and T-NaOH, respectively (Table 1). In general, the values did
not significantly differ in magnitude for both methods and may reflect differences in
calculations [25]. However, it is interesting to note that the dealumination using NaOH
resulted in smaller particles, regardless of the calculation method. In addition, The T-NaOH
caused higher microstrains, from 0.0022 to 0.0029, while the AHFS treatment produced
microstrains from 0.0017 to 0.0019. The treatment with NaOH probably resulted in greater
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intergrowth and stacking faults, potentially impacting the physicochemical properties,
particularly diffusivity, due to modifications in pore connectivity.

(A) (B)

7.8 22.5 —— 20Nb-AHFS 7.8 22.5 —— 20Nb-NaOH
—— 15Nb-AHFS
—— 10Nb-AHFS
—— 5Nb-AHFS
—— 2x-AHFS
—— HB

—— 15Nb-NaOH
10Nb-NaOH
—— 5Nb-NaOH
~—— T-NaOH
—— HB

Relative Intensity

L S S g

Relative Intensity
LLE T
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Figure 1. XRD patterns of HB, 2x-AHFS, and T-NaOH and the respective Nb,Os supported on
(A) 2x-AHFS and (B) T-NaOH treated zeolites.

All materials showed an increase in the SiO,/Al,O3 ratio, as both treatments can
remove framework Al (Table 1). A larger SiO,/Al,Oj3 ratio corresponds to a smaller unit
cell size and, thus, larger XRD angles, from 20 = 22.52° for HB (5iO,/ Al,O3 = 25) to 22.57°
for T-NaOH (SiO, /Al O3 = 39) and 22.63° for 2x-AHFS (510, /Al,O3 = 44). Acid leaching
can preferentially remove Al from the network and create mesopores within the zeolitic
crystals. Defective sites are formed through the hydrolysis of Si-O-Al bonds, forming Si-O-
defects and giving rise to extra-lattice Al species (EFAI) [24].

The Nb,Os loading was obtained based on Nb analysis determined by energy dis-
persive X-ray fluorescence (EDXRF), which used the QualiQuant method of fundamental
standards (Version 1.2, 2006, Shimadzu, Kyoto, Japan). The theoretical values were close
to the real ones (deviations of 2-3%). Therefore, the nominal values were used here
for simplicity.

2.2. FT-IR Spectroscopy

In relation to the FT-IR spectra, all catalysts showed characteristic bands at approx-
imately 1220 cm ™!, which corresponds to the external symmetric vibration of the SiOy4
tetrahedron, and at approximately 1089 cm~! (Figure 2), which corresponds to the asym-
metric vibration between the tetrahedral atom (T, Si or Al) and the oxygen atoms (O-T-O
bonds) [26]. After the modifications, these bands shifted to higher wavenumbers, which
is an expected phenomenon in hierarchization due to the increase in the SiO, /Al,Os3 ra-
tio [27]. The band around 946 cm ! was also identified, corresponding to the vibration of
the Si-O- bond [14,27]. This band was more prominent in materials treated with NaOH
than in those treated with 2x-AHFS. Additionally, the band at 946 cm~1 is sensitive to the
incorporation of niobium into the framework. When Nb is incorporated into the zeolite
structure, the wavenumber shifts to higher values (in the range of 960-970 cm~1), accord-
ing to the literature [14,28]. This shift was not observed, reinforcing the presence of only
niobium pentoxide species. Finally, the absorption bands observed around 628, 572, and
526 cm ™1 correspond to the vibrations of the 4-, 5-, and 6-membered rings of the *BEA
zeolite, respecitvely, indicating that the modifications did not significantly compromise
the zeolite framework [14,28,29]. Additionally, a large band from 3550 to 3750 cm™~! was
observed for the samples prepared under an inert atmosphere with Nujol (Figure S1). A
band at 3610 cm ! is assigned to bridging hydroxyl groups [Si-O(H)-Al], and another at
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approximately 3650 cm ! is related to the presence of extra-framework Al-OH, as reported
in the literature [9,30].

(A) (B)
—— 20Nb-AHFS —— 20Nb-NaOH
—— 15Nb-AHFS ~ 15Nb-NaOH A B C DEF
—— 10Nb-AHFS 10Nb-NaOH
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Figure 2. FT-IR spectra of HB, 2x-AHFS, and T-NaOH and the respective Nb,Os supported on
(A) 2x-AHFS and (B) T-NaOH treated zeolites. A, B, C, D, E, and F corresponds to 1220, 1089, 946,
628,572, and 526 cm ™1, respectively, to the vibrations described in the text.

2.3. Textural Properties Using N, Adsorption/Desorption Isotherms at —196 °C

Figure 52 shows the N, physisorption isotherms (adsorption/desorption). All samples
showed a combination of type I(a) and IV(a) isotherms with a hysteresis loop at higher
relative pressures (p/po > 0.7) that indicated the presence of a secondary mesoporous
structure. The specific surface area and pore volume data are presented in Table 2. The
specific surface area (Spgr), mesopore area (Syieso), total pore volume (V),), and mesopore
volume (Veso) increased after both treatments in the following order: T-NaOH > 2x-AHFS
> HB. This indicates an effective process of hierarchization of the zeolite BEA using both
treatments. However, the addition of niobium forming Nb,Os did not produce a crescent
increase in all those values. For the Nb-NaOH catalysts, low loading of Nb,Os (5 to
10 wt.%) initially decreased the BET area and caused a decrease in V}, and hence in the
micropore and mesopore volumes. This can be attributed to the inclusion of small niobium
clusters inside the zeolite pores, which precluded the complete filling of the original pores
of T-NaOH zeolite. It is known that low niobium loading forms preferentially smaller
clusters or isolated species on the surface of different supports [31,32]. Conversely, when
the loading was increased to 15 to 20 wt.%, there was a subsequent increase in both the BET
surface area and the total surface area of the catalysts. The development of larger clusters
of Nb,Os on the external surface creates an overlayer that effectively contributes to the
total area of the material. This has been observed for Nb,O5 supported on silica-alumina
catalysts [33]. The trend on the textural data observed for loading Nb on 2x-AHFS was
generally in parallel with that observed on T-NaOH, which is consistent with the obtained
isotherms. Some of those cited trends were plotted as a function of the treatment for easier
comparison and are presented in Figure S3.

Thus, it can be inferred that the impregnation of HB zeolite after these hierarchiza-
tion processes primarily generates extra-framework niobium oxide species on its surface,
with the overlayer thickness depending on the niobium loading, as pointed out in the
literature [34]. Moreover, the textural data showed that the diffusional constraints were
alleviated by coupling the intrinsic microporosity with an auxiliary mesopore framework of
inter- and intracrystalline structures. The model of silicon and aluminum dissolution is the
main mechanism behind the chemical Si environments and mesopores formation [35-38].
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Table 2. Textural parameters for the catalysts.

SBET a SeExt b SMicro ¢ SMeso d VMicro € v f VMeso 8

Catalyst (m?/g) (m?2/g) (m?/g) (m?/g) (cm®/g) (cm%/g) (em®/g)
HB 649 190 459 188 0.19 0.85 0.66
2x-AHFS 577 193 384 211 0.16 0.87 0.71
5Nb-AHFS 462 170 292 193 0.12 0.67 0.55
10Nb-AHFS 448 156 292 179 0.12 0.63 0.51
15Nb-AHFS 484 163 321 199 0.13 0.67 0.54
20Nb-AHFS 512 183 330 211 0.13 0.77 0.64
T-NaOH 607 220 387 239 0.16 0.97 0.81
5Nb-NaOH 391 222 169 151 0.07 0.68 0.61
10Nb-NaOH 347 138 209 137 0.08 0.51 0.43
15Nb-NaOH 484 163 320 198 0.13 0.76 0.63
20Nb-NaOH 488 168 321 199 0.13 0.76 0.63

2 Specific surface area obtained by BET method. The standard error (20) was +2 m? g~!. ® External surface
obtained by t-plot method. ¢ Microporous area obtained by t-plot method. ¢ Mesoporous area obtained by BJH
method. ¢ Microporous volume obtained by t-plot method. f Total pore volume obtained by the amount of gas
adsorbed at p/pg = 0.98. & Mesoporous volume (Vp — VMicro).

2.4. SEM Images and Analysis

The SEM micrographs of the treated zeolites and their niobium pentoxide (Nb,Os)
impregnation are shown (Figure 3, and with EDX analyses in Figure S4) and compared
to those of the HB zeolite. The protonic *BEA zeolite exhibited a distinct morphology of
nanosized aggregates, as previously described in the literature [9]. After treatment with
2x-AHFS, the formation of a nearly spherical ball morphology with a uniform size was
observed. The treatment using NaOH/HCI resulted in a material with morphological
characteristics similar to those of HB. These images are consistent with the XRD patterns,
which showed no significant differences among the materials. The impregnation of Nb,Os
onto both treated zeolites resulted in a rougher particle surface, but with characteristics
analogous to those of the parent HB zeolite.

X10,000 Tum  S—

Figure 3. SEM images of (A) HB; (B) 2x-AHFS; (C) T-NaOH; (D) 20Nb-AHFS; and (E) 20Nb-NaOH.
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2.5. %7 Al and *Si MAS NMR Spectroscopy

In the 2 A1 MAS NMR spectra, all catalysts showed signals around —22 to 22 ppm
for octahedral Al and 40 to 80 ppm for tetrahedral Al in the framework (Figure 4). The
intense signal at 1.4 ppm present in the T-NaOH zeolite has been assigned to octahedral
species that have fewer adsorbed water molecules, while the broadening of the signals in
this region indicates a greater degree of hydration of the catalysts [39,40]. According to
Groen et al. [17], the formation of mesopores in *BEA requires the dissolution of both Si and
Al, with part of the removed Al being re-incorporated into the solid. This re-incorporation
may be facilitated in the presence of niobium. For the treatment with 2x-AHFS, the % Al
MAS NMR spectra showed a similar distribution of tetrahedral and octahedral Al as the
HB zeolite. Niobium impregnation led to an increase in the relative area of tetrahedral Al
for both treatments, in the range of 5 to 15% NbyOs (Table 3). For samples with 20% Nb,Os,
the amount of tetrahedral Al reached a plateau around 80%. These behaviors suggest
that niobium plays an important role in the reorganization of the zeolitic structure after
hierarchical treatments.
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Figure 4. 7 Al MAS NMR spectra of HB, 2x-AHFS, and T-NaOH and the respective Nb,Os supported
on (A) 2x-AHFS and (B) T-NaOH treated zeolites.

Table 3. Relative distribution of tetrahedral (Al-T4) and octahedral (Al-Oy,) aluminum, according to

the 7 Al MAS NMR spectra.
Catalyst 5 Al-T4 (ppm) Area (%) & Al-Oy, (ppm) Area (%)
HB 56 62 —4.0 38
2x-AHFS 56 65 —4.0 35
5Nb-AHFS 57 70 -0.9 30
10Nb-AHFS 56 70 —6.8 30
15Nb-AHFS 57 69 —52 31
20Nb-AHFS 56 81 —4.3 19
T-NaOH 57 76 1.2 24
5Nb-NaOH 57 89 -14 11
10Nb-NaOH 57 91 —2.2 9
15Nb-NaOH 57 91 -7.2 9
20Nb-NaOH 57 79 —49 21

In the 2Si MAS NMR spectra (Figure 5), the HB zeolite showed a signal at —102 ppm,
which is related to the Q?® environment (Si(1Al)). This signal almost disappears in the
sample treated with 2x-AHFS. The signals at —111 and —115 ppm correspond to the
Q* environments (Si(0Al)), with the latter (—115 ppm) not present in the HB sample but
appearing markedly in the 2x-AHFS treated sample and in those impregnated with niobium.
This suggests that Al removal from the zeolite promotes the reorganization of Si in the
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sample, leading to the formation of more Q*-type environments [14,30,39]. The signal at
—115 ppm can be attributed to the formation of silica (nest silanol) [14,30,35], which has a
chemical shift in the same region and is more prominent in the treatment with 2x-AHFS.
On the other hand, for the T-NaOH sample, the Q® environment remained practically
unchanged relative to the HB sample. In addition, the Q* environment at —111 ppm
remained constant, and the signal at —115 ppm did not change even with the addition of
niobium. Therefore, in the treatment with 2x-AHFS, nest silanol is incorporated into the
framework, which increases the Q* environment at —115 ppm, corroborating the increase
in crystallinity observed by XRD and the higher SiO, / Al,O5. Table 4 and Figure S5 provide
a detailed presentation of the distribution environments derived from the deconvolution of
the spectra.
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Figure 5. 2Si MAS NMR spectra of HB, 2x-AHFS, and T-NaOH and the respective Nb,O5 supported
on (A) 2x-AHFS and (B) T-NaOH treated zeolites.

Table 4. Relative distribution of Q* (Si(0Al)) and Q3 (Si(1Al)) silicon environments based on deconvo-
lution of 2Si MAS NMR spectra.

3 Area Qt Area Qt Area

Catalyst QL pm 0 epm) (%) (ppm) (%)
HB —103 20 —111 67 —115 13
2x-AHFS —102 8 —112 83 —115 9
5Nb-AHFS —103 15 —112 74 —-115 11
10Nb-AHFS —103 20 —112 72 —-115 8
15Nb-AHFS —103 13 —112 78 —-115 9
20Nb-AHFS —103 14 —112 76 —114 10
T-NaOH —102 26 —111 67 —114 7
5Nb-NaOH —103 23 —112 66 —-115 12
10Nb-NaOH —104 29 —110 50 —-113 21
15Nb-NaOH —103 10 —112 84 —-115 6
20Nb-NaOH —103 18 —112 73 —115 10

2.6. Acidity of the Catalysts

Figure 6 presents the FT-IR spectra of pyridine adsorbed on the catalysts. The HB
zeolite showed stronger intensity in the three bands between 1580 and 1420 cm~!. These
bands correspond to the interaction between pyridine and Brensted sites (1540 cm™!), the
interaction with Lewis sites (1445 cm ™), and a band at 1490 cm ™!, which is assigned to the
interaction with both types of acid sites [41,42]. Qualitative analysis revealed that spectra
from 2x-AHFS and T-NaOH treatments had the same bands, but with lower intensity
compared to HB. After Nb,Os impregnation, the 5% and 10% loadings showed a minor
decrease in intensity, whereas the 15% and 20% loadings exhibited a relative increase. This
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may be related to the quantity of acid sites in these catalysts. The addition of niobium to
the treated zeolites initially decreases the total amount of acid sites due to partial blocking
access to the original acid sites of HB, which are in the micropores [14]. However, as the
niobium loading increases, the formed Nb,Os overlayer increases the total accessible sites
(including the niobium contribution) on the new surface. The key point is that these acid
sites facilitate the catalytic activity of these materials in dehydration reactions.
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Figure 6. FT-IR spectra of pyridine adsorbed on HB, 2x-AHFS, and T-NaOH and the respective
Nb,Os5 supported on (A) 2x-AHFS and (B) T-NaOH treated zeolites.

Based on the FT-IR spectra, it was also possible to calculate the ratio between the
areas corresponding to the Bronsted and Lewis sites (Table 5). As a result, the 2x-AHFS
treatment showed a higher ratio value than T-NaOH. It is possible that the AHFS treatment
removed only the extra-lattice Al and introduced Si atoms into the material. The T-NaOH
treatment broke the Si-O bonds in the framework, followed by the removal of Al using an
HCl solution, which led to a decrease in the Brensted sites of the zeolite. Impregnation with
Nb;,Os kept the ratio almost constant. This behavior provides evidence that Nb,Os can
influence the restructuring of Brensted and Lewis sites. Niobium, with electronegativity
similar to that of Al, may promote the interaction of pyridine with Brensted sites and act as
a coordinative center for pyridine.

Table 5. The relative Bronsted to Lewis ratio (B/L) obtained by FT-IR using Py adsorbed on the

catalysts.
Catalyst B/L
HB 1.1
2x-AHFS 1.2
5Nb-AHEFS 1.1
10Nb-AHFS 1.1
15Nb-AHFS 1.1
20Nb-AHFS 1.1
T-NaOH 1.1
5Nb-NaOH 1.2
10Nb-NaOH 1.2
15Nb-NaOH 1.1
20Nb-NaOH 1.2

2.7. Ethanol Catalytic Dehydration

As pointed out in the literature, olefin production from (bio)alcohol dehydration is an
important industrial process for the potential use of raw materials derived from biomass,
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substituting petroleum-based materials [43,44]. For the complete transformation (conver-
sion) of ethanol, there are four types of reactions: (i) dehydration, (ii) dehydrogenation,
(iii) dehydrogenation coupling, and (iv) hydrogenolysis [45-48]. The final selectivity can
be controlled by a catalyst with different active sites (e.g., solid acid, bifunctional). When
using a solid acid, the number, strength, and distribution of Brensted and Lewis sites are
critical, as is the accessibility to these sites.

As previously described, the dehydration reaction of ethanol was performed at 230
and 250 °C. The results are described from two perspectives: alcohol conversion and
selectivity. Figure 7 shows the results at 230 °C. Compared to the parent zeolite (HB), which
showed 91% conversion, both treated zeolites showed lower conversion (2x-AHFS = 51%
and T-NaOH = 64%). Modifying the surface of treated zeolites with Nb,Os, it was observed
a distinct behavior. The 2x-AHFS had an average conversion of around 47%, whereas the
T-NaOH samples generally increased the conversion with the niobium loading, reaching a
maximum of 84% with 20Nb-NaOH. Looking at the selectivity (Figure 7), we noted that
both treated zeolites loaded with Nb,O5 showed only ethylene (EE) and diethyl ether (DEE)
as the products. Although the HB zeolite showed the highest conversion and selectivity for
EE and DEE, there is a minor formation (about 1%) of other products. Probably, because of
the higher strength of Brensted sites in HB, there is also an increase in parallel reactions
compared to the modified zeolites. The most active catalysts were 20Nb-AHFS which
showed 55% conversion, with selectivity of 56% (EE) and 41% (DEE), while 20Nb-NaOH
had 84% conversion and selectivity of 86% (EE) and 14% (DEE).
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Figure 7. Results of conversion and selectivity for ethanol dehydration at 230 °C using the catalysts
of HB, 2x-AHFS, and T-NaOH, and the respective x%Nb;O5 supported.

The same analysis approach was employed to run the reaction at 250 °C. The results for
conversion and selectivity are in Figure 8. In general, all the catalytic conversions increased
with prominent results for HB, which reached 96%, but again with 3% selectivity for other
products. The treated HB zeolite displayed an increased conversion (52% for 2x-AHFS and
74% for T-NaOH). The insertion of niobium leads to the maximum conversion reaching
84%, with 82% selectivity for EE and 18% for DEE using a 20Nb-NaOH catalyst. Therefore,
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it can be concluded that although the highest conversion was achieved with HB, the
exclusive products (EE and DEE) with high selectivity towards EE are more advantageous
for the treated zeolites with Nb,Os, particularly the 20Nb-NaOH sample. As the reaction
temperature increased from 230 to 250 °C, the conversion rate of the catalyst 20Nb-NaOH
tended to level up with HB zeolite with the benefits of only EE and DEE products.
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Figure 8. Results of conversion and selectivity for ethanol dehydration at 250 °C using the catalysts
of HB, 2x-AHFS, and T-NaOH, and the respective x%Nb,Os supported.

Dehydration reaction results showed that factors such as catalyst morphology and the
presence of mesoporosity may enhance mass transfer efficiency, enabling more effective
access of alcohol to the active sites, and resulting in higher conversions. The strength and
distribution of Brensted /Lewis sites affected the selectivity for alkene versus ether. The
presence of Nb,Os on these catalysts clearly modulates these latter parameters. As we
observed earlier [14], the addition of an overlayer of Nb,Os weakens the catalyst compared
to the original HB sites. However, selectivity control is clearly dependent on the dealumi-
nation treatment. HB treated with 1x-AHFS was more selective for DEE than EE, while
the opposite was observed for the 2x-AHFS treatment. The higher efficiency for produc-
ing EE with 20Nb-NaOH can be attributed to a combination of increased Brensted sites
from the addition of niobium and better accessibility to these sites due to the mesoporous
contribution in this catalyst.

2.8. 1-Propanol Catalytic Dehydration

Propene is one of the fundamental products to support petrochemical processes [19].
Producing propene from renewable sources like propanol can be important for an economy
based on lower carbon emissions using biomass [49]. Thus, our catalysts were evaluated in
this reaction. Figure 9 presents the results of conversion and selectivity for the dehydration
process at 230 °C. The conversion exceeded 88% for all catalysts. For instance, HB converted
90% of 1-propanol, while the treated zeolites showed 96% for 2x-AHFS and 99% with T-
NaOH. This indicates that both treatments were efficient in producing more active catalysts
than the parent zeolite. The addition of Nb,Os, independent of the treatment, maintains
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the level of conversion above 96%, which demonstrates the efficiency of these catalysts
over HB. Actually, the effect on selectivity is much more interesting. HB zeolite showed
only 18% selectivity for propene (PP), whereas the 2x-AHFS and T-NaOH had 100 and
89%, respectively. The addition of NbyOs brought about the same level (99%) of selectivity
for PP for treatment with 2x-AHFS and an average of 90% for T-NaOH. Clearly, the main
enhancement in the high selectivity for PP was achieved by the dealumination treatment of
the parent zeolite (HB).
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Figure 9. Results of conversion and selectivity for 1-propanol dehydration at 230 °C using the
catalysts of HB, 2x-AHFS, and T-NaOH, and the respective x%Nb,Os5 supported.

One important factor that could explain the higher selectivity for propene in these cat-
alysts may be related to the increased mesoporous area after the dealumination treatments.
As we have discussed, this increased area may affect the accessibility of 1-propanol to the
Bronsted acid sites of these zeolites, which can better accommodate intermediates based
on dimers or trimers of the 1-propanol adsorbed on the acid sites. This is consistent with
mechanistic studies in the literature on 1-propanol dehydration over HZSM-5 zeolite [50].

3. Materials and Methods
3.1. Hierarchization of *BEA Zeolite

Zeolite NH4BEA, obtained from Zeolyst International (CP814E, mole ratio SiO, / Al,O3 = 25,
Conshohocken, PA, USA), was calcined (8 h at 550 °C) forming a proton sample (HB), which
underwent dealumination through two different treatments:

(i) Solid state hierarchization: a fraction of HB was subjected to solid-state dealumination
using ammonium hexafluorosilicate (AHFS, 98%, Aldrich, Burlington, MA, USA)
with the intention of removing a theoretical percentage of 70 mol% of Al from its
crystal lattice by successive (2x) for comparison purposes. The solids were placed in
an agate mortar and pestle, and mixed for 10 min, followed by placing the mixture
in a desiccator containing a saturated ammonium chloride solution (>99.5%, Sigma-
Aldrich, Burlington, MA, USA) at atmospheric pressure. After 24 h, the mixture was
heated in a muffle furnace (3 h, 190 °C), followed by washing with ammonium acetate
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solution and deionized water (Milli-Q), both at room temperature. Finally, the mixture
was dried in an oven (24 h, 120 °C) and calcined (8 h, 550 °C) [14].

(i) Hierarchization in base and acid solutions: the HB zeolite was treated with a 0.2 M
sodium hydroxide solution (97%, Aldrich, Burlington, MA, USA), under magnetic
stirring at 75 °C, for 4 h. Subsequently, this mixture was washed with deionized
water for 1 h, also at 75 °C. Following this step, the resulting material was treated
with a 0.5 M hydrochloric acid solution (37%, Aldrich, Burlington, MA, USA) under
the same conditions as the base treatment. Finally, the same washing procedure was
conducted, and the resulting zeolite was placed in a crucible, dried in an oven for 12
h at 120 °C, and calcined for 8 h at 550 °C.

3.2. Impregnation of Niobium

The insertion of niobium pentoxide into the materials prepared by the methodologies
was achieved through aqueous impregnation. The samples were dried at 200 °C for 4 h
under vacuum to remove adsorbed water molecules. Subsequently, the mass of the dry
materials was measured, and based on these data, the amount of Nb,Os5 to be used (5,
10, 15, and 20 wt.%) was determined. Niobium ammonium oxalate (99%, CBMM, Arax4,
Brazil) was used as the niobium source and was completely dissolved in deionized water.
The solutions containing niobium and zeolite were placed under magnetic stirring at 90 °C
until the solvent had fully evaporated. Finally, the resulting materials were kept dry in
an oven for 12 h at 120 °C, followed by calcination for 8 h at 550 °C. Table 6 presents the
nomenclature used to identify the different samples.

Table 6. Nomenclature for the studied *BEA zeolite.

Code Description
HB Protonic *BEA zeolite

2x-AHFS HB dealuminated twice 70 mol%
5Nb-AHFS HB dealuminated twice 70 mol% and impregnated with 5 wt.% of Nb,Os
10Nb-AHFS HB dealuminated twice 70 mol% and impregnated with 10 wt.% of Nb,Os
15Nb-AHFS HB dealuminated twice 70 mol% and impregnated with 15 wt.% of Nb,Os
20Nb-AHFS HB dealuminated twice 70 mol% and impregnated with 20 wt.% of Nb,O5

T-NaOH HB treated with NaOH and HCI
5Nb-NaOH HB treated with NaOH and HCl and impregnated with 5 wt.% of Nb,Os
10Nb-NaOH HB treated with NaOH and HCI and impregnated with 10 wt.% of Nb,Os
15Nb-NaOH HB treated with NaOH and HCI and impregnated with 15 wt.% of Nb,Os
20Nb-NaOH HB treated with NaOH and HCl and impregnated with 20 wt.% of NbyOs

3.3. Methods of Characterization

X-ray diffraction (XRD) data were obtained using a powder diffractometer (Panalyt-
ical, model Empyrean, Westborough, MA, USA) emitting radiation from a copper tube
(Ko = 1.5406 A), at 40 kV and 45 mA, with a scanning rate of 2° per minute (20 range from
2° to 60°, with a step size of 0.02°). The crystallinity (%C) was obtained by a comparison
of the XRD pattern of the standard HB, calculated by integration of the area under peaks
(26 =5 to 60°), according to Equation (1):

Y dealuminated zeolite peaks

"C Y_HB peaks

x 100. 1)

Energy dispersive X-ray fluorescence (EDXRF) spectrometer (Shimadzu, model EDX
720, Kyoto, Japan) was employed to determine the quantities of silicon, aluminum, and
niobium. The equipment uses rhodium (Rh) as an X-ray target and operates between 15

140



Catalysts 2025, 15, 340

and 50 kV. The samples were prepared with polypropylene film and were analyzed under
vacuum focused on calculating the total silica/alumina ratio.

All infrared spectra were acquired in a FT-IR spectrometer (Thermo Scientific spec-
trometer, Nicolet, model 6700, Waltham, MA, USA), with 512 scans and 4 cm ™! spectral
resolution. They were analyzed in the range of 4000 to 430 cm ™!, generally using 0.6 wt.%
of the catalyst diluted in dried KBr pellets (>99%, Merck, Rahway, NJ, USA).

The textural data were obtained through gaseous N; physisorption at —196 °C in
a surface analyzer equipment (Micromeritics, model ASAP 2020C, Norcross, GA, USA).
Before the analysis, samples were degassed with evacuation (target pressure of 50 um Hg)
at 300 °C for 4 h. The equations of BET (Brunauer, Emmet, and Teller) in the range P/Py =0
to 0.1, t-Plot and BJH (Barrett, Joyner, and Halenda) were used to describe the experimental
isotherms.

The average particle diameter was calculated using Equation (2).

6000
(m2/g).0(g/cm3)’

Linm) = ¢ @

Scanning electron microscopy (SEM) was performed using a scanning electron mi-
croscope JEOL (model JSM, Tokyo, Japan) equipped with a secondary electron detector
(LED, low energy detector), under high vacuum and a voltage of 15 kV and magnifications
ranging from 100 to 10,000 times.

Solid-state nuclear magnetic resonance spectra were acquired with magic angle spin-
ning rotation (MAS NMR) in a spectrometer (Bruker, model Avance III HD Ascend, 14.1 T,
600 MHz for 'H, Karlsruhe, Germany) using 2- or 4-mm CP/MAS probes. Each catalyst was
packed inside a zirconia rotor and specific calibration parameters were adopted for each
nucleus: (i) 2 Al MAS NMR (156.4 MHz); 10 kHz spin rate; 0.4 us (rt/20) pulse duration;
1 s interval between pulses; 2000 acquisitions; external reference: hexa(aqua)aluminum(III)
trichloride salt, [AI(H,0)]Cl3 (5 = 0 ppm). (ii) 2Si MAS NMR (119.3 MHz); 10 kHz spin
rate; 4.25 ps (71/2) pulse duration; 20 s interval between pulses; 3072 acquisitions; external
reference: tetramethylsilane, TMS, Si(CH3)4 (6 = 0 ppm).

The relative distribution of aluminum atoms in each chemical environment observed
in the 2”Al spectrum (octahedral-Oy, or tetrahedral-Tq) was calculated according to
Equation (3), whereas the Si/Al ratio of the zeolitic framework was calculated accord-
ing to Equation (4) [43,44], which are related to the intensity of the signals referring to the
chemical environments Q%, Q3?, Q?, and Q! after the deconvolution of the 2Si spectrum
(using Gaussian Lorentz function, LB = 10, Python, Version: 3.9.7 (default, 16 September
2021, 16:59:28) [MSC v.1916 64 bit (AMD64)], Comments: Enhanced by IPython 8.18.1,
Python Software Foundation, Wilmington, DE, USA).

Signal area of interest

%oAl(Op or Tgq) = Y Spectrum areas ®
Si ) = n
si _ N oal) 4)
(Al lattice ngo 4 Al

where Igja1) corresponds to the signal intensity related to the environment of Si bonded
to n Al atoms. As the signal intensity is proportional to the number of Si atoms in each
chemical environment, the total number of Si is proportional to the sum of all chemical
environments (numerator). According to Lowenstein’s rule, there are no Al-O-Al groups,
so each aluminum is surrounded by four Si atoms, so each Si(nAl) group corresponds to %
of aluminum atoms (denominator).
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Acidity was measured by pyridine adsorption. Before gaseous pyridine (Py) adsorp-
tion, each sample (~20 mg) was placed in an aluminum crucible and inserted into a glass
tube inside a tubular furnace (Thermolyne, model F21100, Cole-Parmer, Vernon Hills, IL,
USA). The catalysts were dehydrated in dried N; flow (100 mL min~—!) at 300 °C for 1 h.
Then, the system was cooled in situ to 150 °C to initiate gaseous Py (>99.8%, Sigma-Aldrich,
USA) passage through samples for 1 h. After that, the temperature was held at 150 °C in an
N (5.0, White Martins, Sao Paulo, Brazil) environment for 1 h to remove any physically ad-
sorbed Py. Immediately after cooling the system, each sample was analyzed using thermal
analysis and FT-IR (the sample was prepared with a mixture of 10:170 wt.% sample/KBr).
Other details can be found elsewhere [14].

3.4. Catalytic Dehydration Reactions

Dehydration reactions of ethanol (99.5%, Dinamica, Sao Carlos, Brazil) or 1-propanol
(99.5%, Sigma-Aldrich, St. Louis, MO, USA) were evaluated by three alcohol injections
under 10 mg of catalyst in a pulse microreactor coupled to a gas chromatograph with a
flame ionization detector (Shimadzu GC-FID, model 2010, Kyoto, Japan), equipped with
a Shimadzu CBP1 PONA column (M50-042, 50 m x 0.15 m x 0.33 um). Reactions were
carried out at temperatures of 230 or 250 °C under these conditions: alcohol injection
volume: 0.3 pL; pressure: 100 kPa; total flow: 10.8 mL/min; column flow: 0.1 mL/min;
linear velocity: 6.5 cm/s; purge flow: 1 mL/min; split rate: 100; column temperature: 50 °C;
flame temperature: 250 °C. The calculations for the conversion of ethanol or 1-propanol,
and selectivity for ethylene (EE), dimethyl ether (DME), and propene (PP) were defined by
Equations (5)-(8), where n is the number of moles of the reactant.

Conversion (%) = -—cthanolinitial  Zethanolfinal 100 (5)
Nethanolinitial
.. n n
Selectivity (%) = EE or “DME % 100. (6)
Nethanolinitial — Nethanol final
. Npropanol: :+i.1 — Dpropanol g
Conversion (%) = ———Pinitial ~ PTOPIOfinal 10 (7)
Npropanoljyigial
.. n
Selectivity (%) = PP x 100 (8)

Npropanoljyitia) — Mpropanolgin,)

4. Conclusions

This work focuses on the hierarchization of *BEA zeolite using two methods: alu-
minum removal with solid ammonium hexafluorosilicate via two sequential steps (2x-
AHFS) and desilication with NaOH followed by hydrochloric acid (T-NaOH). In general,
the second treatment (T-NaOH) was more efficient considering the results obtained in the
ethanol dehydration reaction. Top—down syntheses involving base and acid treatments are
more readily implemented at an industrial scale, allowing interconnectivity and accessi-
bility from the external surface of the zeolite crystal. We presented two beneficial effects
of post-synthetic hierarchization of BEA zeolite followed by impregnation of Nb,Os (5,
10, 15, and 20 wt.%) for the dehydration of ethanol and 1-propanol. The hierarchization
of the *BEA zeolite by 2x-AHFS and T-NaOH promoted an increase in mesopores and
the SiO, / Al,O5 ratio, with only a slight decrease in the average size of crystal domains.
This is important since a decrease in size could result in lower selectivity of the zeolite.
An increase of 2% in crystallinity was observed for 2x-AHFS, and a decrease of 12% for
T-NaOH, compared to HB zeolite. Moreover, 2’ Al and 2°Si MAS NMR results indicated
that a more hydrophobic catalyst was formed after the treatment of 2x-AHFS due to an
increase of 12% in Q* Si environments and a decrease in octahedral Al. On the other hand,
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T-NaOH had the highest relative quantity of tetrahedral Al (76%) and the lowest octahedral
Al (24%), with a 6% decrease in the Q* Si environments, leading to a less hydrophobic
catalyst. The gradual addition of Nb,Os tended to balance the number of tetrahedral Al
(e.g., 80% of Al (Td) for 20 wt.% Nb on T-NaOH). Based on these combined physicochemical
properties, the performance of the catalysts in the dehydration reactions can be explained.
For ethanol dehydration at 230 °C, the best catalyst was 20 wt.% Nb,Os supported on
T-NaOH zeolite (20Nb-NaOH), which produced 84% conversion with 86% selectivity for
ethylene (EE) and 14% diethyl ether (DEE) only. This is advantageous over HB, which
showed 93% conversion but produced more than 1% of different by-products. On the
other hand, the 20 wt.% Nb,Os supported on 2x-AHFS zeolite (20Nb-AHFS) was the most
active for 1-propanol dehydration at 230 °C, with about 99% conversion and selectivity to
propene. This performance surpassed that of HB zeolite, which showed 90% conversion
but only 18% selectivity for propene.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/ catal15040340/s1, Figure S1: FT-IR spectra (in Nujol) for HB, 2x-AHFS,
and T-NaOH zeolites; Figure S2: N2 adsorption—-desorption isotherms at —196 °C of the catalysts: (A)
HB; (B) 2x-AHFS and the respective x%Nb,Os5 supported; and (C) T-NaOH and the respective x%
Nb,Os5 supported; Figure S3: Trending of some textural properties with the hierarchization method
of *BEA zeolite, such as specific surface area (SBET); SiO, / Al,O5 ratio; mesoporous area (SMeso);
Figure S4: SEM images and EDX analyses of: (A) HB; (B) 2x-AHFS; (C) T-NaOH; (D) 20Nb-AHFS,
and (E) 20Nb-NaOH; Figure S5: 295i MAS NMR deconvoluted spectra of: (A) HB; (B) 2x-AHFS and
the respective x% Nb,Os5 supported; (C) T-NaOH and the respective x% Nb,Os supported.

Author Contributions: D.d.S.V. conceptualization, data curation, formal analysis, investigation,
methodology, writing—review and editing. W.H.R.d.C. data curation, investigation, methodology.
A.LEF data curation, investigation, methodology. G.d.F.M. data curation, investigation, method-
ology. M.R.S. data curation, investigation, methodology. P.T.A.C. formal analysis, investigation,
methodology. J.A.D. conceptualization, funding acquisition, investigation, methodology, project
administration, writing—review and editing. S.C.L.D. conceptualization, formal analysis, funding
acquisition, investigation, methodology, project administration, writing—original draft, writing—
review and editing. All authors have read and agreed to the published version of the manuscript.

Funding: Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico, CNPq (Grant Nos.
308693/2022-1, 307413 /2021-7); Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior,
CAPES (Grant no. 001); Decanato de Pesquisa e Inovacao (DPI) and Instituto de Quimica (IQ)
from Universidade de Brasilia (DPI/IQ/UnB); Fundacao de Apoio a Pesquisa do Distrito Fed-
eral (FAPDF) (Grant numbers 00193-00001144 /2021-60 and 00193-000001176/2021-65); Fundagao
de Empreendimentos Cientificos e Tecnolégicos (FINATEC); Financiadora de Estudos e Projetos
(FINEP/CTPetro/CTInfra); Petrobras. APC was provided by University of Brasilia-Brazil and MDPL

Data Availability Statement: All data are within the article and the Supplementary Materials and
may be available upon request.

Acknowledgments: We would like to thank Richieli Vieira (commercial development coordinator,
PQ Silicas Brazil) for providing *BEA zeolite (CP814E*). In addition, we would like to thank Tatiane
Oliveira dos Santos from Laboratério Multiusuario de Microscopia de Alta Resolugao (LabMic) at
IF/UFG-Brazil for SEM/EDX measurements.

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

References

1. Gomez-Lopez, P.; Puente-Santiago, A.; Castro-Beltrdn, A.; Nascimento, L.A.S.; Balu, A.M.; Luque, L.; Alvarado-Beltrdn, C.G.
Nanomaterials and catalysis for green chemistry. Curr. Opin. Green Sustain. Chem. 2020, 24, 48-55. [CrossRef]
2. Li Y;Li, L; Yu,]. Applications of zeolites in sustainable chemistry. Chem 2017, 3, 928-949. [CrossRef]

143



Catalysts 2025, 15, 340

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mohammed, B.B.; Yamni, K.; Tijani, N.; Alrashdi, A.A.; Zouihri, H.; Dehmani, Y.; Chung, I.; Kim, S.; Lgaz, H. Adsorptive removal
of phenol using faujasite-type Y zeolite: Adsorption isotherms, kinetics and grand canonical Monte Carlo simulation studies. J.
Mol. Lig. 2019, 296, 111997. [CrossRef]

Li, J.; Corma, A; Yu, J. Synthesis of new zeolite structures. Chem. Soc. Rev. 2015, 44, 7112. [CrossRef]

Zikrata, O.V.; Larina, O.V.; Balakin, D.Y.; Nychiporuk, Y.M.; Khalakhan, I.; gvegovec, M.; Volavsek, J.; Yaremov, P.S.; Soloviev,
S.0.; Orlyk, S.M. Influence of acid-base characteristics of different structural-type zeolites (FER, MFI, FAU, BEA) on their activity
and selectivity in isobutanol dehydration. ChemCatChem 2024, 16, e202400068. [CrossRef]

Roth, WJ.; Nachtigall, P.; Morris, RE.; Cejka, J. Two-dimensional zeolites: Current status and perspectives. Chem. Rev. 2014, 114,
4807-4837. [CrossRef]

Kumar, N.D.; Swaminathan, M.; Swaminathan, M. Review on hierarchically porous BEA and ZSM-5 zeolites and its industrial
catalytic applications. ES Mater. Manuf. 2024, 24, 1151. [CrossRef]

Galadima, A.; Muraza, O. Hydrocracking catalysts based on hierarchical zeolites: A recent progress. |. Ind. Eng. Chem. 2018, 61,
265-280. [CrossRef]

Liu, Y.; Wang, Y.; Xiao, P; Bekhti, S.; Kunkes, E.; Ilemhoff, A.; Bottke, N.; Vos, D.E.; Meng, X; Xiao, F; et al. Needle-like hierarchical
Beta zeolite synthesis via postsynthetic morphology control in the presence of cetyltrimethylammonium bromide for catalytic
dehydration of sorbitol. ACS Appl. Nano Mater. 2025, 8, 1042-1053. [CrossRef]

Fernandez, S.; Ostraat, M.L.; Zhang, K. Toward rational design of hierarchical beta zeolites: An overview and beyond. AICKE ].
2020, 66, €16943. [CrossRef]

Kerstens, D.; Smeyers, B.; Waeyenberg, J.V.; Zhang, Q.; Yu, J.; 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]

Hartmann, M.; Machoke, A.G.; Schwieger, W. Catalytic test reactions for the evaluation of hierarchical zeolites. Chem. Soc. Rev.
2016, 45, 3313-3330. [CrossRef] [PubMed]

Bai, R.; Song, Y.; Li, Y.; Yu, J. Creating hierarchical pores in zeolite catalysts. Trends Chem. 2019, 1, 601-611. [CrossRef]
Valadares, D.S.; Clemente, M.C.H.; Freitas, E.F.; Martins, G.A.V,; Dias, J.A.; Dias, S.C.L. Niobium on BEA dealuminated zeolite
for high selectivity dehydration reactions of ethanol and xylose into diethyl ether and furfural. Nanomaterials 2020, 10, 1269.
[CrossRef] [PubMed]

Groen, ].C.; Peffer, L.A.A.; Moulijn, ].A.; Pérez-Ramirez, ]. Mechanism of hierarchical porosity development in MFI zeolites by
desilication: The role of aluminum as a pore-directing agent. Chem. Eur. |. 2005, 11, 4983-4994. [CrossRef]

Clemente, M.C.H.; Valadares, D.S; Lacava, A.B.; Barbosa, L.S.; Martins, G.A.V.; Dias, ].A.; Dias Silvia, C.L. Catalytic transformation
conditions of ethanol on dealuminated BEA zeolites. J. Braz. Chem. Soc. 2019, 30, 2182-2190. [CrossRef]

Groen, J.C.; Abello, S.; Villaescusa, L.A.; Pérez-Ramirez, ]J. Mesoporous beta zeolite obtained by desilication. Microporous
Mesoporous Mater. 2008, 114, 93-102. [CrossRef]

Ouayloul, L.; Agirrezabal-Telleria, I.; Arias, P.L.; Dumeignil, F; EIDoukkali, M. Tuning the acid nature of the ZSM-5 surface for
selective production of ethylene from ethanol at low temperatures. Energy Fuels 2024, 38, 4492-4503. [CrossRef]

Phung, TK.; Pham, T.L.M.; Vu, K.B.; Busca, G. (Bio)Propylene production processes: A critical review. J. Environ. Chem. Eng. 2021,
9, 105673. [CrossRef]

Yue, Y,; Guo, X,; Liu, T,; Liu, H.; Wang, T.; Yuan, P.; Zhu, H.; Bai, Z.; Bao, X. Template free synthesis of hierarchical porous zeolite
beta with natural kaolin clay as alumina source. Microporous Mesoporous Mater. 2020, 293, 109772. [CrossRef]

Xiong, G.; Yang, H.; Liu, L.; Liu, J. Post-synthesis of Sn-beta zeolite by aerosol method. RSC Adv. 2023, 13, 4835-4842. [CrossRef]
[PubMed]

Willhammar, T.; Zou, X. Stacking disorders in zeolites and open-frameworks—Structure elucidation and analysis by electron
crystallography and X-ray diffraction. Z. Kristallogr. 2013, 228, 11-27. [CrossRef]

Ordomsky, V.V,; Murzin, V.Y.; Monakhova, Y.V.; Zubavichus, Y.V.; Knyazeva, E.E.; Nesterenko, N.S.; Ivanova, LI. Nature, strength
and accessibility of acid sites in micro/mesoporous catalysts obtained by recrystallization of zeolite BEA. Microporous Mesoporous
Mater. 2007, 105, 101-110. [CrossRef]

Li, Q.; Zhang, Y.; Cao, Z.; Gao, W.; Cui, L. Crystallization behavior of zeolite beta from acid-leached metakaolin. Pet. Sci. 2010, 7,
541-546. [CrossRef]

Hassanzadeh-Tabrizi, S.A. Precise calculation of crystallite size of nanomaterials: A review. J. Alloys Compd. 2023, 968, 171914.
[CrossRef]

Chalupka, K.; Sadek, R.; Valentin, L.; Millot, Y.; Calers, C.; Nowosielska, M.; Rynkowski, J.; Dzwigaj, S. Dealuminated beta zeolite
modified by alkaline earth metals. |. Chemn. 2018, 2018, 7071524. [CrossRef]

Ma, Y,; Rigolet, S.; Michelin, L.; Paillaud, J.; Mintova, S.; Khoerunnisa, ET.; Daou, J.; Ng, E. Facile and fast determination of Si/ Al
ratio of zeolites using FTIR spectroscopy technique. Microporous Mesoporous Mater. 2021, 311, 110683. [CrossRef]

Dzwigaj, S.; Millot, Y.; Méthivier, C.; Che, M. Incorporation of Nb(V) into BEA zeolite investigated by XRD, NMR, IR, DR UV-vis,
and XPS. Microporous Mesoporous Mater. 2010, 130, 162-166. [CrossRef]

144



Catalysts 2025, 15, 340

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Kiricsi, I.; Flego, C.; Pazzuconi, G.; Parker, W.O.; Millini, R.; Perego, C.; Bellussi, G. Progress toward understanding zeolite 3
acidity: An IR and 27A1 NMR spectroscopic study. J. Phys. Chem. 1994, 98, 4627-4634. [CrossRef]

Sazama, P.; Wichterlov4, B.; Sklenék, S.; Parvulescu, V.I.; Candu, N.; Sddovskd, G.; Dedeck, J.; Klein, P.; Pashkova, V.; étastny, P
Acid and redox activity of template-free Al-rich H-BEA* and Fe-BEA* zeolites. ]. Catal. 2014, 318, 22-33. [CrossRef]

Nowak, I.; Ziolek, M. Niobium compounds: Preparation, characterization, and application in heterogeneous catalysis. Chem. Rev.
1999, 99, 3603-3624. [CrossRef] [PubMed]

Wachs, LE.; Jehng, ].M.; Deo, G.; Hu, H.; Arora, N. Redox properties of niobium oxide catalysts. Catal. Today 1996, 28, 199.
[CrossRef]

Braga, V.S,; Dias, J.A.; Dias, S.C.L.; Macedo, J.L. Catalyst materials based on Nb,O5 supported on silica-alumina: Preparation and
structural characterization. Chem. Mater. 2005, 17, 690-695. [CrossRef]

Candu, N.; Fergani, M.E.; Verziu, M.; Cojocaru, B.; Jurca, B.; Apostol, N.; Teodorescu, C.; Parvulescu, V.I.; Coman, S.M. Efficient
glucose dehydration to HMF onto Nb-BEA catalysts. Catal. Today 2019, 325, 109-116. [CrossRef]

Santos, L.R.M.; Silva, M.A.P.; Menezes, S.C.; Chinelatto, L.S.; Lam, Y.L. Creation of mesopores and structural re-organization in
beta zeolite during alkaline treatment. Microporous Mesoporous Mater. 2016, 226, 260-266. [CrossRef]

Hould, N.D.; Kumar, S.; Tsapatsis, M.; Nikolakis, V.; Lobo, R.F. Structure and colloidal stability of nanosized zeolite beta
precursors. Langmuir 2010, 26, 1260-1270. [CrossRef]

Yamamoto, S.; Sugiyama, S.; Matsuoka, O.; Kohmura, K.; Honda, T.; Banno, Y.; Nozoye, H. Dissolution of zeolite in acidic and
alkaline aqueous solutions as revealed by afm imaging. |. Phys. Chem. 1996, 100, 18474-18482. [CrossRef]

Hartman, L.; Fogler, H.S. Reaction kinetics and mechanisms of zeolite dissolution in hydrochloric acid. Ind. Eng. Chem. Res. 2005,
44,7738-7745. [CrossRef]

Shestakova, P.; Martineau, C.; Mavrodinova, V.; Popova, M. Solid state NMR characterization of zeolite beta based drug
formulations containing Ag and sulfadiazine. RSC Adv. 2015, 5, 81957-81964. [CrossRef]

Zhao, Z.; Xu, S.; Hu, M.Y,; Bao, X.; Peden, C.H.F,; Hu, J. Investigation of aluminum site changes of dehydrated zeolite H-beta
during a rehydration process by high-field solid-state NMR. J. Phys. Chem. C 2015, 119, 1410-1417. [CrossRef]

Hartanto, D.; Yuan, L.S.; Sari, S.M.; Sugiarso, D.; Murwarni, I.K.; Ersam, T.; Prasetyoko, D.; Nur, H. The use of the combination of
FTIR, pyridine adsorption, 27Al and 2951 MAS NMR to determine the Brensted and Lewis acidic sites. J. Teknol. 2016, 78, 2016.
[CrossRef]

Parry, E.P. An infrared study of pyridine adsorbed on acidic solids. Characterization of surface acidity. J. Catal. 1963, 2, 371-379.
[CrossRef]

Dias, A.PS; Rijo, B.; Pereira, M.E.C.; Zavoianu, R.; Pavel, O.D. Valorization of (bio)ethanol over MoOj3/(WO3-ZrO;) sol-gel-like
catalysts. Reactions 2024, 5, 260-273. [CrossRef]

Thangaraj, B.; Monama, W.; Mohiuddin, E.; Mdleleni, M.M. Recent developments in (bio)ethanol conversion to fuels and
chemicals over heterogeneous catalysts. Bioresour. Technol. 2024, 409, 131230. [CrossRef]

Zhukova, A.; Chuklina, S.; Fionov, Y.; Vakhrushev, N.; Sazonova, A.; Mikhalenko, 1.; Zhukov, D.; Isaikina, O.; Fionov, A.; Il'icheva,
A. Enhanced ethanol dehydrogenation over Ni-containing zirconia-alumina catalysts with microwave-assisted synthesis. Res.
Chem. Intermed. 2024, 50, 1331. [CrossRef]

Ngcobo, M.; Makgwane, P.R.; Mathe, M.K. A minireview on solid acid catalysts for dehydration of bioethanol to renewable
ethylene: An update on catalysts development progress. Appl. Catal. O 2024, 193, 206976. [CrossRef]

Garbarino, G.; Pampararo, G.; Phung, T.K; Riani, P.; Busca, G. Heterogeneous catalysis in (bio)ethanol conversion to chemicals
and fuels: Thermodynamics, catalysis, reaction paths, mechanisms and product selectivities. Energies 2020, 13, 3587. [CrossRef]
Nanda, A.S.F; Kadja, G.T.M. Bio-based templates for generation hierarchical zeolites: An overview for greener synthesis pathway.
J. Porous Mater. 2024, 31, 1155-1173. [CrossRef]

Motte, J.; Nachtergaele, P.; Mahmoud, M.; Vleeming, H.; Thybaut, ].W.; Poissonnier, J.; Dewulf, J. Developing circularity,
renewability and efficiency indicators for sustainable resource management: Propanol production as a showcase. J. Clean. Prod.
2022, 379, 134843. [CrossRef]

Zhi, Y;; Shi, H.; Mu, L.; Liu, Y.; Mei, D.; Camaioni, D.M.; Lercher, ].A. Dehydration pathways of 1-propanol on HZSM-5 in the
presence and absence of water. J. Am. Chem. Soc. 2015, 137, 15781-15794. [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.

145



PAPRN catalysts ﬁVI\D\Py

Article

Modified Fischer-Tropsch Pathway for CO, Hydrogenation to
Aromatics: Impact of Si/Al Ratio of H-ZSM-5 Zeolite on Light
Aromatics Selectivity

Shaocong Wang !, Yu Sun !, Shiyuan Lin !, Zhongxu Bian !, Yuanyuan Han !, Xinze Bi !, Zhaorui Zhang !,

Xiaojie Liu !, Dandan Liu *, Yang Wang 1'* and Mingbo Wu -2-*

State Key Laboratory of Heavy Oil Processing, College of New Energy, China University of Petroleum (East
China), Qingdao 266580, China; by1903020418@s.upc.edu.cn (S.W.); s23150055@s.upc.edu.cn (Y.S.);
bz23150003@s.upc.edu.cn (S.L.); z23150006@s.upc.edu.cn (Z.B.); b24150013@s.upc.edu.cn (Y.H.);
b23150014@s.upc.edu.cn (X.B.); z24030054@s.upc.edu.cn (Z.Z.); b24150012@s.upc.edu.cn (X.L.)

2 College of Chemical Engineering, Qingdao University of Science & Technology, Qingdao 266042, China

*  Correspondence: liudandan@upc.edu.cn (D.L.); wangyang@upc.edu.cn (Y.W.); wumb@upc.edu.cn (M.W.)

Abstract: Despite significant advancements in designing tandem catalysts for CO, hy-
drogenation to aromatics, the role of zeolite acid property in regulating the selectivity
of light aromatics (benzene, toluene, and xylene, abbreviated as BTX) remains unclear.
Herein, we report H-ZSM-5 zeolite (denoted as HZ-X, where X represents the Si/ Al ratio)
integrated with a Na-promoted FeCo-based catalyst (NaFeCo) for CO, hydrogenation into
aromatics via a modified Fischer-Tropsch synthesis pathway. This study systematically
modulates the Si/ Al ratio of acidic zeolite and examines its critical role in influencing
the light aromatics selectivity. The optimized NaFeCo/HZ-50 catalyst achieves a CO,
conversion of 43% with an aromatics selectivity of 41%, including a BTX fraction of 57%
in total aromatics. Multiple characterization techniques (NH3-TPD, Py /DTBPy-IR, %/ Al
NMR, etc.) clarify that acidic zeolite HZ-50 exhibits appropriate acid density and lower
external surface acid sites, which synergistically boost the efficient aromatics and BTX
synthesis while suppressing the undesirable alkylation and isomerization reactions on the
external acid sites. This work develops a highly efficient multifunctional catalyst for CO,
hydrogenation to light aromatics, especially offering guidance for the rational design of
acidic zeolite with unique shape-selective functions.

Keywords: CO; hydrogenation; multifunctional catalysts; light aromatics synthesis;
H-ZSM-5 zeolite; acidic property

1. Introduction

In recent decades, the extensive utilization of fossil energy sources has substantially
contributed to massive CO; emissions and unprecedented environmental challenges. The
utilization of CO, as a raw material for valuable chemicals synthesis could provide a non-
petroleum pathway for basic chemical supplies and alleviate environmental pressure [1-4].
Aromatics are an important chemical raw material with a wide range of applications. Ben-
zene, toluene, and xylene (BTX), as the most valuable aromatic hydrocarbons, are important
raw materials in the polymer industry [5,6]. Compared to the traditional fossil fuel-based
aromatics production pathway, the direct transformation of CO, + Hj into aromatics via
thermal/catalytic strategies holds great potential to realize sustainable development [7-9].

Thermal/catalytic CO, hydrogenation to aromatics primarily involves a methanol-
mediated route [10-13] and olefin-mediated route [14-18]. In the methanol-mediated
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pathway, CO, first reacts with hydrogen over a reduced metal oxide catalyst to form
methanol. Then, the methanol molecules diffuse into the zeolite channels and are converted
into aromatics with the aid of acid sites and the shape-selective catalysis function of zeolite.
Even though high aromatics selectivity can be achieved from the methanol-mediated
pathway, the thermodynamic mismatch between CO, hydrogenation to methanol and
the methanol aromatization reaction results in low CO, conversion and high undesirable
CO selectivity, hindering the high-yield synthesis of aromatics. In the olefin-mediated
pathway, the reverse water—gas shift reaction first occurs to generate CO. Subsequently,
CO undergoes Fischer-Tropsch synthesis (FTS) with H; to form olefins. At last, these
olefins undergo aromatization in the channels of H-ZSM-5 zeolite to produce aromatics
(Scheme 1). The olefin-mediated pathway (also known as the modified FTS pathway)
delivers exceptional CO, conversion efficiency and low CO selectivity, offering promising
potential for high-yield synthesis of aromatics [19,20]. From the viewpoint of industrial
application, the olefin-mediated route, with the advantage of high-yield aromatics synthesis,
could decrease the reactor size and investment cost.

Aromatization
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Scheme 1. Reaction process for the hydrogenation of CO; to aromatics via the modified FTS pathway.

The design of a multifunctional catalyst that is capable of synergistically catalyzing
RWGS, FTS, and aromatization reactions (tandem catalytic system) is the main challenge
for the olefin-mediated route. Sun et al. developed a Na-modified ZnFeOx composite
catalyst coupled with H-ZSM-5 zeolite for CO, hydrogenation to aromatics [21]. This study
revealed that Zn acts as a structural accelerator to enhance the dispersion of Fe species,
significantly facilitating the exposure of the active sites. In addition, the suitable amount of
residual sodium (ca. 4.25 wt%), hierarchical pore structure, and the appropriate density of
Brensted acid sites in the ZnFeOx-nNa/H-ZSM-5 composite catalyst significantly enhanced
the aromatic selectivity and catalytic stability. Gascon et al. designed a multifunctional
catalyst composed of Fe;O3@KO, and H-ZSM-5 [22]. The KO,-doped Fe,O3 exhibited
excellent olefin production activity, while H-ZSM-5 boosted the aromatization process.
Under industrial conditions, the catalyst achieved a CO, conversion of 50% and an aromatic
space-time yield (STY) of 9.2 mmol g~! h~!. Although a tandem catalytic system based
on modified FTS pathways for mixed aromatics (containing large amounts of heavy Co.,
aromatics) has been extensively studied, the strategy for improving BTX selectivity needs
to be further investigated.

The acidic property of zeolite (mainly H-ZSM-5 with MFI topology structure) is the
key factor in optimizing the selectivity of BTX [23-25]. The charge imbalance caused by
substituting APt for Si** in the skeleton is the origin of the acidity of zeolite [26,27]. The
substitution of Al for Si in the zeolite skeleton results in a negative charge that requires
a cation to compensate, and when the cation is H*, a Brensted acid site is formed [28].
These acid sites are crucial active sites for the aromatization process, promoting C-C bond
formation and hydrogen transfer reaction through the proton transfer mechanism [29,30].
Furthermore, the molecular shape-selective effect of microporous in H-ZSM-5 permits
only the molecules with kinetic diameters (e.g., BTX) matching the pore dimensions to
diffuse through the channels, while bulkier Cg, aromatics are theoretically restricted within
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the channels. However, the formation of Cg, aromatics in practical application is mainly
due to the alkylation and isomerization initiated by the acid sites at the pore mouth of
channels and the external surface. These side reactions significantly reduce BTX selectivity.
Therefore, by precisely modulating the spatial distribution of acid sites in H-ZSM-5 and
rationally suppressing the side reactions on the external surface, the selectivity of BTX
from olefin-mediated CO, hydrogenation can be enhanced effectively [31,32]. The current
strategies for erasing external surface acid sites of zeolites are typically through epitaxial
growth of Silicalite-1 or SiO, on the external surface, but these methods involve compli-
cated procedures [13,33]. Recently, a novel H-ZSM-5 zeolite with unique Al distribution
characteristics (Al-rich core and Al-deficient surface) has been discovered [34-36]. This
special acid site distribution could eliminate the side reactions, offering a new approach for
designing multifunctional catalysts in olefin-mediated CO, hydrogenation to BTX. Even
though it has been shown that the spatial distribution characteristic of Al sites in this type
of H-ZSM-5 zeolite could significantly enhance the BTX selectivity, its application in the
modified FTS pathway for CO, hydrogenation into BTX has not been investigated. In
particular, the detailed mechanism by which the Si/ Al ratio (Si/Al) affects the product
distribution through the modulation of acid strength, acid density, and shape-selective
effect has not been systematically revealed.

In this work, we varied the Si/ Al ratio of the special H-ZSM-5 zeolite with an Al-rich
core and an Al-deficient surface (denoted as HZ-X, where X represents the Si/ Al ratio,
X =25, 50, and 150) by adjusting the composition of the synthesized materials. We found
a link between zeolite acidity and target product selectivity. NaFeCo/HZ-50 exhibited
excellent BTX synthesis performance, which was attributed to its high Bronsted acidity
and low external surface acidity. The multifunctional catalyst NaFeCo/HZ-50 achieved
43% CO; conversion and 41% aromatics selectivity, with BTX accounting for 57% of the
total aromatics. At a high Si/ Al ratio (HZ-150), the weak acid sites could not powerfully
induce the aromatization of olefins toward aromatics. Conversely, under a low Si/ Al ratio
(HZ-25), the strong acidity at both internal and external surfaces induced the side reactions,
resulting in a marked decline in BTX selectivity.

2. Results
2.1. Physicochemical Property of the H-ZSM-5 Zeolite

The preparation process of H-ZSM-5 zeolites (denoted as HZ-X, where X represents the
Si/ Al ratio) was illustrated in Figure 1a. The X-ray fluorescence (XRF) spectra verified the
Si/ Al ratio in HZ-X, as shown in Table S1. The morphology of the prepared HZ-X zeolites
with different Si/ Al ratios was investigated by scanning electron microscopy (SEM). As
shown in Figure 1b-d, the HZ-X zeolite presented a hexagonal morphology. The average
length of the zeolite was 20 pm.

The crystal phase structure and crystallinity of HZ-X zeolite with different Si/Al
ratios were analyzed by X-ray diffractometer (XRD) patterns. The obtained HZ-X zeolites
delivered a typical diffraction peak of the zeolite with MFI topology (PDF#47-0638) (Fig-
ure 2a), confirming the successful synthesis of H-ZSM-5 zeolite. As shown in Figure 2b
and Table S2, with the increase in the Si/ Al ratio, the relative crystallinity of zeolite first
increased and then decreased. HZ-50 exhibited the highest relative crystallinity, indicating
a more regular and stable crystal structure.

Nitrogen adsorption and desorption isotherms were employed to investigate the
impact of the Si/ Al ratio on the architecture property of the acidic zeolites. As demonstrated
in Figure 2c, the nitrogen adsorption capacity of all zeolites rapidly increased at low relative
pressures (P/Py = 0-0.2), which is a characteristic of type I isotherms and confirms the
microporous-dominated structure. The detailed data are shown in Table S2. As the

148



Catalysts 2025, 15, 557 4of 14

Si/ Al ratio decreased, the specific surface area of the zeolite gradually increased from
378 m? g~ ! t0435m? g~ !, and the micropore volume progressively rose from 0.161 cm3 g~!
to 0.185 cm? g~ . The pore size distribution plots indicated that the pore size in zeolites all
concentrated in the range of 0.5-0.6 nm, further confirming the microporous structure of
the acidic zeolites with different Si/ Al ratios (Figure 2d).
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Figure 1. (a) Schematic illustration of the fabrication process of HZ-X zeolites. (b—d) SEM images of
the HZ-X zeolites. (b) HZ-25, (¢) HZ-50, and (d) HZ-150.
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Figure 2. XRD patterns (a), relative crystallinity (b), nitrogen adsorption-resolution isotherms (c),
and pore size distribution (d) of the HZ-X zeolites with different Si/ Al ratios.

2.2. The Catalytic Performance of Aromatics Synthesis from CO, Hydrogenation

The catalytic performance of NaFeCo/HZ-X catalysts was evaluated in a fixed-bed
reactor at 320 °C and 3 MPa for the hydrogenation of CO; to aromatics. NaFeCo and
HZ-X zeolites were pelletized into 2040 mesh particles, respectively, after which they were
physically mixed and loaded into the reactor. The detailed results are shown in Figure 3,
with specific data in Tables S3 and S4. Increasing the Si/ Al ratio of the zeolitic catalyst led
to a continuous reduction in CO, conversion, dropping from 44.3% to 35.5%. The variation
in CO, conversion can be attributed to the different driving forces stemming from the HZ-X
zeolites with different Si/ Al ratios and acid strengths. For the product distribution, as the
Si/ Al ratio increased, the selectivity of CH4 and light olefins was improved, while the se-
lectivity of aromatics exhibited a decreasing trend. These results demonstrated that a lower
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Si/ Al ratio is favorable to enhance the efficiency of olefin transformation and aromatization
synthesis. To further compare the aromatization capability of different zeolites, the product
distribution of Cs, hydrocarbon compounds is presented in Figure 3c. With the Si/Al ratio
increased, the selectivity of olefins and iso-paraffins showed a slight enhancement, while
the selectivity of n-paraffins experienced a mild decline. We then analyzed the selectivity
of the most important products, light aromatics, BTX. Figure 3b demonstrates the BTX
selectivity and space-time yield (STY) obtained from the NaFeCo&HZ-X catalysts. It was
not difficult to find that when NaFeCo&HZ-50 had the highest selectivity of BTX and
STY, NaFeCo&HZ-25 had the second highest performance, and NaFeCo&HZ-150 had the
lowest performance. The above results may be because the excessively strong acidity in
HZ-25 resulted in the conversion of the produced light aromatics to C9+ heavy aromat-
ics. In contrast, the excessively weak acidity in HZ-150 was not sufficient to support the
aromatization reaction. The NaFeCo&HZ-50 catalyst showed the optimal BTX synthesis
performance with a BTX selectivity of 23.7% and a BTX STY of 59.8 mgprx-greco -h™ 1.
The study of the distribution of aromatics fraction (Figure 3d and Table S4) revealed that
toluene (T), xylene (X), and Co, heavy aromatics were dominant in the products. When the
Si/ Al ratio increased from 25 to 150, the proportion of toluene in total aromatics gradually
decreased from 22% to 12.8%, and the proportion of ethylbenzene also declined from
5.3% to 4.2%. In contrast, the proportion of Cg, heavy aromatics first decreased and then
increased, first from 40.7% to 37.2% and then to 47.1%. The above-discussed product distri-
bution characteristics indicated that adjusting the Si/ Al ratio can effectively optimize the
product distribution. The NaFeCo&HZ-50 catalyst achieved high selectivity of aromatics
and BTX, with aromatics selectivity of 41.1% and BTX fraction of 57.7% in total aromatics.
Furthermore, benefiting from the higher CO; conversion, NaFeCo&HZ-50 also delivered
an excellent STY of light aromatics.
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Figure 3. (a) Catalytic performance of various catalysts for CO, conversion. (b) BTX selectivity and
STY of BTX from NaFeCo/HZ-X catalysts. (c¢) Product distribution of Cs, hydrocarbons. (d) Product
distribution of various aromatics. C5,* denotes the Cs; hydrocarbons excluding aromatics. Alc.
denotes the alcohol compounds. Cy—C4Y and Cp—C,4= denote the paraffins and olefins of C,—Cy
hydrocarbons, respectively. Reaction conditions: 320 °C, 3 MPa, (23.75% CO,, 71.25% H;, and 5%
Ar), GHSV = 4500 mL gcafl h~1, time on stream (TOS) = 24 h, metal oxide/zeolite mass ratio = 1:3,
and catalyst weight of 0.8 g.
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2.3. Acidic Property of HZ-X Zeolites

In the CO; hydrogenation reaction, the synthesis of aromatics, especially BTX, is
closely related to the acidic property of zeolites. Optimizing the density of Brensted acid
sites plays a critical role in enhancing aromatics selectivity. Figure 4a presents the ammonia
temperature-programmed desorption (NH3-TPD) profiles of different zeolites, where two
distinct desorption peaks appeared at 130 °C and 400 °C, respectively. The peak at 130 °C
was associated with the weak acid sites, while the peak at 400 °C corresponded to the
medium and strong acid sites. As the Si/Al ratio decreased, the desorption peaks shifted
to higher temperatures, indicating an increase in acid strength. The specific density of
the acid sites is provided in Table S5. HZ-25 exhibited the highest acid density, reaching
a total of 144 umol g~?!, while the acid density of HZ-50 decreased to 54 pmol g~!. To
further investigate the acidic property of the zeolites, we performed pyridine infrared
(Py-IR) spectroscopy analysis (Figure 4b). The three typical peaks at 1445, 1490, and 1545
cm~! can be assigned to the Lewis acid sites, both Lewis and Brensted acid sites, and
Brensted acid sites, respectively. In H-ZSM-5 zeolite, the Bronsted acid is associated with
the inserted AI®* in a tetrahedral framework as Si—-OH-Al in H-ZSM-5 zeolite, and the
Lewis acid is generally derived from the Al3* located in the extra-framework [37]. As the
Si/ Al ratio decreased, the amount of Bronsted acid sites increased, which is associated with
the increased Al species content. HZ-25 exhibited the highest Brensted acid concentration
of 0.72 mmol gfl, while HZ-50 exhibited a slightly lower value of 0.52 mmol g*1 (Table
S6). The variation trends in acid density observed from the Py-IR spectra aligned well
with the NH;3-TPD results. It should be noted that the difference in the amount of acid
sites determined by NH3-TPD and Py-IR was due to the different accessibilities of probe
molecules with different molecular sizes (pyridine and NHj3) to the acid sites [38]. With
a lower Si/Al ratio in zeolite, its acidity gradually enhances, leading to increased CO;
conversion and aromatics selectivity, whereas BTX selectivity first improved and then
decreased.

It has been proven that the acidic characteristic of zeolite possesses a significant cor-
relation with the spatial distribution of Al sites in the skeletal structure [38]. The zeolite
framework contains silanol (5i-OH) and silanol-aluminum (Si-OH-AI) groups [39,40].
Si—-OH corresponds to weak acid sites, while Si-OH-Al typically corresponds to stronger

13* in the framework. There-

Brensted acid sites associated with tetrahedral coordinated A
fore, as the amount of tetrahedral Al increases, the acidity strengthens [41]. To characterize
the coordination of AI** in the zeolite framework and elucidate the association of AI** with
acidic properties, we conducted an analysis of the coordination states using > Al solid-
state magic angle spinning nuclear magnetic resonance (¥ Al MAS NMR) spectroscopy
(Figure 4c). The spectrum exhibited a prominent peak at 55 ppm, which can be diagnosed
as frame Al species. In contrast, the peak at 0 ppm corresponded to the non-framework
Al species. All zeolite samples exhibited typical tetrahedral coordination framework Al
structure characteristics. It was worth noting that the HZ-25 sample exhibited a weak
signal of the non-framework Al species due to the high content of AI3*.

The acid sites on the external surface of the zeolites tend to induce the formation
of Co, heavy aromatics compounds through the alkylation and isomerization of light
aromatics [25,42,43]. To investigate the variation in external surface acidity of zeolites
with different Si/ Al ratios, the 2,6-di-tert-butylpyridine infrared (DTBPy-IR) spectra were
obtained. The bulky DTBPy could primarily only interact with the acid sites on the external
surface of the zeolite, thereby avoiding interference from acid sites within the pore interiors.
Thus, it is an effective probing molecule for studying the external surface acidity of zeolites.
As shown in Figure 4d, it had large peaks at 1600, 1630, 1445, 1490, and 1545 cm~ L. The large
peak at 1600 cm ! is related to the bending vibration of C=C in the pyridine ring, while
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the large peak at 1630 cm ! is related to the hydrogen bonding in the pyridine molecule.
Since DTBPy also has a pyridine ring structure, three desorption peaks at 1445, 1490, and
1545 cm ! also appeared in the spectra. The peak between 1600 and 1700 cm ! reflected the
acidity of the external surface of zeolites. It can be observed that the external surface acidity
of the zeolites initially decreased and then increased as the Si/ Al ratio increased, with
HZ-25 and HZ-150 displaying stronger external surface acidity. In conclusion, moderate
Si/ Al ratio zeolites featured an Al-rich core and Al-deficient surface, generating spatially
distinct acid site distribution (high internal but low surface acid density), which enhances
BTX formation efficiency.
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Figure 4. NH;3-TPD profiles (a), Py-IR spectra (b), 27 Al MAS NMR spectra (c), and DTBPy-IR spectra
(d) of all zeolites with different Si/ Al ratios. The Py-IR and DTBPy-IR spectra were recorded after
removing the weakly adsorbed Py and DTBPy molecules by evacuation at 150 °C.

Through comprehensive analysis, it was found that the Si/ Al ratio of zeolite was
significantly and positively correlated with the Bronsted acid strength and framework
aluminum density (Figure 4). HZ-50 exhibited moderate Al content, with Al exclusively
participating in framework formation, which promotes the synthesis of total aromatics.
Meanwhile, its lower external surface acid density facilitated the efficient synthesis of light
aromatics BTX by avoiding the undesirable side reactions.

2.4. Relationship Between Zeolite Acidic Property and Light Aromatics Synthesis Performance

The relationship between the acidic property of zeolites with different Si/ Al ratios
and CO, hydrogenation performance is shown in Scheme 2. In the modified FTS reaction
system, olefin intermediates were first aromatized on acid sites in the pore of the zeolite to
form light aromatics. During their diffusion to the external surface, these light aromatics
underwent secondary reactions (such as alkylation and isomerization) with the aid of acid
sites on the external surface, generating undesirable by-products, such as heavy aromatics
or iso-paraffins. The experimental results showed that when the Si/ Al ratio was too high,
the acid strength was insufficient for the aromatization process. When the Si/ Al ratio was
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too low, a part of the Al might be located on the external surface of the zeolite, which leads
to the undesirable side reactions that lower the BTX selectivity. Under the optimal Si/Al
ratio, all Al species in the zeolite were involved in the skeleton formation process. It’s
appropriate acid site density and distribution optimized the aromatization process and
minimized the side reactions, therefore achieving the superior BTX synthesis performance.
An increase in the Si/Al ratio of zeolites led to a gradual decrease in acid site density,
resulting in slower conversion of intermediates and a decreased CO, conversion due to
hampered driving force in the tandem catalytic system.
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3. Materials and Methods
3.1. Materials and Chemicals

Ferric nitrate nonahydrate [Fe(NO3)3-9H,O] (Macklin Biochemical Co., Ltd., Shang-
hai, China), cobalt nitrate hexahydrate [Co(NO3),-6H,O] (Macklin Biochemical Co., Ltd.,
Shanghai, China), sodium meta-aluminate (NaAlO,) (Sinopharm Group Chemical Reagent
Co., Ltd., Shanghai, China), tetrapropylammonium bromide (C;,HgBrN) (Sinopharm
Group Chemical Reagent Co., Ltd., Shanghai, China), n-butylamine (C4H;1N) (Macklin
Biochemical Co., Ltd., Shanghai, China), Urea (CH4N,O) (Sinopharm Group Chemical
Reagent Co., Ltd., Shanghai, China), anhydrous sodium carbonate (Na,CO3) (Sinopharm
Group Chemical Reagent Co., Ltd., Shanghai, China), Colloidal silicon oxide LUDOX®
HS-40 (5i0,) (Sigma-Aldrich Life Science & Tech Co., Ltd., Shanghai, China) were of analyt-
ical grade and utilized without further purification. The deionized water used for catalyst
preparation had a resistivity of 18.2 megohms and was obtained through an ultrapure
water system.
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3.2. Catalyst Preparation
3.2.1. Synthesis of NaFeCo Catalyst

The FeCo catalyst was synthesized by the urea precipitation method. Typically,
Fe(NO3)3-9H,0 (12.12 g), Co(NO3),-6H,0O (2.9103 g), and urea (33.033 g) were dissolved in
deionized water (330 mL) to form a homogeneous solution. The solution was then placed in
an oil bath, heated to 85 °C, and stirred for 2 h. The solution was then kept at 85 °C for 12 h
for aging. The product was collected by centrifugation, washed four times with deionized
water, and then dried at 70 °C overnight in an oven. The catalyst was then calcined at
350 °C for 4 h under an air atmosphere at a ramp rate of 5 °C min~! to obtain the FeCo
catalyst. Finally, the FeCo catalyst was impregnated with sodium carbonate solution for 3%
sodium impregnation, followed by drying in an oven at 70 °C overnight to obtain the final
catalyst NaFeCo.

3.2.2. Synthesis of H-ZSM-5 Zeolites

The H-ZSM-5 zeolites with different Si/ Al ratios (denoted as HZ-X, where X repre-
sents the Si/ Al ratio) were synthesized by the hydrothermal method. Typically, deion-
ized water of 91.5 g was added to a 200 mL PTFE bottle. Under the stirring condi-
tion, NaAlO, of 0.08-0.48 g, TPABr of 1.83 g, and C4H;1N of 3.92 g were added into
the above solution and magnetically stirred for 15 min to make them dissolve thor-
oughly. Then, SiO; of 22.53 g was slowly added into the above solution drop by
drop, and stirring was continued for 30 min. The molar ratio of all the reagents was
Si0,:Al,O3:H,O:TPABr:NBA = 300:1-6:10,160:13.78:107.2. The obtained solution was
poured into a stainless steel reactor with PTFE lining and tightly sealed to ensure that the
liquid did not leak. The reactor was transferred to a rotary drying oven and fixed on a
rotating holder. The hydrothermal temperature was maintained at 180 °C for 48 h, and the
rotation speed was 2.0 r min~—!. The obtained emulsion was centrifugally washed three
times with deionized water, followed by drying overnight at 70 °C to acquire the HZ-X
precursor. The precursor was calcinated at 550 °C for 6 h in a muffle furnace with a heating
rate of 5 °C min~! to remove the organic template in HZ-X.

3.3. Catalyst Characterization

X-ray diffraction (XRD) analysis of the obtained catalysts was conducted using Cu
Ko radiation and a DX-2700BH X-ray diffractometer (Dandonghaoyuan Instrument Co.,
Ltd., Dandong, China). The relative crystallinity of the zeolites was obtained by comparing
the crystal peak areas in the XRD patterns of the zeolites under the same conditions.
The morphology of the catalysts was observed via scanning electron microscopy (SEM)
using a Regulus 8100 instrument (Hitachi High-Tech Co., Shanghai, China). Further,
the specific surface area and pore size distribution of the samples were determined by
the JW-BK200 instrument (JingweiGaoBo Co., Ltd., Beijing, China). The specific surface
area was calculated using the Brunauer-Emmett-Teller (BET) method. The Horvath-
Kawazoe (HK) method was employed to analyze the pore size distribution of microporous.
NHj; temperature-programmed desorption (NH;3-TPD) experiments were carried out on
a DCA-1200 instrument (Builder Electronic Technology Co., Ltd., Beijing, China). Prior
to the experiment, the catalyst was pretreated at 150 °C for 1 h to eliminate the H,O
present in the microporous zeolite. Subsequently, the sample was saturated with NHj3 at
50 °C, and the physisorbed NH3 was removed using He flow. Further, NH3-TPD profiles
were recorded under a He flow with a heating rate of 10 °C min~!. The Si/Al ratio of
the HZ-X catalyst was evaluated using a PANalytical AXIOS-Petro X-ray fluorescence
spectrometer (PANalytical B.V. Co., Netherlands, Beijing, China). Pyridine infrared (Py-IR)
and 2,6-di-tert-butylpyridine infrared (DTBPy-IR) spectra were obtained using a Bruker
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iS50 FTIR spectrometer (Thermo Fisher Scientific Instrument Co., Ltd., Waltham, MA, USA)
to distinguish the acid type in HZ-X. Prior to the Py-IR or DTBPy-IR test, the zeolite was
pressed into a self-supported wafer and degassed at 400 °C and 10~* Pa for 1 h. After
that, inert gas was saturated with pyridine or 2,6-di-tert-butylpyridine and was introduced
into the IR cell for 1 h at room temperature. Finally, the catalyst was heated to 150 °C
with a heating rate of 10 °C min~—!, then desorbed under a helium atmosphere for 30 min,
and finally, Py-IR or DTBPy-IR spectra were collected. The distribution of Al in HZ-X
zeolites was analyzed using an AVANCE3-400M (Bruker Co., Beijing, China) wide-cavity
solid-state Nuclear Magnetic Resonance (NMR) spectrometer. The acidity data for zeolite
was calculated using the following equation:

(1) NH;-TPD:

acidity = NVoxwxA
Y= nx Ay x Vi,

where V) is the volume of the quantized ring, w is the volume fraction of NH3, Ay and A

are the peak areas of the TCD signal peaks measured for the quantized ring and the catalyst,

respectively, m is the mass of the catalyst, and V, is the molar volume at standard conditions.

(2) Py-IR:

Brnsted acidity = 1.88 x Ap X Rz/m
Lewis acidity = 1.42 x Ap X Rz/m

The quantitative determination of Bronsted and Lewis acids of the catalysts was based
on previous studies [44]. where 1.88 and 1.42 are the extinction coefficients of Brensted
acid and Lewis acid, respectively. The peak areas of the characteristic peaks of Brensted
acid and Lewis acid are labeled as Ap/A}. The radius of the zeolite compression tablet is
labeled as R. The mass of the compression tablet is labeled as m.

3.4. Catalytic Activity Evaluation

The catalytic performance of the catalysts was measured in a fixed-bed reactor
(ZXBLUE Co., Ltd., Beijing, China) with an internal diameter of 12 mm. As shown in
Figure 5, 0.2 g of NaFeCo and 0.6 g of HZ-X were made into 20-40 mesh granules and
mixed homogeneously. The mixture was mixed with an equal volume of quartz sand and
loaded into the reactor. Prior to the reaction, the catalyst was reduced by pure Hj at 400 °C
for 4 h. After cooling down to room temperature, the reactant gas (23.75% CO,, 71.25% Hy,
and 5% Ar) was fed into the reactor until the pressure reached 3 MPa. At the same time, the
temperature of the reactor was increased to 320 °C. The exhaust gas was analyzed by an on-
line gas chromatograph (Fuli 979011, Fuli Analytical Instruments Co., Ltd., Wenling, China)
equipped with two detectors (thermal conductivity detector (TCD) and flame ionization
detector (FID). The TCD is connected to the TDX-01 (60-80 mesh, 3 mm X 2 m, Ruide-
Jingke Instrument Co., Ltd., Zaozhuang, China); Porapak-Q (60-80 mesh, 3 mm x 1m,
Agilent Technologies Co., Ltd., Santa Clara, CA, USA) packed columns for the analysis
of Ar, CO, CHy, and COy; and the FID is connected to the HP-PLOT/Q capillary col-
umn (0.53 mm x 30 m, Agilent Technologies Co., Ltd., Santa Clara, CA, USA) to detect
gas-phase hydrocarbons. An off-line gas chromatograph (Fuli 97901l, Fuli Analytical Instru-
ments Co., Ltd., Wenling, China) equipped with an FID and a capillary column InerCap-5
(30 m x 0.25 mm, GL Sciences, Tokyo, Japan) was employed to analyze the liquid products.

The specific catalytic performance evaluation method is as follows:

(1) CO; conversion was calculated according to
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COZinlet - Co2outlet
COZinlet

in which the mole of CO, in the inlet gas is labeled as the CO; inlet and that in the outlet
gas is labeled as the CO; outlet.

CO, Conversion = x 100%

CO,+H,

Quartz Wool
® Quartz Sand

@ NaFeCo
@ HZ-X
Aromatics

Figure 5. Schematic diagram of catalyst loading in the reactor.

(2) Product selectivity was calculated as the percentage of CO, converted into a given
product and according to

x 100%

where N; and n; represent the mole percentage and carbon number of product i, respectively.
(3) CO selectivity for CO, hydrogenation was calculated according to

Cooutlet
Cozinlet - COZoutlet

in which the mole of CO in the outlet gas is labeled as the CO outlet. The carbon balances

CO selectivity = x 100%

in all catalytic runs were calculated and are all higher than 90%. Typically, the experimental
data after the reaction of 24 h were used for discussion.

4. Conclusions

In summary, we synthesized H-ZSM-5 (denoted as HZ-X, where X represents the
Si/ Al ratio) zeolites with varying Si/ Al ratios and evaluated their catalytic performance in
CO, hydrogenation to aromatics after combining with the NaFeCo catalytic component.
The acidic property of the zeolites, particularly the acid density and distribution, plays
a crucial role in light aromatics synthesis performance. The structural characteristics of
zeolites govern their acid site distribution, and these acid sites serve as the active centers
for catalyzing the conversion of CO, to aromatics. Therefore, tuning the active sites of
zeolites can promote the selective synthesis of the target product. The zeolite with a Si/ Al
ratio of 50 possessed Al-rich core and Al-deficient surface characteristics. This acidic
property synergistically boosted the efficient light aromatics synthesis by suppressing the
undesirable alkylation and isomerization reactions on the external acid sites. In contrast, the
zeolite with a high Si/ Al ratio exhibited insufficient acid site density for the aromatization
reaction, while the zeolite with a low Si/Al ratio delivered high heavy aromatics selectivity
due to the undesirable side reactions, such as alkylation and isomerization. The optimized
NaFeCo/HZ-50 catalyst achieved a CO, conversion of 43% with an aromatics selectivity
of 41%, including a BTX fraction of 57% in total aromatics. This work demonstrates that
the rational design of zeolite acidic property is critical for efficient CO, hydrogenation into
BTX, offering design guidance for bifunctional catalysts in a targeted synthesis system.
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