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Preface

I would like to express my gratitude toward the authors of the published articles in this Special
Issue Microporous and Mesoporous Materials for Catalytic Applications. These research papers and
review articles were peer-reviewed by selected prominent international researchers in the field of
microporous and mesoporous materials. In considering that these catalytic materials are of immense
importance for the production of green fuels and chemicals, intensive research is being carried out
in academic and industrial research laboratories around the globe. Furthermore, for the sustainable
development of our society, it is of immense significance that environment-friendly technologies,
materials, and methods are applied to the manurfaturing of fine and speciality chemicals and
renewable energy production. Microporous and mesoporous materials will play an important role
in the development of green process technology, the mitigation of climate change, water purification,
and thge synthesis of pharmaceutical components. Articles published in this Special Issue with
novel research results, valuable experimental data, and creative discussions will help upcoming
and established researchers, scientists, and academics inthe development of new microporous and
mesoporous materials for catalytic applications in refinery processes, fine chemical synthesis, and

renewable energy production.

Narendra Kumar
Guest Editor
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The Special Issue “Microporous and Mesoporous Materials for Catalytic Applications
has twelve peer-reviewed articles (Contributions 1-12), out of which there are eight research
papers (Contributions 1-8) and four review papers (Contributions 9-12). The main research
topics of the published peer review articles are synthesis and physico-chemical character-
izations of structured acidic and metal-modified microporous and mesoporous materials.
The prepared acidic, transition, and noble metal-modified microporous and mesoporous
materials have been utilized in the production of fuel components such as gasoline, diesel,
and jet fuels, pharmaceuticals, fine chemicals, and specialty and medicinal drug molecules.
Catalytic reaction mechanism, kinetic studies, and deactivation of catalysts have been re-
ported for these applications. Furthermore, reactions of immense interest for academic and
industrial researchers have been studied in the published research papers. These important
reactions are methanol to aromatics on hybrid zeolite catalysts (Contribution 1), synthesis of
CBO (CO304/Bi,03) degradation of fipronil and acetochlor pesticides in aqueous medium
(Contribution 2), hydrodesulfurization of thiophene in an n-heptane stream (Contribution 3),
dimethyl ether to olefins (Contribution 4), catalytic distillation of atmospheric residue of
petroleum (Contribution 5), effect of basic production on porous supported alumina for pro-
duction of acetins (Contribution 6), Ni and Ce grafted mesoporous silica KIT-6 for adsorption
of CO, (Contribution 7), Ordered mesoporous nZV1/Zr-Ce-SBA-15 catalysts used for nitrate
reduction (Contribution 8), a comprehensive review of production of fine chemicals (Contribu-
tion 9), porous aerogel structures as promising matrials for photocatalysis (Contribution 10),
Hierarchical zeolite by alkaline treatment (Contribution 11) and catalytic ozonation of textile
waste water (Contribution 12).

The synthesis of aluminosilicate microporous and ordered mesoporous materials
using hydrothermal synthesis has been the focus of research in these published research
papers. Preparation of transition and noble metal-modified microporous and mesoporous
materials has been carried out using evaporation impregnation, ion-exchange, deposition
precipitation, co-precipitation, chemical vapor deposition, and in situ synthesis methods.
It is noteworthy to mention that authors in the published peer-reviewed research papers
have also utilized novel synthesis methods, such as the introduction of transition and noble
metals during the hydrothermal synthesis and post-synthesis bi-metallic modifications.

In-depth physico-chemical characterizations of the as-synthesized pristine and metal-
modified microporous and mesoporous materials have been performed using characteriza-
tion methods such as X-ray powder diffraction for determination of the structural features
and phase purity and scanning electron microscopy for the measurements of the crystal
morphology, shape, and size distributions (Contributions 1,3,4). The amounts, strengths,
and types of Bronsted and Lewis acid sites have been analyzed by FI-IR equipment using
pyridine as a probe molecule. The authors of some research papers have also carried out
measurements of the amounts of Brensted and Lewis acid sites and total acidity using
temperature-programmed desorption of ammonia (Contributions 3,5,6). Furthermore, the
characterization of basic sites in pristine and metal-modified has been carried out using
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temperature-programmed desorption of CO,. Transmission electron microscopy and high-
resolution transmission electron microscopy have been applied for the determination of
the size and dispersion of noble and transition metals (Contributions 2,3,5). The oxidation
states of metal nanoparticles have been measured using X-ray photoelectron spectroscopy.
The chemical compositions of the synthesized acidic and metal-modified microporous and
mesoporous materials have been measured using energy dispersive X-ray microanalyses
and inductively coupled plasma spectroscopy (Contributions 9,11,12). Surface area, pore
volume, and pore size distributions have been measured using nitrogen physisorption
(Contributions 9-10).

The novel research results published in the research papers of the Special Issue titled
“Microporous and Mesoporous Materials for Catalytic Applications” will enhance the
scientific knowledge in the research fields of the synthesis, characterization, and appli-
cations of these industrially important catalytic materials for the development of green
process technology and environmentally friendly industrial processes for the production
of renewable energy, green fuels, and chemicals. Furthermore, the published research
papers and reviews will contribute to the understanding of the fundamental, theoretical,
and practical aspects of reaction mechanisms, adsorption phenomena, shape selectivity,
diffusion of reactants and products, catalyst deactivation, and regenerations.

Funding: This research received no external funding.

Acknowledgments: I would like to thank all the authors who shared their research and the reviewers
for their invaluable contributions.
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Abstract: A study on the reaction of methanol to aromatic hydrocarbons using catalysts based on
hybrid zeolites MFI-MEL, MFI-MTW, and MFI-MCM-41 at a temperature of 340 °C and a pressure
of 10.0 MPa was carried out. It is shown that in the synthesis of hydrocarbons under pressure, the
activity of the studied samples is similar and does not have a linear correlation with their total acidity.
It was found that the catalyst’s activity is primarily determined by the rate of the initial methanol
conversion reaction, which is related to the volume of micropores—more micropores lead to higher
activity. Additionally, increasing the volume of mesopores results in the formation of heavier aromatic
compounds, specifically C19—Cyj.

Keywords: methanol to aromatics; hybrid zeolites; intergrowth structure; MEL; MTW; MCM-41; MFI

1. Introduction

The process of converting methanol into hydrocarbons on a zeolite catalyst, referred
to as the MTG (Methanol to Gasoline) process, has been known since the second half of
the 20th century. However, with the advancement of decarbonization in the petrochemical
industry and the development of methanol synthesis technologies using CO, as a reagent,
research into the process of synthesizing hydrocarbons from methanol remains relevant.

In the synthesis of hydrocarbons from oxygenates, a catalyst based on the MFI zeolite
structure is most commonly used. The most well-known industrial brand of this zeolite
is ZSM-5 (Zeolite Socony Mobil-5) from Mobil (Spring, TX, USA). It is characterized by
high productivity for liquid hydrocarbons and a low deactivation rate. Until 2010, the most
common methods for modifying the catalyst were its promotion with various metals and
zeolite desilication/dealumination. For instance, the introduction of Ga, Zn, and Ag into
the catalyst increases the yield of aromatic compounds [1,2]. Desilication/dealumination
leads to the formation of randomly oriented mesopores surrounded by micropores, which
slightly extends the catalyst’s lifetime and increases the propylene/ethylene ratio due to its
open mesoporosity [3].

Currently, alternative zeolite structures such as zeolites with a two-dimensional chan-
nel structure (MEL) or a one-dimensional channel structure (MTW) are being considered
for the synthesis of hydrocarbons from oxygenates [4-6]. For example, in [7], it has been
shown that the MEL zeolite can compete with MFI zeolite in terms of catalyst deactivation
rate and propylene selectivity (35% versus 27%). Catalysts based on the MTW zeolite
structure are also a good alternative to traditional zeolites in terms of propylene and butene
formation, with a combined yield reaching 65 mol% C [8].

Additionally, to increase the yield of target products, the synthesis of zeolites with
a hybrid structure, by combining different zeolite structures such as MFI and MEL, MFI
and MTW, MFI and BEA, MFI and AEL, and MFI and FER, is actively being developed.

Catalysts 2024, 14, 461. https:/ /doi.org/10.3390/ catal14070461 4

https:/ /www.mdpi.com/journal/ catalysts



Catalysts 2024, 14, 461

Hybrid materials can be obtained through the co-crystallization of zeolites with different
structures or in the synthesis of “core-shell” type structures [9-14]. For example, in [11],
samples based on the MFI/MTW structure were synthesized by various methods. It has
been shown that compared to the standard MFI-based sample, these samples exhibit high
selectivity for lower olefins (28% versus 19%) with a high proportion of propylene in the
product (propylene/ethylene ratio of 0.79 versus 0.58) during methanol conversion. High
results were also achieved with the hybrid co-crystallized MFI/MEL zeolite, which showed
a 47% propylene formation selectivity at 100% methanol conversion, compared to 27% for
MFI zeolite [9].

In a previous study [15], we investigated catalyst samples based on co-crystallized
MFI-MEL, MFI-MTW, and “core-shell” MFI-MCM-41 structures in the reaction of synthe-
sizing olefins from dimethyl ether (DME). It has been shown that at high DME conversions
for catalysts based on MFI and MFI-MEL zeolites, the molar ratios of ethylene/propylene
are close and range from 1.1 to 1.2. For the MFI-MTW-based catalyst, the lowest ethy-
lene/propylene ratio of 0.8 was observed, while the “core-shell” MFI-MCM-41 structure
showed the highest ratio of 1.45. It was suggested that under atmospheric pressure, the
presence of micropores influences the selectivity of product formation, particularly ethylene,
by stabilizing key intermediates like alkylcyclopentyl cations and polymethyl-substituted
aromatic hydrocarbons. Moreover, it was shown that the topology of the hybrid zeolite
determines the hydrogen transfer reaction rates but does not affect the isomerization ac-
tivity of the catalyst. The next step in the research is to study how the hybrid structure of
zeolites influences the synthesis of liquid hydrocarbons, particularly aromatic compounds,
under increased pressure. The aim of this study is to establish the relationship between the
physicochemical characteristics of the zeolite component of the catalyst and the composi-
tion of the resulting gaseous and liquid products in the reaction of methanol conversion to
hydrocarbons at elevated pressure.

2. Results and Discussion

Under the conditions of catalyst testing, T = 340 °C and P = 10.0 MPa, methanol con-
version increases in the following order: MFI-MTW /Al,O3 < MFI-MCM-41/Al,O3 < MFI/
Al,O3 < MFI-MEL/ AL, O3 (Figure 1a). For the three samples based on MFI, MFI-MEL, and
MFI-MCM-41 zeolites, the pattern of methanol conversion on contact time can be described
by a single dependence (Figure 1b).

100 ~
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84% 80 - 2 .
80 ~ s .-
70% bt e
® 60 - 7
= 60 - § |
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Figure 1. (a) Methanol conversion on hybrid zeolite catalysts. (b) Dependence of methanol conversion
on specified contact time. T = 340 °C, P = 10.0 MPa.
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When testing these catalysts in the reaction of converting dimethyl ether to lower
olefins at atmospheric pressure, we observed a linear correlation between the activity of
the samples and their total acidity: the MFI/Al,O3 sample, with a total acidity of 495 pmol
NH3/g(cat) xh, demonstrated the highest activity, while the MFI-MTW /Al,O3 sample,
with a total acidity of 266 pmol NHj3/g(cat) xh, showed the lowest activity [15]. However,
such a correlation was not observed when the reaction was conducted under pressure. The
observed effect can be explained by the decrease in the mean free path as pressure increases,
which results in a shift diffusion from Knudsen to Fickian. Since the Fickian diffusion
coefficient is inversely proportional to pressure, increasing the pressure to 10 MPa signifi-
cantly reduces the diffusion coefficient [16,17]. Consequently, under increased pressure, the
observed reaction rate is mainly determined by internal diffusion. Although the intrinsic
reaction rate increases with the catalyst’s acidity, this is not observable due to the limiting
diffusion constraints. Therefore, the observed reaction rate under increased pressure is
determined by the total volume of micropores, where the primary reactions of the MTO
process occur. Therefore, a correlation was observed: with an increase in the volume of mi-
cropores of the catalyst, its activity increases (Table 1, Supplementary Materials: Figure S6).

Table 1. Product yields of the methanol-to-hydrocarbon reaction on hybrid zeolite catalysts.

MFI/Al1, O3 MFI-MEL/A1,03 MFI-MTW/A1,03 MFI-MCM-41/A1,03

Micropore volume, cm3/g 0.057 0.088 0.012 0.04
Micropore diameter, nm 0.9 091 0.69 0.63
Mesopore volume, cm®/g 0.142 0.198 0.431 0.300
Mesopore diameter, nm 8.27 5.79 19.67 7.58
Yield, wt.C%:

DME 0.4 04 15.1 0.5
Lower olefins C,—Cy 0.2 0.6 3.1 0.5
Gaseous hydrocarbons C1-Cy 35.7 24.3 18.8 26.6
Liquid hydrocarbons C5—Cq; 36.2 52.4 34.6 54.3
Mass ratio gas/liquid 1.0 0.5 0.6 0.5

The confirmation of the proposed relationship between the catalyst activity and mi-
cropore volume is the high yield of dimethyl ether (15.1 wt.C%) and the presence of lower
olefins Cp—Cy (yield = 3.1 wt.C%) in the gas phase on the MFI-MTW /Al,O3 catalyst with
the smallest volume of micropores (Table 1, Figure 2).
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Figure 2. Distribution of individual compounds in methanol conversion on hybrid zeolite catalysts.
(a) gaseous hydrocarbons C;—Cy; (b) liquid hydrocarbons C5—Cj;.
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The gaseous hydrocarbons C;—Cy4 for the MFI/Al,O3, MFI-MEL/ Al,O3, and MFI-
MCM-41/Al,O3 catalysts were mainly composed of propane and butanes, with a total
proportion exceeding 80 wt.% (Figure 2). For the MFI-MTW / Al,O5 catalyst, a significant
amount of olefins C,—C4 (9.5 wt.%) was present among the gaseous hydrocarbons, directly
confirming the primary formation of lower olefins in the synthesis of liquid hydrocarbons.

For the MF1/Al,O3, MFI-MEL/ Al,O3, and MFI-MCM-41/ Al,Os catalysts, the major
constituent of the liquid phase was isoalkanes C5—Cj1, comprising 52 to 66 wt%. The
highest content of aromatic hydrocarbons was observed for MFI-MTW /Al,O3 at 38.2 wt.%.

For the MFI/ Al;O3 and MFI-MEL/ Al,O3 samples, within the aromatic compounds,
the predominant constituents were C9—Cjy compounds, with their total share reaching
72-75 wt%. (Figure 3). For the MFI-MTW /Al,O3 and MFI-MCM-41/Al,0Oj3 catalysts,
the focus shifted towards the formation of Cj9p—Cy; aromatic hydrocarbons (Figure 3,
Supplementary Materials: Figure S7). This can be linked to the volume of mesopores
in the catalyst, which was 0.142 and 0.198 cm3/ g for MFI/Al,O3 and MFI-MEL/ AL, O3,
respectively, and 0.431 and 0.300 cm3/ g for MFI-MTW /Al,O3 and MFI-MCM-41/Al,03,
respectively. The increased volume of mesopores in catalysts based on hybrid zeolite
promotes the release of bulky aromatic compounds from the zeolite pores into the gas
phase. Consequently, we can make another important conclusion linking the textural
characteristics of the catalytic material and the distribution of reaction products: the larger
the volume of mesopores in the catalyst structure, the faster the hydrogen transfer reactions,
leading predominantly to the formation of aromatic compounds.
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Figure 3. Distribution of individual aromatic compounds in methanol conversion on hybrid zeolite
catalysts. Green dotted line: interpolation for MFI/Al,O3 and MFI-MEL/Al,O3, grey dotted line:
interpolation for MFI-MCM-41/Al,Os3.

3. Experimental Section
3.1. Zeolite Synthesis

The MFI zeolite and hybrid co-crystallized zeolites (MFI-MEL, MFI-MTW, MFI-MCM-
41) were synthesized at the Department of Chemistry, Moscow State University [15]. De-
tailed studies on the physicochemical properties of zeolites and catalysts based on were
conducted in [15] and the patents [18,19]. The most important physicochemical properties
of zeolites and catalysts are presented in the Supplementary Materials (Supplementary
Materials: Tables S1-54, Figures 51-55). The Si/ Al ratio for the standard MFI-based sam-
ple is 48; for the hybrid zeolite samples (MFI-MEL, MFI-MTW, MFI-MCM-41), the ratios
are similar, ranging from 53 to 55. The phase ratios in the hybrid zeolites are as follows:
MFI-MEL = 55/45 wt.%, MFI-MTW = 60/40 wt.%, and MFI-MCM-41 = 80/20 wt.%.
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3.2. Catalyst Preparation

42.7 g of AIO(OH) were placed in a mixer and 20 mL of a peptizing solution (5 mL
of 1.0 M aqueous HNOj + 15 mL of H,O) was added. The mixture was stirred for 5 min.
Then, 76.5 g of dry zeolite was added. The mass was stirred for 20 min at 60 °C. After
that, the catalytic mass was passed through an extruder with a die diameter of 2.5 mm.
The extrudates are dried in an oven at 80 °C, 90 °C, 100 °C, 110 °C, and 120 °C for 3 h at
each temperature, then calcined in a muffle furnace at 550 °C for 7 h. During calcination,
AlO(OH) is converted to Al,O3. The final content of Al,O3 in the material obtained was
30 wt%.

3.3. Experimental Procedure

The experimental unit for the synthesis of liquid hydrocarbons from methanol has
been described in several of our works, such as [20,21]. The methanol-to-hydrocarbon
conversion was carried out in a flow-circulation mode at a pressure of 10.0 MPa and a
temperature of 340 °C, using hydrogen as a carrier gas at a flow rate of 5 L/h. The reactor
was loaded with 2-3 g of catalyst. Methanol was fed into the system using a dosing pump
at a rate of 6 mL/h. The circulating gas flow rate was 180-185 L/h, with a vent gas flow
rate of 5 L/h.

Liquid reaction products (organic and aqueous phases) were collected after 24 h of
operation, and their quantity and composition were analyzed. The volume of dissolved
gases in the liquid phase was determined using a special burette. The composition of the
liquid phase, vent gases, and degassing products was determined chromatographically.

For each experiment, a material balance was calculated based on the composition and
quantity of the resulting products. The analysis of the gas phase (C;—Cs) was performed
using a Chrom-5 gas chromatograph (Laboratory Instruments, Prague, Czech Republic)
with a combined packed column containing the sorbent Polysorb 1, modified with Car-
bowax 3000, a flame ionization detector, and the carrier gas was helium, and the column
temperature was programmed to rise from 50 to 180 °C.

The composition of the liquid organic phase was analyzed using a Crystallux 4000M
chromatograph (Production Company Meta-Chrom, Yoshkar-Ola, Russia) with a flame ion-
ization detector and a capillary column with a non-polar phase Petrocol (100 m x 0.325 mm
x 0.5 pm) in a temperature-programmed mode (35-250 °C, heating rate 2 °C/min), with
helium as the carrier gas (flow rate 2 mL/min).

3.4. Data Processing

The main indicators used to evaluate the process were methanol conversion, the
product yields based on carbon, and the distribution of individual components or groups.
Methanol conversion was calculated using the following formula:

Min(MeOH) — Mout(MeOH)

XnteoH = 100, % (1)

Min(MeOH)
where i, (peom) and Moye(Meor) are the masses of methanol inlet and outlet, respectively,
ing/h.
The yield of carbon-containing products was calculated using the following formula:

Q).
_Mout(Chi 100 wiCo% )

Y, =
Y m(C)in(meon)

where #16ut(C); is the mass of carbon of the i-th product, in g/h, and m(C);, peom) 18 the
mass of carbon in the inlet methanol, in g/h.
The yields of gaseous and liquid hydrocarbons were calculated using Equations (3) and (4):

4
YGHC = Zk:1 Ykr wt.C% (3)
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where Y} is the yield of an individual hydrocarbon, in wt.C%.
The distribution of individual substances and component groups was calculated using

the following formula:
m(C);
w; = =———-100, wt.C% 5
boLim(C); ©
where m(C); is the mass of carbon in the i-th product, in g/h, and }_; m(C); is the total mass
of carbon in the group, in g/h.

4. Conclusions

The study investigated the conversion of methanol to aromatic hydrocarbons using co-
crystallized hybrid zeolite catalytic systems in a flow-circulation reactor unit at a pressure
of 10.0 MPa and a temperature of 340 °C.

The results showed that the catalytic systems based on MFI, MFI-MEL, and MFI-MCM-
41 zeolites showed similar activity, achieving methanol conversions of 84-94%. The catalyst
based on MFI-MTW zeolite showed the lowest activity with a methanol conversion of 70%.
For this catalyst, the gaseous hydrocarbons contained dimethyl ether and C,-C4 olefins.

It was demonstrated that under increased pressure, the acidic properties of the samples
play a secondary role. The activity of the catalyst is mostly determined by the diffusion
restrictions and by the total volume of micropores. Therefore, at high pressure, the catalyst
activity and the distribution of reaction products are determined by the textural properties
of the catalyst: the volume of micropores is responsible for the observed rate of primary
MTO-reactions, while the volume of mesopores is responsible for secondary reactions such
as H-transfer and aromatization. The use of hybrid co-crystalline zeolites MFI-MCM-41
and MFI-MTW leads to an increase in the content of heavier aromatic compounds in liquid
hydrocarbons due to the enlargement of the catalyst’s mesopore volume.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ catal14070461/s1, Table S1: Composition of hybrid zeolites; Figure S1:
XRD patterns of the catalysts; Table S2: Textural properties of the catalysts and indexed hierarchy
factor of the catalysts [22]; Figure S2: BJH plots (desorption curve) for the catalysts, Figure S3: t-plots
for nitrogen adsorbed in the catalysts; Figure 54 NH3-TPD profiles of the catalysts; Table S3: Acidic
properties of catalysts; Figure S5: IR spectra of pyridine adsorbed on hybrid zeolites; Table S4: Acid
characteristics of hybrid zeolites; Figure S6: Dependence of methanol conversion on the volume of
micropores in the catalyst; Figure S7: Dependence of average number of carbon atoms in aromatic
compounds on the volume of mesopores in the catalyst.
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(S I O N

Abstract: The excessive use of pesticides has led to the harmful contamination of water reservoirs.
Visible-light-driven photocatalysis is one of the suitable methods for the removal of pesticides
from water. Herein, the development of CBO (Co304-Bi;O3) as a heterogeneous catalyst for the
visible light-assisted degradation of Fipronil and Acetochlor pesticides is reported. After synthesis
via coprecipitation using cobalt (II) nitrate hexahydrate (Co(NOj3),-6H,0), bismuth (III) nitrate
pentahydrate (Bi(NO3)3-5H,0) and sodium hydroxide (NaOH) as precursor materials, the prepared
CBO was characterized using advanced techniques including XRD, EDS, TEM, SEM, FTIR, and
surface area and pore size analysis. Then, it was employed as a photocatalyst for the degradation of
Fipronil and Acetochlor pesticides under visible light irradiation. The complete removal of Fipronil
and Acetochlor pesticides was observed over CBO photocatalyst using 50 mL (100 mg/L) of each
pesticide separately within 120 min of reaction. The reaction kinetics was investigated using a
non-linear method of analysis using the Solver add-in. The prepared CBO exhibited a 2.8-fold and
2-fold catalytic performance in the photodegradation of selected pesticides than Co3O4 and Bi;O3
did, respectively.

Keywords: CBO; pesticides; Fipronil; Acetochlor; photocatalysis

1. Introduction

The intense growth in the human population has led to a significant increase in
the demand for food and clean water. Additionally, rapid expansion in industries has
accelerated the deterioration of the fresh water supply [1-4] Various strategies have been
adopted for the increase in the production of food. One of the strategies is the employment
of agrochemicals called pesticides. Pesticides are agrochemicals commonly employed
for the eradication of useless organisms and the preservation of agricultural products.
Pesticides are employed for the abatement of pests and weeds to promote the growth of
crops and increase the production of food [5,6]. About 2 million tons of pesticides are
used annually around the world. However, the excessive use of pesticides causes severe
environmental pollution because most of the pesticides disseminate to the environment. It
is assumed that less than 15% of the pesticides employed meet their targets [7] (As most
of these pesticides are stable and persistent, they therefore remain in soil for a long time.
Ultimately, they leach to water bodies as persistent organic pollutants (POPs). Several
studies have shown that the toxicological effects of these micropollutants persist even at low
concentrations due to their endocrine disruptor potential and become further complicated
by their presence as a mixture [8-10].
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Fipronil and Acetochlor are commonly used pesticides in Pakistan. Fipronil, which
is generally employed for pest control in veterinary applications, household applica-
tions, and agriculture, is a wide-ranging phenylpyrazole insecticide. Its IUPA name
is [5-amino-1-[2,6-dichloro-4-(trifluoromethyl) phenyl]-4-[(trifluoromethyl)sulfinyl]-1H-
pyrazole-3-carbonitrile] [11]. It is efficacious in the control of insects that have resistance
to other insecticides like carbamate, organophosphorus, cyclodiene, and pyrethroids. It
disrupts the central nervous system through interfering with the flow of C1!- through the
y-aminobutyric acid-regulated chloride channel [12]. Acetochlor, which is widely used
in agriculture applications for the control of annual grasses and broad-leaf weeds, is an
effective chloroacetanilide herbicide. Its IPAC name is [2-chloro-N-(ethoxymethyl)-N-(2-
ethyl-6-methylphenyl) acetamide] [13,14]. The excessive use of these pesticides causes the
contamination of water resources due to water runoff in agricultural fields. Additionally,
the industries of pesticide production and domestic wastewater also contribute to the
formation of the pesticide-contaminated wastewater. These pesticides are considered as
emerging micropollutants. These micropollutants are stable over a long time; therefore,
they are transported in water and cause pollution far away from their point source. The
existence of these pesticides in surface water and drinking water is a big concern because
they are extremely hazardous due to their endocrine disruptor potential. The sporadic use
of pesticides has affected ecosystems, which threaten fish, domestic animals, wildlife, birds,
and livestock.

Therefore, the treatment of pesticide-contaminated wastewater is a crucial research
domain. The conventional methods, including chemical methods (such as electrochemical
and chemical precipitation), physical methods (such as adsorption), and biological meth-
ods are not effective in the eradication of the pesticide pollutants from the environment.
Therefore, advanced methods are needed for the treatment of pesticide-contaminated
water [7,15]. Techniques known as advanced oxidation processes (AOPs) are considered
effective strategies for the complete remediation of the agrochemicals present in water.
These techniques have abilities to mineralize the pesticides to non-toxic inorganic molecules.
AOPs comprise various methods including photo-Fenton, Fenton, UV/O3, O3, UV/H,0O;,
photocatalyst/UV-A, photocatalyst/UV-B, and photocatalyst/Vis. All these methods in-
volve the in situ production of hydroxyl radicals (OH®) [16-18]. The semiconductor metal
oxides-based visible-light-driven photocatalytic method is superior to other methods ow-
ing to a low processing cost, the complete decomposition of the pesticide molecules, and
mild reaction conditions [19,20]. Only the narrow-band gap semiconductor metal oxides
can be employed as visible-light-driven photocatalysts for the degradation of pesticide
molecules in the aqueous medium. However, the narrow-band gap semiconductor metal
oxides have the drawback of low photocatalytic performance due to the fast recombination
of photoinduced charges. Various approaches have been adopted for the improvement
of photocatalytic performances of narrow-band gap semiconductor metal oxides. The
construction of heterostructure/heterojunction through coupling two or more semicon-
ductor metal oxides is one of the approaches used for the enhancement of photocatalytic
performance under visible light irradiation due to its effectiveness and feasibility for the
spatial separation of positive holes and electrons [21-23]. The coupling of two semicon-
ductors of different work functions creates a built-in electric field at the interface of the
two semiconductors. The creation of a built-in electric field is due to the flow of electrons
from the semiconductor having a higher work function compared to the one with a lower
work function. As a result, the positive holes accumulate in one component of the het-
erojunction while the electrons in accumulate other components, and consequently, the
recombination is inhibited [24]. The cobalt oxide (Co304) and bismuth oxide (Bi,O3) are
typical narrow-band semiconductors with a band gap energy of 1.2-2.1 eV and 2.5-2.9 eV,
respectively. Although both have a response to the absorption of visible light, they have
limited photocatalytic performances due to the quick recombination of positive holes
and electrons. The construction of the heterojunction between cobalt oxide (CozO4) and
bismuth oxide (Bi;O3) creates a driving force for the separation of positive holes and elec-
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trons. Hence, the construction of a cost-effective CBO (Co304-Bi;O3) composite for the
efficient photodegradation of Fipronil and Acetochlor pesticides under sunlight is reported
in this study.

2. Results and Discussion
2.1. Characterization

XRD analysis is a powerful technique to estimate the crystalline nature and crystal
structure of the synthesized catalyst. Therefore, the successful synthesis of CBO was
confirmed using XRD analysis. Figure 1 shows the XRD spectrum of CBO and stan-
dard XRD spectra of Co304 and BiyO3. According to JCPDS No. 42-1476, the diffrac-
tion peaks observed in the XRD of CBO at 20 ~ 18, 30, 37, 43, and 58° indicate the exis-
tence of a cubic structure of Co30y in fabricated CBO. These peaks have been indexed to
111, 200, 311, 200, and 511 planes of the cubic structure of Co3Oy, respectively [25].). Simi-
larly, the diffraction peaks observed at 26 ~ 19°, 22°, 25°, 26°,27°,28°, 33°, 35°, 38°, 46°, 52°,
53°, 54°, and 58° correspond to Bi;O3 according to JCPDS No 41-1449 [26-28]. It can also
be observed that the characteristics diffraction peaks of Bi;Oz in CBO have been slightly
shifted. Ding et al. [29] have reported that this slight shift is due to the incorporation of
Co>*, which has a smaller ion radius (0.063 nm) than Bi** (0.117 nm).

CBO

Intensi

Bi:O:JCPDS5 41-1445

1 Co30: JCPD5 42-1476

L 1 1 | —

10 20 30 40 50 60 70
26

Figure 1. XRD analyses.

Energy dispersive X-ray spectroscopy (EDS) was utilized for the determination of
the elemental composition of CBO. The EDS spectrum of CBO is given in Figure 2. The
spectroscopic analysis showed that the synthesized heterostructure is composed of cobalt,
bismuth, and oxygen. The percentages of these elements are 11.1, 70.8, and 13.9, respectively.
The EDS spectrum shows the existence of 4.2% carbon as well in the synthesized CBO.
The exact source of this carbon is not known; however, it is considered an impurity in the
precursor materials.
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Figure 2. EDS spectrum and percent composition of CBO.

The shape and size of the particles of CBO were studied using TEM and SEM anal-
yses. Figure 3 shows the TEM and SEM images of CBO, TEM indicates that the particle
size of CBO is less than 50 nm. The observable lattice fringes in HR-TEM confirm the
crystalline nature of CBO. Both the XRD and HR-TEM results support each other. The
results of SEM show the dispersed, non-agglomerated, CBO particles and their irregularity
in their morphology. The dispersed, non-agglomerated particles have higher catalytic
performance because the active centers of such particles are easily accessible to reactant
molecules [30]. The TEM image was analyzed for particle size distribution using Image]J
software (https:/ /imagej.net/ij/). The particle size distribution is depicted in Figure 3.
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=
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Figure 3. TEM, SEM analyses, and particle size distribution.

The functional groups and bonds associated with synthesized CBO were examined
with FTIR spectroscopy. Figure 4 depicts the FTIR spectrum of CBO. Several absorption
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bands can be observed in the FTIR spectrum of CBO. The presence of an absorption band at
1634 cm ! indicates the existence of OH groups on the CBO heterostructure. The existence
of Bi-O and Bi-O-Bi linkages can be confirmed using absorption bands at ~445 cm~! and
846 cm !, respectively. The absorption bands at ~571 and 668 cm ™! are representative
peaks of Co304 due to Co-O stretching vibrations [31-33].

Transmittance

200 700 1200 1700 2200 2700 3200 3700
Wave number (cm™)

Figure 4. FTIR spectrum of CBO.

The surface area and pore size analyses were carried out by investigating the ad-
sorption of nitrogen at 77.4 K. The surface area calculated through analyzing the nitrogen
adsorption data according to the BET equation was found as 38.53 m?/g (Figure 5). Simi-
larly, the pore surface area and pore volume were determined as 11.13 m? /g and 15.342 cc/g
using the BJH method, respectively (Figure 5).
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Figure 5. Surface area and pore size analysis.
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2.2. Photocatalysis

Fipronil and Acetochlor were selected as model pollutants for the evaluation of photo-
catalytic activities. In the first step, 50 mL of 100 mg/L solution of Fipronil and Acetochlor
were stirred under the irradiation of light for 1 h separately. The analysis of the reaction
mixture after one hour of stirring showed that there was no loss in the concentration of
Fipronil and Acetochlor after stirring the solutions. It confirms that there is no degradation
of Fipronil and Acetochlor due to photolysis. In the second step, 0.05 g CBO was added
to the solution of Fipronil and Acetochlor in separate experiments. The reaction mixtures
were stirred under dark conditions for half an hour. The analyses of reaction mixtures
showed about a 20% decrease in the concentration of Fipronil and Acetochlor. This decrease
in concentration is attributed to the adsorption of Fipronil and Acetochlor onto the surface
of CBO. In the third step, the separate solutions of Fipronil and Acetochlor containing CBO
were stirred under sunlight for the evaluation of photocatalytic degradation activities. The
analyses showed the complete mineralization of Fipronil and Acetochlor within two hours
of the reaction duration. For comparison, the photocatalytic degradation of Fipronil and
Acetochlor was carried out with Bi,O3 and Co304 under similar reaction conditions. More
than a 70 and 60% mineralization of Fipronil and Acetochlor were achieved using Bi,O3
and Co30; as photocatalysts, respectively. Figure 6 depicts the obtained data.

1.2
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0 1 1 1
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Figure 6. Photocatalytic degradation of Fipronil and Acetochlor.

The optimization of catalyst dose is also an important parameter in catalysis. The use
of an optimized catalyst dose avoids the unnecessary utilization of a catalyst in a catalytic
reaction. Therefore, the optimum catalyst doses were determined for the photocatalytic
degradation of Fipronil and Acetochlor pesticides. This study was accomplished by per-
forming separate photodegradation experiments of Fipronil and Acetochlor with different
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dosages of CBO in the range of 0.03 to 0.1 g under the same experimental conditions.
Separate 50 mL aqueous solutions of Fipronil and Acetochlor (100 mg/L) were used in
this investigation. The reaction duration was 60 min. The obtained results are given in
Figure 7. The given data indicate that initially both the percent degradation of Fipronil
and Acetochlor and their rate of reaction increased with a catalyst dose from 0.03 t0 0.05 g
and then a decrease was observed with a higher catalyst dose. Hence, a 0.05 g dose was
declared as the optimum catalyst dose in this study. Initially, the catalytic activity increases
with the catalyst dose because the number of active centers increases with the catalyst dose.
However, the higher catalyst dose causes the scattering of light resulting in a decrease in
catalytic activity [3].

100 30
B 25:'-‘
80 | o
1
g I[P
£ G0 c
2 > o
T \ 115 ﬁ

o >

g ~J ;
0 1 10 %
o [a]
20 15 &
o

o 1 1 1 1 1 o

0 0.02 0.04 0.06 0.08 0.1 012

Catalystdose (g)

Figure 7. Effect of catalyst dose on photodegradation of Fipronil and Acetochlor.

The best photocatalyst is one that can be recycled many times without any loss in its
photocatalytic activities. Hence, the reusability and stability of the CBO heterogeneous
photocatalyst were also studied. The spent CBO samples were collected from the reaction
mixture using filtration after photocatalytic degradation experiments. The collected spent
sample was first washed many times with ethanol and then with distilled water. After
washing, it was dried at 100 °C for 12 h. Then, it was reused as a heterogeneous photo-
catalyst for the degradation of acetochlor under similar experimental conditions as used
earlier. The analyses of samples taken from the reaction mixture showed that the recycled
CBO catalyst has almost the same photocatalytic activity as the fresh sample. Hence, it is
concluded that fabricated CBO is a stable and reusable heterogeneous photocatalyst for the
degradation of pesticides.

2.3. Mechanism and Kinetics

The prime reactive species involved in the degradation of selected pesticides were
identified through trapping experiments. Separate experiments were performed for the
CBO-catalyzed photodegradation of Fipronil in the presence of EDTA and BQ. It was
observed that photodegradation of Fipronil decreased from 80% to 68% and 53% in the
presence of EDTA and BQ, respectively. The EDTA and BQ have been used as scavengers for
h* and superoxide anion radicals, respectively. These results confirm thath* and superoxide
anion radicals are the primary reactive species involved in the degradation of pesticide
molecules [34-37]. Hence, the enhanced photocatalytic activity of CBO is attributed to the
formation and separation of h* and e™. As the XRD suggests, synthesized CBO is a mixture
of the Co304-BiyO3 heterojunction and a composite of these two components. Hence, the
enhanced photocatalytic activity of synthesized CBO can be explained by two mechanisms.

The CBO is a second-generation photocatalyst. It is also known as a heterojunc-
tion. The second-generation photocatalysts were designed to overcome the limitations or
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drawbacks associated with first-generation photocatalysts. The fast recombination of posi-
tive holes and electrons is the most significant drawback associated with first-generation
photocatalysts. In second-generation photocatalysts, these positive holes and electrons
are confined to the valence band of one component and the conduction band of other
components. Hence, the separation between positive holes and electrons impedes their
recombination. Consequently, these species result in the production of highly reactive
hydroxyl radicals that take part in the degradation of organic molecules [38,39]. The band
edge positions of the components of the CBO heterojunction have been estimated through
Mott-Schottky measurement using the theory of electronegativity as reported by Pradhan
etal. [40]. Accordingly, the band gap energy, VB, and the CB of Co304, have been calculated
as 2.4 eV, 2.63 eV, and 0.23 eV, respectively. On the other hand, the band gap energy, VB,
and CB for Bi;O3, have been calculated as 2.7 eV, 2.78 eV, and 0.08 eV, respectively. In a
heterojunction, the excited electrons (e™) move from the lower CB of CozO;4 to the higher
CB of BiyO3. The higher CB of Bi;O3 acts as a barrier to charge recombination. The transfer
of e~ from one component to the other component of heterojunction reduces the recombi-
nation of h* and e™. The separated charges (h* and e™) yield hydroxyl radicals in reaction
with water and oxygen, respectively. Hydroxyl radicals are powerful oxidizing agents that
degrade pollutant molecules [41-43]. Figure 8a explains the possible mechanism.

Bi,O,

Figure 8. Mechanism of photocatalytic process (a) heterojunction (b) doped composite.

The enhanced photocatalytic performance of synthesized CBO can also be explained
by another mechanism considering the composite or doped nature of synthesized CBO. As
it has been reported in the discussion of XRD analysis, the characteristics diffraction peaks
of Bi;O3 in CBO have been slightly shifted. Ding et al. [29] have reported that this slight
shift is due to the incorporation of Co3* which has a smaller ion radius (0.063 nm) than Bi**
(0.117 nm). The incorporation of Co®* in Bi,Oj acts as a sink for photoexcited electrons
and obtains the electrons which restrict the recombination of electrons and holes, resulting
in the enhancement of the photocatalytic activity of the CBO [44,45]. Figure 8b explains
this mechanism.
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The following reactions describe the photocatalytic process:

CBO + Visible irradiation — h* (CBO) + e~ (CBO) (1)
h*(CBO) + H,O — OH"* ()

e (CBO) + (02)44s — O3~ 3)

O;~ +H,O — OH* 4)

Pesticide molecules + OH® — Degradation products )

Based on the above mechanism, the rate of reaction is proposed as (hv: Light energy,
P: Concentration of pesticide)

2 k(19) (02)s(P) ©
The following experimental conditions make the rate of reaction independent of the
first two terms in the above rate expression.
The reaction mixture is continuously irradiated.
The reaction mixture is open to the atmosphere.
Therefore, the rate expression becomes as follows:

dp
BT k(P) (7)
dpP
-5 = k dt (8)
P =P, ek 9)

where P and P, represent the concentration at a given time and the initial concentration
of pesticides in mg/L, respectively. The photocatalytic degradation data of Fipronil and
Acetochlor were analyzed according to the kinetic model given in Equation (9) via the
non-linear method of analysis using the Solver add-in. Figure 9 shows the analyses of
degradation data of Fipronil and Acetochlor via a non-linear method of analysis. The
rate constants (k) for the degradation of Fipronil and Acetochlor were determined as
given in Table 1. The higher values of R? indicate the fitness of the kinetics model to
experimental data. The observed rate constants show that CBO exhibited 2.8-fold and
2-fold catalytic performance in the photodegradation of selected pesticides than CozO4 and
Biy O3, respectively.

Table 1. Rate constants for degradation of Fipronil and Acetochlor.

Catalyst Fipronil Acetochlor
k (min—1) R2 H?rlrfifli)fe k (min—1) R2 Hi‘llrfigfe
Co304 0.0101 0.998 68.6 0.0088 0.999 78.8
Bi, O3 0.0145 0.997 478 0.0119 0.995 58.2
CBO 0.0283 0.997 245 0.0233 0.992 29.7

The results of photodegradation of Fipronil and Acetochlor over CBO reported in
this study were compared to already reported data as well. For example, Tenri and
co-workers [46] have employed 5% AC/Chitosan-CayFe,Os for the photodegradation
of Fipronil. They irradiated a 25 mg/L solution of Fipronil containing 0.3 mg/L cata-
lyst for 1h. They obtained a 77% degradation of Fipronil. Hirashima et al. [47] have
investigated the photodegradation of Fipronil using tandem mass spectrometry-liquid
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chromatography for the detection of degradation products. They detected many degra-
dation products including dechlorinated compounds. Similarly, Mianjy and Niknafs [48]
reported fipronil-desulfinyl as the main degradation product in the photolysis of Fipronil
under the irradiation of UV light. Fu et al. [13] studied the H,O, /UV-assisted photocat-
alytic degradation of acetochlor using x-Fe,Os as a catalyst. They investigated the effect
of various parameters such as pH, concentration, and x-Fe;O3 dose on the photocatalytic
degradation of acetochlor. The results showed a 91% photocatalytic degradation efficiency
with a 50 m/L solution of acetochlor. Similarly, the TiO, /UV system has been employed for
the successful degradation of metolachlor, acetochlor, and alachlor pesticides in aqueous
medium. The maximum degradation efficiency of these pesticides was reported as 98%,
93%, and 97%, respectively. A 1000 mL solution of 10 mg/L concentration was used for
each pesticide. Furthermore, the toxicity of these pesticides was also investigated using
freshwater alga Chlorella kessleri [49]. Wang and co-workers [50] reported the removal
of Acetochlor via adsorption and degradation using MnFe, O4@AC as the adsorbent and
catalyst. The removal efficiency through adsorption using 0.2 g/L MnFe,O4@AC as the
adsorbent was found as 226 mg/g at 25 °C after 10 h of agitation. The removal efficiency
of Acetochlor through catalytic degradation was found as >90% through heat-activated
peroxymonosulfate (PMS) oxidation. Another research group reported BiOBr as a catalyst
for the degradation of acetochlor under visible light irradiation. They mainly focused on
the dependence of degradation efficiency on catalyst dosage. They found that degradation
efficiency increased exponentially with increasing catalyst dosage [51].
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Figure 9. Kinetics analyses.
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3. Experimental Section
3.1. Synthesis of CBO Heterogeneous Photocatalyst

The photocatalyst CBO was synthesized through the coprecipitation method accord-
ing to the procedure reported earlier [30]. Typically, a 10 mL solution was prepared by
dissolving 10 mmol (2.9 g) cobalt (II) nitrate hexahydrate (Co(INO3);-6H,0O) in de-ionized
water. Another 10 mL solution was prepared by dissolving 10 mmol (4.85 g) bismuth
(IIT) nitrate in 1 M nitric acid. Then, the solutions of cobalt (II) nitrate hexahydrate and
bismuth (III) nitrate were mixed in a beaker. The pH of the resultant mixed solution was
adjusted at 12 by dropwise addition of 1 M sodium hydroxide solution from the burette.
The resultant mixed solution was continuously stirred for 3 h at a speed of 120 rpm while
keeping the temperature constant at 60 °C. As a result of stirring for 3 h, green precipitates
of hydroxides of Co and Bi were formed. The resultant precipitates were separated through
filtration. The precipitates were washed for the removal of unreacted precursor materials.
The washed precipitates were dried at 100 °C for 24 h. Finally, the dried substrate was
ground and annealed at 500 °C for 3 h. After cooling to room temperature in the desiccator,
the resultant black CBO was ground and sieved via 200 mesh. It was then stored in a glass
vial for further study.

3.2. Characterization

The synthesized CBO was characterized by various advanced techniques. Various
techniques used for the characterization of CBO include X-ray diffraction spectroscopy,
Energy dispersive X-ray spectroscopy, Scanning electron microscopy, Transmission electron
microscopy, Infrared spectroscopy and surface area and pore size analysis using JOEL-JDX-
3532 (made in Tokyo, Japan), JSM5910 (made in Tokyo, Japan), JEOL-JSM 5910 (made in
Tokyo, Japan), JEM 2100 JEOL (made in Tokyo, Japan), and Bruker VRTEX70 (made in
Billerica, MA, USA), and NOVA 2200e (made in Connersville, IN, USA), respectively.

3.3. Photocatalysis

The photocatalytic activities of synthesized CBO were explored through the degrada-
tion of pesticides Fipronil and Acetochlor, which were selected as model pollutants. The
evaluation of photocatalytic activities of CBO was explored in three steps.

A 50 mL solution of Fipronil and/or Acetochlor having a specific concentration was
taken in a 500 mL Pyrex glass beaker. The solution of Fipronil and/or Acetochlor was
stirred continually under irradiation of ultraviolet or visible light for 1 h. After stirring
for one hour, a sample was extracted, and its absorbance was measured. This experiment
was performed to know whether Fipronil and Acetochlor degrade under irradiation of
ultraviolet or visible light. The analysis showed that there was no degradation of ultraviolet
or visible light due to photolysis.

A 0.05 g of CBO was added to the solution of Fipronil and/or Acetochlor after the
photolysis experiment. The Fipronil and/or Acetochlor solution containing CBO was stirred
continuously under dark conditions for half an hour. After stirring under the dark, a sample
was extracted, and its absorbance was measured with a UV-visible spectrophotometer.
This experiment was performed to know the removal of Fipronil and Acetochlor due to
adsorption on CBO.

The Fipronil and/or Acetochlor solution containing CBO was stirred continuously
under irradiation of ultraviolet or visible light. Reaction mixture samples were extracted at
different time intervals. The extracted samples were analyzed via measurement of their
absorbance values. This experiment was performed to know the removal of Fipronil and
Acetochlor due to photocatalytic degradation.

3.4. Analysis of Reaction Mixture

For estimation of photocatalytic activity, the reaction mixture was analyzed via mea-
surement of absorbance of reaction mixture samples extracted at different time intervals at
Amax of Fipronil and Acetochlor. A UV-visible double-beam spectrophotometer (Lambda 25,
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Absorbance

Perkin Elmer, Waltham, MA, USA) was used for the analyses of the reaction mixture. For the
estimation of photocatalytic degradation of selected pesticides, 10, 15, 20, 25, and 30 mg/L
standard solutions of Fipronil and Acetochlor were prepared. The absorbance of each
standard solution was measured in the range of 200-250 nm; 350 and 219 nm were found
as Amax of Fipronil and Acetochlor, respectively. The absorbance of each standard solution
at Amax was plotted against concentration. Figure 10 shows these results. The resultant cali-
bration curves were used for the determination of the centration of Fipronil and Acetochlor
in the reaction samples extracted at different time intervals. Then, the following equation
was used for the estimation of photocatalytic activity in terms of percent photodegradation
of the Fipronil and Acetochlor:

-C

Percent degradation = co x 100 (10)
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Figure 10. Calibration curves.

4. Conclusions

The photocatalyst CBO was synthesized via coprecipitation using cobalt (II) nitrate
hexahydrate, bismuth (III) nitrate, nitric acid, and sodium hydroxide as the precursor mate-
rials. The fabrication of Co3Bi,O; was confirmed with XRD, EDS, TEM, SEM, TGA, FTIR,
and surface area analysis. The fabricated Co30O4-Bi;O3 was employed as a photocatalyst
for the degradation of Fipronil and Acetochlor under visible light irradiation. An almost
complete ~75 and ~62% removal of both pesticides was observed with the CBO, Bi,O3, and
Co304 photocatalysts, respectively. The photodegradation data were analyzed according
to a first-order kinetics model using a non-linear method of analysis. The fabricated CBO
was found to be an efficient, stable, and reusable photocatalyst for the photodegradation of
Fipronil and Acetochlor under visible light irradiation.
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Abstract: Fine chemicals are produced in small annual volume batch processes (often <10,000 tonnes
per year), with a high associated price (usually >USD 10/kg). As a result of their usage in the
production of speciality chemicals, in areas including agrochemicals, fragrances, and pharmaceuticals,
the need for them will remain high for the foreseeable future. This review article assesses current
methods used to produce fine chemicals with heterogeneous catalysts, including both well-established
and newer experimental methods. A wide range of methods, utilising microporous and mesoporous
catalysts, has been explored, including their preparation and modification before use in industry.
Their potential drawbacks and benefits have been analysed, with their feasibility compared to newer,
recently emerging catalysts. The field of heterogeneous catalysis for fine chemical production is
a dynamic and ever-changing area of research. This deeper insight into catalytic behaviour and
material properties will produce more efficient, selective, and sustainable processes in the fine
chemical industry. The findings from this article will provide an excellent foundation for further
exploration and a critical review in the field of fine chemical production using micro- and mesoporous
heterogeneous catalysts.

Keywords: fine chemicals; speciality chemicals; heterogeneous catalysis; microporous and meso-
porous catalysts; metal organic frameworks (MOFs); zeolites; ion exchange; agrochemicals; fra-
grances; pharmaceuticals

1. Introduction

Fine chemicals are described as pure and complex substances, produced mainly for use
in further processing to manufacture speciality, high-value chemicals. They are produced
in small annual volume batch processes (often <10,000 tonnes per year) [1], with a high
associated price (usually >USD 10/kg) [1]. As a result of their usage in the production of
speciality chemicals, in areas including agrochemicals, fragrances, and pharmaceuticals,
their necessity will remain high for the foreseeable future. As a result, the way in which
fine chemicals are produced is of the utmost importance. At this moment in time, there is a
scarcity of literature regarding the production of fine chemicals through the use of micro
and mesoporous catalysts. Particularly in recent years, the focus has shifted away from
reviewing existing catalytic methods, especially in the fine chemical industry.

The production of industrially significant complex molecules, such as fine and spe-
ciality chemicals, heavily relies on a range of organic synthetic techniques which employ
several reagents and catalysts. As a result of this, significant advancements in the field
of catalysis over the past two decades have been instrumental in improving precise and
selective control of various reaction paths and products [2,3]. However, the main issue with
soluble (typically precious metal) catalysts is often contamination of the reaction products,
aside from their expense and toxicity. Additionally, these reaction promotors frequently
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experience moderate selectivity (towards the activation of the desired functional group),
deactivation/degradation (reducing the number of turnovers or productivity), and complex
product purification (from the high-added-value organic compounds) [4]. This emphasises
the requirement for sophisticated catalysts to be used in various stages of organic synthesis
that have the right design, reactivity, and long-term stability.

In an ideal scenario, heterogeneous catalysis provides a clearer means of recovering
the reaction product (from the solid catalyst) in a liquid medium. This product can then
be recovered using filtration or centrifugation, thereby reducing the likelihood of contam-
inating the intended synthetic product [5,6]. Furthermore, under more accommodating
reaction conditions and longer reaction times, such a reactive solid could be used. It would
work with a continuous flow of reactants to separate the product without requiring the
reactor to be evacuated, and it would provide easy scale-up, step-economy, high yields,
safety, and reproducibility [7,8]. Ordered porous solids are the most desirable among
the various solids used as heterogeneous catalysts (such as polymers, crystalline metal
oxides, amorphous carbon, etc.) in terms of the fundamental comprehension and control of
the chemical transformation in pores (which have the same size, shape, and functionality
throughout the crystal). This points towards a clear need to review existing catalytic porous
solids, as well as experimentally promising materials in development.

The purpose of this review is to assess the current methods used to produce fine
chemicals with heterogeneous catalysts, including both well-established methods, as well
as newer experimental methods. A wide range of methods, with the utilisation of both
microporous and mesoporous catalysts, will be explored, including their preparation and
modification before use in industry. Their potential drawbacks, as well as benefits, will be
analysed, with their feasibility compared to that of newer, recently emerging catalysts. The
findings of this literature review will form a basis for a critical review of the same topic,
providing a platform to further critique this field in greater detail.

The motivation for conducting this critical review on both microporous and meso-
porous heterogeneous catalysts in the fine chemical industry is primarily driven by the lack
of recent, comprehensive literature encapsulating this rapidly advancing field. As it stands,
there is a significant amount of emerging literature surrounding individual catalysts and
their applications; however, to the best of our knowledge, there are few to no concise and
updated overall reviews. This paper aims to address this void by providing an updated
and detailed examination of current advancements, methodologies, and applications of
heterogeneous catalyst structures in the fine chemical industry.

2. Relevant Sections
2.1. What Are Fine Chemicals?

Fine chemicals are both complex and single pure chemical substances produced in
relatively low annual volumes globally. These volumes are approximately <1000 MT per
year, with a high price associated with them, (>USD 10 per kg) [1].

Chemicals that fall under the heading of “fine chemicals” can be found in a range of
sectors, including the pharmaceutical, agrochemical, and life sciences sectors [1]. As stated
by Ref. [9], fine chemicals are usually produced in batch processes, as opposed to bulk
chemicals and commodities, which are produced in continuous processes. This is one of
the reasons behind the smaller and more tightly controlled volume of these fine chemicals,
increasing the value and thus, the market price, of these fine chemicals.

Additionally, fine chemicals are often required for very specific and complex pro-
cesses. The fine chemical industry falls between the other two main sectors of chemicals:
commodities and speciality chemicals, with each being the supplier and consumer of fine
chemicals, respectively. As a result, fine chemicals possess uses in high-value production,
as well as provide added value to cheaper chemical commodities. In 2021, fine and spe-
ciality chemicals represented approximately 17% of worldwide chemical exports, with an
associated value of EUR 379 billion [10]. This is because often, there are further processing
stages required for fine chemicals after their production, which leads to the final product
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being even greater in value. As stated by Ref. [11], fine chemicals are often produced to
very exact specifications, defining what they are, as opposed to what they can do, as in
the example of speciality chemicals. This is due to the fact that fine chemicals require
further processing down the line for the production of other higher-value products like
those speciality chemicals mentioned above.

According to Ref. [11], fine chemicals can be split into three major categories, “bio-
cides, active pharmaceutical ingredients and speciality chemicals”. These statements are
supported by Ref. [12], in which fine chemicals are referred to in a similar manner to the
description above as single pure substances based on exacting specifications for further
processing. An additional explanation for their high value and small production volumes
would be the strict regulations to which fine chemicals are often subjected since the majority
end up facing human use or consumption.

Areas in which fine chemicals are often used, once being further developed into
speciality chemicals, include adhesives, agrochemicals, biocides, catalysts, dyestuffs and
pigments, enzymes, electronic chemicals, flavours and fragrances, food and feed additives,
pharmaceuticals and speciality polymers.

2.2. The Use of Heterogeneous Catalysts in the Production of Fine Chemicals
Why Are Catalysts Used?

Catalysis, in any form, is essential for chemical reactions. Even in those few situations
where reaction speed is already sufficient, reaction economy, yield, and selectivity can
be improved by the utilisation of a catalyst. An ideal catalyst is one with both a high
turnover frequency (TOF), as well as an infinite amount of product produced (TON)
under room temperature and atmospheric pressure. This, however, is often not feasible in
practice. There are high associated costs with maintaining a reactor at room temperature,
particularly during highly exothermic reactions. As a result, a compromise between the
operating conditions and the desired TOF/TON is often made. Alongside this, the reaction
should feature no catalyst deactivation or poisoning.

2.3. Catalyst Selection

The catalysts used in the production of fine chemicals vary drastically, being heavily
dependent on the reaction and the chemicals being produced. Moreover, the choice of
which catalyst to use is reliant on a range of other factors. Several catalysts could be suitable
for a reaction; however, others may be more optimal in terms of cost, yield, time taken for
the reaction, selectivity, ability to resist catalyst poisoning or a form of deactivation, with
minimal product damage or contamination. These factors are essential for catalyst choice
in terms of its economy and lifespan consideration, as explained by Ref. [13]. Additionally,
it is suggested that catalysts also be considered from a practical standpoint. This reference
states that in an optimal process, a catalyst should be “wide in scope, easy to perform
and insensitive to oxygen and water”. It can be inferred from this that choosing the
optimal catalyst is not easy. Moreover, the impact of the catalyst choice on a reaction
illustrates the importance of selecting the right substance, from both an environmental and
economic perspective.

Catalysts can be separated into two distinct categories, heterogeneous and homoge-
nous. Heterogenous catalysis involves a reaction whereby the catalyst in use is in a different
phase than the reactants. Often, this occurs when the catalyst is in a solid form, with the
reactants being a liquid or gas. Conversely, homogenous catalysts are in the same phase as
the reactants in question. Heterogenous catalysis is often favoured and used more often in
the production of fine chemicals, mostly due to its ease of recovery in comparison to most
homogenous catalysts.

The porosity of a catalyst is usually a concern regarding heterogeneous catalysts, unlike
with homogenous catalysts. This is because fluids are unable to possess pores, whereas
solids can. Since heterogeneous catalysis usually concerns a solid catalyst, it is evident
why this is applicable here. In terms of porous catalytic structures, there are three major
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categories: microporous, mesoporous, and macroporous. Microporous catalysts feature
much smaller pores than those found in mesoporous catalysts, with micropores considered
to be 2 nm or smaller in diameter, whereas mesoporous materials are generally categorised
as having pores with diameters between 2-50 nm, as evidenced in Ref. [14]. Often these
porous materials are constructed from tetrahedral units, whereby they are commonly used
in environmental remediation, as well as in treatment, purification, and separation.

2.4. Mesoporous Materials and Their Uses as Catalysts in the Production of Fine Chemicals
2.4.1. Background

Mesoporous materials have a porous structure commonly used in the field of fine
chemical development. They are primarily constructed from a silica-based matrix and
feature ordered, homogenous pores with a diameter range between 2-50 nm [14,15]. As a
result of their extensive surface area and pore volume, accessibility to active sites within the
structure is relatively uncomplicated. Moreover, any entering reactive species can undergo
significantly more rapid diffusion into the structure [16].

One major advantage of mesoporous materials would be both their chemical and
physical properties, which feature exceptionally high surface areas, large pore volumes,
and notably, the ability to present adaptive pore sizes and shapes [17]. Having this prop-
erty allows for the synthesis of catalysts that can be developed and tailored to specific
reactions, improving both their overall efficiency and selectivity. In addition, their porous
structure can demonstrate nanoscale effects within their internal mesochannels, which can
significantly influence catalytic activity [17].

2.4.2. Types of Mesoporous Catalysts
Organo-Silica Based

Silica-based heterogeneous catalysts are typically mesoporous, with an amorphous
pore structure. Their larger pore size often results in the easier embedding of functional
groups and guest species, providing a high level of customisability in terms of their
catalytic performance. Additionally, the use of (organo) silica-based catalysts offers a
substantial reduction in the requirement of a solvent during its use in reactions, as explored
during the analysis of the asymmetric aldol reaction [18]. Moreover, this study determined
that the silica-based catalyst structure used can be recovered and reused several times
with reactivation, providing a minimal loss of activity regarding traditionally used fresh
organocatalysts. It further goes on to explain that the use of silicas as a base structure for
the addition of an acid or base not only proves more affordable but shows more versatility
than other solid-supported materials. This has been further supported in other literature
exploring the effects of using a silica-based structure during the synthesis of fine organic
chemicals [19,20].

There are two methods commonly used to bind a form of organic catalyst to a silica-
based structure. The first method, “post-synthetic grafting”, consists of a set of linear
steps used to build up the catalyst on the silica surface [21-24]. The use of grafting as a
covalent technique has been found to provide higher stability, as well as reduced leaching,
under most mild conditions [25], both of which are ultimately desirable features during
the selection of a catalyst. The second method, known as the “co-condensation method”,
involves the initial synthesis of any necessary precursors. Following this, the precursors
can then be incorporated into the silica support structure [26-28]. According to Ref. [25], by
using precursors, various types of active sites can be installed onto the structure in specific
confined places. This is further supported and evidenced by research primarily focusing on
organosilica structures and their contribution to the manufacture of value-added and fine
chemicals [29-31]. The benefits of this method include easier modification of the catalyst,
allowing its properties to be tailored to the desired outcome of the reaction. Such freedom
to customise and alter reaction products is highly promising due to its usefulness in the
fine chemicals industry. It is important to note that the development of silica-based catalyst
structures can have a high associated production cost due to the often “costly surfactant
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structure directing agents”, as stated by Ref. [25]. In many cases, high production costs
pose a roadblock to more elaborate and in-depth research, resulting in discouragement of
their use, particularly when more cost-efficient catalyst structures exist. It is also possible to
develop a hybrid-synthetic approach, using both methods, as described by Ref. [18]. This
paper determined the best catalyst for the use of a silica-based structure under solvent-free
conditions, with the addition of an acid, a commonly used additive during the synthesis
of catalysts.

The reasoning behind utilising an acid during the synthesis of a heterogeneous catalyst
is complex, with its main advantages including easier recovery of the catalyst in comparison
to that required when using a base, as supported by Ref. [32]. As a result of their editable
pore dimensions, the use of silica structures enables catalytic reactions involving both
bulky substrates and products. This widens the potential use for them across a greater
range of reactions, providing an advantage over other mesoporous materials. However, in
opposition to zeolites and MOFs, mesoporous silica consists of amorphous walls, which
hinders their ability and thus, the activity of embedded active sites.

As a result, further research into creating crystalline materials with ordered mesopores
and inherent microporosity is required, with the end goal of expanding catalytic design
possibilities and generating a solution or potential use for amorphous walls in porous solids.

Types of (Organo) Silica Structures

There is a wide range of existing mesoporous silica structures; however, not all provide
utility in the context of fine chemical production. Table 1 illustrates several mesoporous
silica nanoparticles (MSN) commonly used as fine chemical catalyst structures, along with
their characterisation, properties, and an example of their use in the fine chemical industry.

Table 1. Some silica structures commonly used in the fine chemical industry.

MSN Family MSN Structure Pore Symmet Pore Volume Pore Size References Example of Use in Fine
Group Type y y (cm3g—1) (nm) Chemical Production
2D hexagonal Continuous one-pot synthesis
M415 MCM-41 P6mm >1 1.5-8 33,34] of citronellal to menthol [35]
. Oxidation of benzyl alcohol to
MCM-48 3D cubic Ia3d >1 2-5 [33,34] benzaldehyde [36]
Santa Barbara -
Amorphous SBA-1 3D cubic Pm3n - 15-3 [37,38] Oxidation of veratryl alcohol
to veratryldehyde [39]
(SBA)
2D hexagonal Hydrogenation of toluene to
SBA-3 pémm B 15-35 [40] methylcyclohexane [41]
3D hexagonal Tandem reaction of aliphatic
SBA-12 P63 /mmc 083 31 [42-44] primary amine to amides [45]
Hydrogenation of
SBA-15 2D h‘zxagonal 117 6-10 [34,46] p-nitrophenol to
pomm p-aminophenol [47]
. . Alcoholysis of 2-furan
SBA-16 3D cage-like cubic 0.91 5-15 [34] methanol into n-Butyl
Im3m .
Levulinate [48]
Acylation of
. 2-methoxynaphthalene to 2-
KIT KIT-5 3D cubic Fm3m 0.45 9.3 [49,50] acetyl-6-methoxynaphthalene
[51]
The condensation of
KIT-6 3D cubic Ia3d - 4-12 [40,52] benzaldehyde and 1-heptanal
to Amylcinnamaldehyde [53]
2D hexagonal Selective hydrogenation of
MSU MSU.H p 6m§1 - 7.5-12 [54,55] cinnamaldehyde to cinnamyl

alcohol [56]
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e MCM-41 (M41S) [57]

Since their discovery in 1992, mesoporous molecular sieves in the M41S family have
become increasingly researched across several industries. This is mostly due to their large
surface area, neatly arranged pore structure, and uniform pore size [58], all of which are
appealing features from a catalytic perspective. The M41S family can be classified into three
categories: hexagonal MCM-41 (a commonly used catalyst in the fine chemicals industry),
with its nonintersecting channels in a honeycomb pattern; cubic MCM-48, known for its
intricate three-dimensional channel system; and unstable lamellar MCM-50, which tends
to collapse when the template structure is removed [59,60]. MCM-41 has gained recent
industrial attention in fine chemical synthesis as a result of its advantageous properties
over other silica structures. These include its particularly high surface area and thermal
stability, as well as the fact that it inherently possesses mild acidic properties [61]. It is
often used in reactions involving organic transformations, including acid /base catalysis
and oxidative coupling. An example of MCM-41 being used in the production of a fine
chemical would be its use during the manufacture of menthol, as investigated in Ref. [35].
The paper explores the continuous one-pot synthesis of menthol from citronellal, using
MCM-41 as an alternative intermediary set of steps to the traditional synthetic route
opted for in the industry, the Takasago five-step process. The benefits of using the Ru-
modified MCM-41 structure over other multi-step traditional methods include an easier
separation of the catalyst, as well as the re-use of the catalyst. Moreover, the inclination
towards easier catalyst and product separation would indicate lower costs, as well as
improved environmental friendliness, something the Takasago five-step process cannot
easily deliver [62,63].

Similarly, the use of MCM-41, with a bi-functional powder catalyst, in batch processes
(also to produce menthol) has been explored, with similar results. These studies have
indicated the significant impact that an active metal modification (particularly on an
aluminosilicate structure) can have on a reaction, with the various side reactions being
significantly affected, depending on the metal used [64,65]. In addition to this, more
reaction-specific catalysts can be derived from MCM-41 to utilise its specific properties.
The use of such catalysts often results in an increased cost due to the greater complexity of
catalyst production; however, the improved yield and selectivity often justify this expense.
For example, a mesoporous Ce composite material has been derived from MCM-41 and has
been used as a heterogeneous catalyst in the synthesis of monoterpenoid dioxinols. This
study highlighted the advantages the MCM-41 structure can provide, with it producing the
highest reaction selectivity in comparison to other catalyst structures (various zeolites and
metal oxides) used in the procedure [66]. Potential reasons for this high selectivity include
its higher nominal metal content (indicating catalytic activity from the Ce), the presence of
both mild acidic and basic sites acting to minimise side reactions, and its proven stability to
promote dioxinol over the backward reaction. The higher activity of the Ce-MCM-41 has
been attributed to the mild acidity, high surface area, and the large mesopores of MCM-41
mesoporous materials. The synthesis route for this reaction followed a fairly unorthodox
procedure in that the isopulegol underwent Prins cyclisation to first form tetrahydropyran
as an intermediate, followed by its ring rearrangement to dioxinol. Minimal experimental
literature on the transformation of tetrahydropyran to dioxinol currently exists. Thus, the
research undertaken in this paper focuses on exploring this alternative route, which can be
achieved through the utilisation of the Ce-composite MCM-41 structure. Compound (3)
tetrahydropyran is an intermediate, which can be formed due to a rearrangement reaction.
The associated reaction scheme is shown in Figure 1.
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H OH
1 3 4

Figure 1. A diagram showing the reaction scheme for the two-step synthesis of monoterpenoid
dioxinols (4) from isopulegol (1) and benzaldehyde (2), forming the intermediate tetrahydropyran (3),
adapted from Ref. [66].

A similar study investigating the synthesis of compounds using tetrahydropyran
moiety with different heterogeneous catalysts yielded similar results, with a Ce-MCM-41
structure producing both the highest yield and selectivity [67]. Another prominent modi-
fication made to MCM-41 involves the addition of ruthenium (Ru) to the sieve structure.
Research in this field has shown that the modification method used can itself influence the
resulting structure and behaviour of the catalyst, as explored in Ref. [61], with differing
conversion and activity rates experienced when subsequently used in the selective hydro-
genation of cinnamaldehyde to cinnamyl alcohol, a fine chemical substance used in the
production of perfumes. Additionally, Ru-modified MCM-41 has been used experimentally
as a heterogeneous catalyst for the ring opening of decalin, with differing preparation
methods resulting in significantly varied results in terms of overall conversion, selectivity,
and activity [68].

e SBA-15[69]

The newly discovered Santa Barbara Amorphous (SBA) family has also gained pop-
ularity because of its stronger walls, making it more stable under high-temperature and
high-pressure conditions, and its larger pore size in comparison to M41S. SBA-1, which
possesses a cubic assembly of rounded micelles, and SBA-15, with its highly organized
hexagonal structure and larger pores compared to MCM-41, are the two most common
variants in the SBA family. The large pores that SBA-15 possesses are particularly useful
in accommodating larger molecules, opening the range of possible reactions for which it
can be used. The synthesis of all these mesoporous silicas generally occurs in acidic or
basic environments and involves using surfactants or some type of amphiphilic triblock
copolymers as structure-directing agents [58].

It is also common to produce hybrid catalytic systems by functionalizing SBA-15 with
differing organic or inorganic moieties, such as ferrocene in the hydroxylation of benzene to
produce phenol [70]. By doing so, the selectivity of the reaction, along with the catalytic ac-
tivity, can be improved. Further examples of this include the bi-functionalisation of SBA-15
in preparation for its use as a catalyst during the synthesis of 5-Hydroxymethylfurfural [71],
a commonly used starting material for fine chemical production.

Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are a highly studied family of porous materials
regularly used in the fine chemical industry. Often used as heterogeneous catalysts, they
are a form of hybrid solid, capable of being structured in either a two- or three-dimensional
manner. They are effectively formed by the self-construction of cationic systems, fulfilling a
node role, with polytopic organic ligands acting as a form of linkers. MOFs themselves can
be categorised in several different ways, i.e., based on their synthesis method and structure,
or the integration of functional composites or active precursors [72]. Table 2 illustrates
these categories, along with structure examples and their uses in the fine chemical industry.
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Table 2. Classification for MOFs, along with their relevant properties and uses in the fine chemical

industry.
- Brunauer, Emmett, Example of Use in
1 y 2
Cl.Zsfs ;\f/icg;lon Eﬁ%l;le Structure Metal Nodes/Clusters Ligands Po(re \QOIEllt;e and Teller (BET) Fine Chemical
a8 Surface Area (m? g-1) Production >*
Hydrogenation of
Isoreticular Ocothedral 2-amino-1,4- levulinic acid to
MOFs IRMOF-3 crystalline 700 benzenedicarboxylate 107173] 996 [74] y-valerolactone
(GVL) [75]
Zeolitic Zeolite Low-temperature
Imidazolate ey topological ZnNy, CoNy, or CuNy : > liquid phase
Frameworks Co-ZIF-9 structured tetrahedral clusters Imidazolate 0.07-0.18 [76] 1428.37177] Knoevenagel
(ZIFs) (SOD) reaction [78]
Porous Benzothiadiazole,
Coor di(;l:a tion tetramethyl- Epoxide
N PCN-57 Zrs04(OH)4(RCO»)12 triphenylene 1.36 [79] 3300 [80] Ring-Opening to
etworks . 1 iols 181
(PCNs) dicarboxylate trans-1,2-diols [81]
(TTDC)
The prins
condensation of
. {3-pinene and
I\I/;asiei:lli}: MIL- Trimeric Benzene-1,3,5- paraformaldehyde
. chromium(III) tricarboxylate 0.793 [82] 1720 [82] to form
Lavoisier 100(Cr) octahedral clusters (BTC) [2-(7,7-dimethyl-4-
(MIL) MOFs ’ y

bicyclo[3.1.1]hept-
3-enyl)ethanol]
(nopol) [83]

11t is important to note that pore volume is highly dependent on synthesis and production methods, along with
any precursors or post-synthesis composites. > The pore volume and BET surface area for each respective MOF
structure vary slightly in relation to the provided fine chemical reaction example. This is because their individual
properties are altered, depending on any precursor or post-synthesis composite. 3 Some of these reactions
listed produced intermediates used in further reactions to produce fine chemicals, as opposed to producing fine
chemicals themselves.

The catalytic abilities of MOFs are dependent on the type of MOF in question. There
are typically five ways in which their catalytic activity can be employed, as follows:

Solid acid-base catalysts;

Inherent metal framework (centres) catalyst sites;
Metal catalyst confinement (surface anchoring);
Post-synthesis functional composites;
Precursors/sacrificial templates.

Solid acid-base MOFs can occur in a number of ways. To begin with, the existing
metal nodes within their structure can function as Lewis and Brensted acid sites [84]. This
is due to weakly coordinated moieties which can be removed through thermal activation
(leaving behind unsaturated metal sites exhibiting Lewis acid activity) and internal species
bonding to metal atoms in the structure, leading to the dissociation of protons (illustrating
Brensted acid activity). Additionally, functional linkers within the structure can act as acid
sites. Due to their highly customisable shapes and dimensions, additional acid functional
groups can be introduced, offering Brensted acidity [85]. Finally, catalytically active sites
can be added to MOFs through the introduction of an external guest species, using the
MOF as a support. This is possible due to the high pore volumes that MOFs can possess,
providing a large surface area for the inclusion of an acid guest species [86]. Similarly,
guest metal species can be added to either the surface (utilising the MOF as a support) or
integrated into the ligand structure.

Alternatively, MOFs can act as precursors for porous carbon catalytic structures. This
is often achieved through pyrolysis, whereby the MOF is exposed to high temperatures
under an inert atmosphere, producing carbons that can be impregnated with existing metal
species within the MOF [87,88].

MOFs have gained popularity recently within the catalyst industry due to their cus-
tomisable structures, allowing for more control over the catalyst’s properties. As stated by
Ref. [89], metal-organic frameworks hold several advantages over traditional zeolites. The
number of possible zeolites for catalytic use is limited, whereas the number of potential
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metal-organic framework structures is almost infinite. Moreover, because of their high
porosity and surface area, they can retain up to 50-150 wt% of occluded solvent [89], mean-
ing that they can, in some cases, hold ten times as much solvent by weight as a zeolite.
Additionally, their high surface area allows for greater exposure of active sites, facilitating
improved catalytic efficiency and selectivity. This characteristic is particularly beneficial
in fine chemical synthesis, where precise control over the reaction conditions and product
quality is essential. Table 3, comparing relevant properties (within the context of fine
chemical production) between MOFs and zeolites, is shown below.

Table 3. Comparison of relevant (generic) properties between MOFs and zeolites in the context of
fine chemical production.

Properties MOFs Zeolites
(Typical) Pore volume (cm?) >1 0.1-0.5
Limited chemical stability, Stable towards solvents,
Chemical stability especially towards water, in acids, and
most cases. oxidizing/reducing agents.
Thermal stability Unstable above 300 °C Stable above 450 °C
BET surface area (m? g~ 1) 1000-10,000 200-500
Metal-site density High Low
S Accessible framework Accessible framework
Lewis acidity . .
metal ions metal ions
- Through bridging Possible through an
Bronsted acidity Si(OH)/ Al hydroxyl groups. organic linker.
- From oxygen atoms within Possible through an
Basicity S
the framework. organic linker.

In terms of their synthesis and development, MOFs can be tailored to incorporate
various functional groups and metal centres, creating a platform for the design of catalysts
with more specific activities and selectivities. This flexible aspect has widened the possi-
bilities for catalytic development and provided stability in challenging catalytic processes.
According to Ref. [90], newer self-assembly synthesis methods for MOFs have been studied
in recent years, including hydro- or solvothermal processes, in a bid to develop more
effective methods. With the benefits of utilising MOFs as heterogeneous catalysts, it is
evident why research efforts have been pursued in this field.

However, the practical implementation of MOFs as heterogeneous catalysts also
presents challenges related to their potential structural degradation over prolonged use,
leading to a decrease in catalytic activity. Moreover, MOFs can express stability issues in
particular situations, such as organic transformation under extreme conditions (acid /basic
environments, high temperatures, etc.), as has been explained by Ref. [90]. Additionally;,
the potential diffusion limitations arising from their intricate pore structures can impact
mass transport and reaction kinetics, influencing overall catalytic performance. Diffusion
limitation often leads to further catalyst deactivation from pore blockages and poison-
ing. However, this becomes less of a problem in liquid-phase reactions with MOFs as
a heterogeneous catalyst structure. Unlike traditional zeolites, which often experience
diffusion limitations in liquid phase reactions and excel in gas phase reactions, MOFs
traditionally possess a greater number of available pores and pore sizes, increasing their
validity and uses in liquid phase reactions, which are used more regularly in fine chemical
production [91].

Additionally, the advantages of MOFs (with regards to other micro/mesoporous
materials) remain true for oxidation reactions, with the added benefit that MOFs contain
a large amount of transition metals that are considered the conventional type used for
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oxidation sites. This is a major point of consideration since zeolites and other mesoporous
aluminosilicates are null in terms of activity for oxidation reactions.

Some studies have explored the removal of metal from MOFs, leading to the devel-
opment of carbon-based metal-free catalysts. This is achieved through carbonisation at
high temperatures under inert atmospheric conditions, which can lead to an increased
surface area and a larger pore volume. There is significant existing literature on such cases,
focusing on the removal of metal from MOFs to form a carbon-based structure used for a
range of reactions, such as Suzuki-Miyaura coupling reactions, including Refs. [92-96].

An additional field of research with high potential for MOFs includes the development
of non-noble metal-based catalysts such as Ni and Fe. This is due to their intrinsic magnetic
properties, which can promote easier and more successful recycling of the catalysts, as
well as improve their life cycle, with predominant use in the oxidation of alcohols to
esters [97-99].

Zeolites

Zeolites are crystalline aluminosilicates that are well known for their widespread uses
as catalysts in the manufacturing of fine chemicals. Occurring naturally or resulting from
chemical synthesis, the main reason behind their utility is their distinct molecular-scale
structure of organised, linked channels and consistent pore size. Zeolites are generally
represented by the following empirical formula [100]:

MZ/HO'A1203'XSiOZ-yH2O (1)

Equation (1)—A general empirical formula representing a zeolite structure.

The x in this formula is typically greater than or equal to 2. This is because the AlOy4
tetrahedra is joined to the SiO4 molecules within the structure. In this context, n represents
the available cation valence (available cation ability to form chemical bonds). It is impor-
tant to note that although zeolites are typically microporous, the recent emergence and
development of mesoporous zeolites have significantly increased their utility, particularly
in reactions involving big molecules. They are used in a vast range of reactions, with
ion-exchanged zeolites being one of the most frequently used catalysts in history [101].
Depending on the form taken, their uses vary significantly. For example, in their proton
exchange form, they fulfil a large role in the oil refining industry because of their strong
acidic and shape-selective properties [102,103]. Further potential uses for zeolites include
their application in various types of water purification, in large biomolecule separation,
and the removal of some radioactive contaminants [104-106]. The use of zeolites for large
molecule separation features across a vast range of reactions during fine chemical produc-
tion, often capitalising upon the nature of their hierarchical structure. They act to increase
the effective hydrogen-to-carbon ratio of chemical products through a range of intermediate
dehydrogenation/hydrogenation, oligomerisation, and cracking reactions. Subsequent
carbon bond-forming reactions, such as aldol condensation and Diels—Alder reactions, can
then occur on the Zeolite structure to form larger molecules and aromatics [107-109]. An
example of utilising the hierarchical nature of zeolites during processes involving large
organic molecules includes such reactions as the pyrolysis of wood polymer to produce
aromatics [110]. ZSM-5 is discussed as one of the more widely used zeolite catalysts in
aromatics production due to its increased efficiency, with utilisation as fuel additives [111],
solvents [112] or types of polymer synthesis [113]. Its microporous structure, however, is
noted as a major limiting factor as a result of the reduced diffusivity for larger molecules.
This further highlights the advantage of hierarchical zeolite structures, illustrating a strong
case for the use of mesoporosity in zeolites.

Since the orientation of individual pores is usually random, and the sizes and shapes
of the mesopores have no impact on the zeolite’s crystal structure, the mesopore system
in mesoporous zeolites can be considered a non-crystallographic pore system. Since this
pore system is not atomically ordered, mesoporous zeolites are regarded as hierarchical
porous materials, i.e., they possess more than two pore size distributions [114,115]. Hi-
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erarchical zeolite materials can be separated into three categories: hierarchical zeolite
crystals, nanosized zeolite crystals, and supported zeolite crystals, with each type varying
in regard to pore size and structure. Hierarchical zeolite crystals exhibit extra pores, either
mesopores (under 50 nm) or macropores (over 50 nm), within each crystal and include an
additional mesopore system alongside the standard micropores. Nanosized zeolite crystals
are smaller, and their mesoporous system comes from their packing structure. Supported
zeolite crystals are essentially dispersed in another material’s pore system, leading to a mix
of micro- and mesopores, (depending on the support structure). To alter a zeolite structure
into a mesoporous form, the zeolite crystals themselves must be altered, with either a
top-down or bottom-up approach [116]. The top-down method, known as post-treatment,
involves the use of an acid or base component to remove any Si or Al species from the
template. This method, known as demetalation, is commonly achieved via the use of
dealumination and desilication, both of which have been studied in Refs. [117-119]. Con-
versely, the bottom-up approach, known as direct templating, entails the direct synthesis of
mesoporous zeolites in the presence of mesoscale organic porogens and organic directing
agents. Various bottom-up methods exist, with one common approach being the use of
some type of solid templating. For example, templating can be completed through a range
of carbon nanomaterials [120-123] to produce a variety of common zeolites such as ZSM-5,
zeolite-f3, zeolite-X, zeolite-A, and zeolite-Y. Carbon-based templates produced through
carbonisation can also be built upon to produce different types of zeolites [124], as can the
use of aerogel [125,126], polymer [127], resin [128,129], and solid biological templates [130].

Other templating approaches for producing hierarchical zeolites include delamina-
tion, the process of synthesizing layered precursors as lamellar precursors with an ad-
ditionally intercalated surfactant. This surfactant can then be removed, leading to the
collapse of the structure and the formation of an accessible zeolite material that exhibits
mesoporosity [131,132].

Whilst the development of zeolites possessing mesoporosity exhibits advantages,
the negative environmental drawbacks that their synthesis produces remain a sizeable
issue. Significant emissions are produced during their manufacture due to the application
of different multifunctional templates, their subsequent removal, or the release of acids
and alkalis used in zeolite dealumination and desiccation [133]. Furthermore, even the
processes currently in use to create microporous zeolites are not environmentally friendly
because they all require the use of artificial chemicals containing silicon and aluminium,
which are derived from natural silicate or aluminosilicate minerals. These derivations occur
through labour-intensive procedures that result in significant waste production and energy
consumption [134].

Types of Zeolites

The classification of a zeolite is governed by the silica:aluminium ratio within the
structure [135]. For example, a zeolite labelled as high-silica would have a large Si:Al ratio,
whereas low-silica or Al-rich would indicate that the structure has a low Si:Al ratio. In
terms of the ratio number itself, its classification is dependent on the type of zeolite. For
BEA zeolites, low-silica refers to a ratio less than 5, whereas high-silica refers to a ratio
greater than 10 [136,137]. For X and Y zeolites, high silica indicates a ratio greater than
3, while low silica would correspond to ratios between 3 and 1.5 [138-140]. For ZSM-5
zeolites, high-silica corresponds to a ratio above 20, whilst low-silica indicates a ratio
below 15 [136,141,142]. Table 4 shows several zeolites commonly used in the fine chemical
industry, including their classification, relevant properties, and examples of their uses as
catalytic materials in fine chemical production.
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Table 4. Zeolite structures commonly utilised as heterogeneous catalysts in the fine chemical industry,
along with their relevant classifications, properties, and examples of their uses.

Framework  Zeolite
Type Name

Symmetry Channels

Common Reactions
Used in the Fine
Chemical Industry

Type of Void Framework  Framework
Density 2 Density Order

ion 1
(Dimensionality Fraction (g/cc) (T/1000 A3)

Beta Zeolite-
(BEA) Beta

Tetraganol 3D - - 15.1

Ortho-selective
Phenol
Hydroxylation
forming
catechol [143]

Partially
disordered

Faujasite

(FAU) Zeolite-x

Cubic 3D 0.5 1.31 13.3

Knoevenagel
condensation of
benzaldehyde and
ethyl
cyanoacetate [144]

Fully
ordered

FAU Zeolite-Y

Cubic 3D 0.48 1.25-1.29 13.3

Acetalization of ethyl
acetoacetate with
ethylene glycol to 1,3-
Dioxolane-2-acetic
acid, 2-methyl-, ethyl
ester
(fructone) [145]

Fully
ordered

MFI ZSM-5

Orthorhombic 3D - - 18.4

Benzene methylation
to xylene and
toluene [146]

Fully
ordered

Mordenite
(MOR)

Mordenite  Orthorhombic 2D 0.28 1.7 17

Para-selective
tert-Butylation of
toluene to
4-tert-butyltoluene
[147]

Fully
ordered

FER Ferrierite

Orthorhombic 2D 0.28 1.76 17.6

Isomerization of
n-Butene to
Isobutene (fine
chemical
intermediate) [148]

Fully
ordered

LTA Zeolite-A

Cubic 3D 0.47 1.27 14.2

Knoevenagel
condensation of
benzaldehyde and
ethyl
cyanoacetate [149]

Fully
ordered

L As stated in Ref. [100], the void fraction has been determined from the water content of the hydrated zeolite
structure. 2 As stated in Ref. [100], the framework density is based on the dimensions of the unit cell of the
hydrated zeolite and the framework contents only.

Z1Fs

Zeolitic imidazolate frameworks (ZIFs), a popular porous hybrid structure developed
in recent years, have become a focus in the heterogeneous catalytic industry for several
reasons. Possessing a crystalline structure with the ability to express hierarchical porosity,
they are a subclass of MOFs, combining some of the most desirable properties of both
MOFs and zeolites. They differ in structure from traditional MOFs, since they are composed
primarily of Zi (ii), Co (ii), and imidazolate linkers, as opposed to the wide range of metals
and organic linkers of which MOFs can be composed. When compared to traditional
MOFs, ZIFs typically exhibit much greater stability in terms of thermal, hydrothermal, and
chemical properties [150,151]. This includes their ability to be boiled in various organic and
alkaline solutions without the loss of crystallinity or a reduction in porosity [152].

In addition, the tetrahedral crystalline structure of a ZIF is like that of a zeolite, with
the aluminium and/or silicon being replaced by either zinc or cobalt (transition metals).
This mixed structure is one of the main advantages they hold over zeolites—they can be
exposed to a greater range of surface modifications. Along with this, their tunable pores
(due to their metal ions) and their high porosity make them extremely suitable as catalyst
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support structures for a range of reactions [153]. The main routes for the manufacture of
ZIFs include the use of solvent-based or solvent-free synthesis [153]. The most commonly
used solvents include water, methanol, or ethanol. It is not uncommon, however, to employ
other solvents, such as dimethylformamide or diethyl formamide, with the solvent chosen
to be dependent on the specific process. From here, the chemical route taken can vary,
with a wide range of methods available, subject to the solvent chosen. Older methods
include solvothermal synthesis, whereby organic solvents are used in the formation of a ZIF.
As discussed above, the preliminary solvents used in experimental work include various
alcohols, as explored in Ref. [152]. More recent works include the incorporation of bases to
deprotonate specific linkers and provide a higher yield and greater rate of reaction. Such
cases in the literature include pyridine [154] and triethylamine [155]. Findings from both
of these papers provided a strong argument for the use of a basic solvent in conjunction
with ZIF structures, with its main benefit being highlighted as the reusability of the ZIF
structure (due to its retention of catalytic activity). However, both studies noted the impact
that the reaction solvent can have on its catalytic performance, indicating some drawbacks
in terms of the reactions for which they are suitable.

Whilst solvothermal synthesis can offer a wider range of choices regarding the type
of ZIF developed and greater flexibility in terms of the solubility of the precursors, the
associated drawbacks of organic solvents often reduce their industrial popularity. The
negative environmental impacts, in addition to the high costs and in some cases, toxicity to
humans, is driving research in ZIF development towards cleaner alternatives. Research
shows that the use of aqueous mediums (hydrothermal synthesis) can produce higher
yields than organic solvents in reduced timeframes, but they require additional linkers,
such as in the case of the development of ZIF-8 nanocrystals [156], or even nano-sized
ZIF-67 crystals [157]. Further, more recent research in this field has been conducted in a bid
to develop this greener method, with various modifications to the process. These include
the use of surfactants to regulate the size of the crystals in a ZIF structure. Successful
examples include research conducted whereby the diameter of the crystals produced
could be controlled [158], or whereby the impact of the surfactant used on the hierarchical
structure of the ZIF was explored [159].

Newer solvent-based methods of ZIF production include microwave and ionothermal
synthesis. The former involves the use of microwave-assisted heating technology and
has been shown to drastically shorten the synthesis time, as well as to produce a higher
yield whilst reducing the number of ligands present, without the use of deprotonating
agents [159,160]. The latter, ionothermal synthesis, involves the use of ionic liquids (as
solvents) in an open system. There has been minimal research in this field thus far, despite
the possibilities it has been shown to possess. These include using the ionic solvent as
a template to prevent competitive interaction, the wide range of novel structures that
could be developed with further experimental work (as explored by Martins et Al in [161]),
and its possibilities to be incorporated with other synthesis methods, such as microwave
synthesis [162].

A small number of promising novel solvent-free synthesis routes exist. Despite their
lower cost and their significantly eco-friendlier nature, very little research has been con-
ducted in this area. Some studies include the synthesis of ZIFs using a dry-gel conversion,
with the synthesised ZIF structures showing promising results. These include excellent
reactivity and catalytic activity, as well as strong reusability [152,163].

The use of ZIFs as catalysts in the fine chemical industry is gaining traction, with catal-
ysis roles in various scientific sectors, including pharmaceuticals [164,165], organic chemical
production (hydrocarbon separation) [166], aromatics, and biomass conversion [167]. No-
tably, all the research conducted on ZIF structures as catalysts are remarkably novel, with
their use appearing earlier in other fields, such as gas and energy storage [168-170], as
well as drug delivery [171,172]. Whilst minimal, the positive findings from this early
research are indicative of the potential uses of ZIFs as catalyst structures, and it can be
anticipated that further investigation into their catalytic benefits will prove popular and
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essential as the fine chemical industry continues to evolve and seek cleaner and more
efficient production methods.

Carbon-Based

Mesoporous carbon-based heterogeneous catalytic structures possess highly desirable
physical and chemical features, particularly regarding the synthesis of products in the fine
chemical industry. Notable properties include a high surface area (contributing to higher
catalytic activity), significant pore volume, good thermostability due to their composition of
carbon atoms linked in a framework, enhanced mass transfer, and relatively uncomplicated
diffusion [173]. Due to their excellent conductive abilities, carbon-based catalysts are often
used in electrochemical-based reactions [174,175]. The processes for the synthesis of carbon-
based catalysts have changed over time due to the development of novel methods, with
greater simplicity and fewer environmental drawbacks. Typically, carbon-based structures
are microporous, so methods to introduce mesoporosity have been created. Initially,
mesopores in carbon structures were created in the spaces between carbon particles, such as
in carbon aerogels, or by enlarging micropores via oxidation during the activation process,
such as in activated carbons [176]. These methods, however, resulted in difficulties such as
the struggle to regulate the structure’s shape or a loss in carbon yield.

There are three major categories of methods for the synthesis of carbon-based struc-
tures, including:

e  Activation methods;
e  (Catalytic activation methods (using metal ions);
e  Template methods.

Activation methods are regarded to be the most widely used techniques [173], with
two subcategories: chemical methods and physical methods. In the physical methods,
materials are heated to between 400-900 °C in an oxygen-free environment (using gases like
nitrogen or helium) to create a carbon-rich “char”. This char is then exposed to higher tem-
peratures (800-1000 °C) and oxidising agents (such as steam or carbon dioxide) to develop
a mesoporous structure [177,178]. Chemical activation, on the other hand, streamlines this
process by integrating the heating and exposure to oxidising chemicals into a single phase.
Usually, chemical activation entails impregnating a carbon source with specific compounds
and heating it to 400-700 °C [179] to cause it to thermally breakdown. Zinc chloride (ZnCl,),
aluminium chloride (AICl3), magnesium chloride (MgCl,), potassium hydroxide (KOH),
sodium carbonate (NapyCO3), phosphoric acid (H3PO,), and sodium hydroxide (NaOH)
are common chemicals utilised in this procedure [179-181]. The choice of chemical is
very important because it has a big impact on the activation process’s mechanism and
necessary temperature.

Chemical activation offers several advantages over physical activation, including
lower energy consumption and activation temperatures, higher carbon yields, and faster
processing times. However, in some cases, physical activation is preferred due to its
relatively smaller impact on the environment, its readily available activating agents, and its
simple technology [182-184]. In some cases, combining both types of activation methods
produces better activation; thus, it is employed regularly.

Catalytic activation utilising metal ions can also be employed to create mesoporous
carbon-based catalysts. By acting as catalysts to activate carbon precursors, metal ions such
as iron (Fe), nickel (Ni), and cobalt (Co) can speed up the activation process. They can
help provide stability and control the development of the mesopores. These metal ions are
particularly efficient at accelerating the char activation process, which leads to a greater
volume of mesopores [185]. In some cases, where any water-based solutions are used, the
metal ions can leach out of the structure, reducing its lifespan and in turn, its activity.

The third method, templating, has two distinct sub-categories; hard and soft tem-
plating. Hard templating uses pre-made inorganic or organic templates such as colloidal
silica or mesoporous silica. These templates are filled with carbon precursors and then
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carbonised. The template is then removed by chemical etching, using an acid or base,
leaving behind the carbon-based structure [176].

The soft-templating method uses self-assembling molecules, such as metal-organic
frameworks and surfactants, as templates. These materials are then bonded (often through
hydrogen bonding) with carbon precursors. A calcination process is then used at temper-
atures up to 900 °C [186,187] to remove the templates, leaving behind the mesoporous
structure [188]. One reason behind the development of mesoporous molecular sieves over
zeolites is their ability to process heavy oil fractions, something other mesoporous struc-
tures cannot deliver [189-191]. Moreover, mesoporous carbon structures can exhibit high
selectivity, and research has proved their ability to increase the reaction rate, as evidenced
by literature investigating the dehydrogenation of ethanol to acetaldehyde [192]. Their
excellent selectivity was determined to be significantly greater than that produced using
SBA-15 as a catalyst support. These findings result from the inert nature of the carbon
structure, inhibiting any additional secondary or side reactions. Whilst acetaldehyde it-
self is not strictly a fine chemical, such findings prove particularly beneficial in the fine
chemical industry, where high selectivity of desired products is paramount to increase
the efficiency of valuable and expensive processes. Additionally, the natural hydrophobic
properties of the carbon structure provide an enrichment potential for organic compounds,
expanding its uses as a highly selective catalyst support for organic reactions. An additional
study utilising mesoporous carbon structures incorporated with the catalyst (as opposed
to supporting it, as traditional research investigates) highlighted their reusability in the
production of y-valerolactone [193]. In addition, the study illustrates their stability in
an acidic aqueous medium. It is this high stability that proves that the development of
mesoporous carbon structures directly incorporating catalysts carries excellent potential,
drawing further attention to carbon-based structures and the increased benefits that can be
evoked through additional research.

2.5. Microporous Materials and Their Uses as Catalysts in the Production of Fine Chemicals
2.5.1. Background

Microporous materials contain crystalline structures with interconnected cages or
channels. Their classification as microporous is determined by their smaller pore diameter
of less than 2 nm [14].

The two main types of microporous structures used in industry are crystalline zeolites
(aluminosilicates) and activated carbons [194]. Both types of structures, along with other
less common microporous structures such as metal-organic frameworks (MOFs), can be
modified to be mesoporous. Further types of microporous structures such as metal oxides
and aluminophosphate will be reviewed below. Typically, microporous materials are
synthesised under solvothermal conditions, with the individual parameters being altered,
depending on the reaction. The most altered parameters when developing microporous
structures include the starting compound, any solvent used, the temperature, the pressure,
and any additional charge-compensating ions [195].

2.5.2. Types of Microporous Catalysts
Zeolites

Microporous zeolites offer similar advantages to those of mesoporous/hierarchal
zeolites, however, with less methodology and fewer steps in terms of their development.
As described previously, zeolites can occur naturally or can be synthetically developed.

Worldwide, both academic and industrial facilities have conducted extensive research
on differing types of microporous zeolites. The reasoning behind this includes their de-
sirable abilities and properties, such as consistent channel systems, tunable Brensted and
Lewis acidic sites, coke resistance, ion-exchange, and thermal stability features. The proce-
dure for developing synthetic zeolites varies slightly from the method mentioned above
to produce mesoporous zeolites. Since zeolites are generally microporous beforehand,
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with further processing required to make them mesoporous, there are usually fewer steps
involved in this process.

There are a range of different methods available for the synthesis of zeolites, with the
most common ones listed below, as taken from Ref. [196]:

Hydrothermal synthesis;

Solvothermal synthesis;

Ionothermal synthesis;

F-synthesis;

Microwave-assisted hydrothermal synthesis;
Microemulsion-based hydrothermal synthesis;
Dry-gel conversion synthesis;

Combinational synthesis.

Despite the desired properties of microporous zeolites, there is a current drive for
extensive research around modifying and developing them further. The reasoning behind
this is to enhance their uses and resolve their inability to catalyse reactions with larger
particles. One potential route for doing so would be their modification to a hierarchal
zeolite, as described above in the mesoporous zeolite section. There are several alternative
routes, however. In the editorial section prepared for microporous zeolites and their
applications [197], Kumar discusses the approach of embedding microporous zeolites in
amorphous silica, referring to a study conducted on selective catalysts for the methanol
to olefin process [198]. Whilst olefins themselves are not strictly fine chemicals, they
are often used as building blocks in further reactions to produce various aromatics and
detergents. The cause for this methodology lies in the potential for customising and
specifically tailoring available acid sites in the catalyst structure. The paper revealed the
higher catalytic activity of the synthesised zeolite, as well as the much higher selectivity
ratio. These findings support explanations in wider research in the literature proposing
that the strength, availability, and type of acid sites available in a catalyst can alter the
propylene selectivity and rate of formation of intermediary products.

The impact that modifications of a zeolite structure can have on a reaction is analysed
in Ref. [199], with its influence and impacts explored. The paper explains how preparation,
precursors, or pre-treatment can impact and alter the physicochemical and catalytic proper-
ties of a material. It also elects to take an environmentally friendly approach during the
preparation of the catalyst by choosing to leave out aqueous or organic solvents and instead
using a solid-state ion exchange method. One notable finding from the paper regarding
zeolite performance, however, concerned the deactivation of the zeolite structures with
extended reaction times caused by carbonaceous deposits, resulting in pore blockages in
the zeolite. These findings suggest that an avenue for future research could incorporate
exploration into the reduction or prevention of deactivation to extend the lifespan of zeolite
structures and reap their full selectivity benefits.

Similarly, Kumar has assessed the impact of the chosen preparation method on the
catalytic behaviour of modified zeolite extrudates [200]. The study revealed that the differ-
ent methods of platinum deposition onto the structure impact the metal-to-acid site ratio,
subsequently altering the acidity and strength of the catalyst structure. It also concluded
that the choice of the synthesis method impacts the overall conversion, with zeolite extru-
dates prepared via in situ synthesis producing the highest conversion. Alternatively, zeolite
catalysts can be prepared via the use of various impregnation methods. In Ref. [201], H-Y5.1
zeolite catalyst, prepared via wetness impregnation, was used across a range of reactions
in the production of upgraded fuels and aromatics, with the ratio between Fe and Ni in
the catalyst being varied. This involved the co-processing of hexadecane with isoeugenol
(2-methoxy-4-propenylphenol), with the isoeugenol undergoing hydrodeoxygenation and
the hexadecane undergoing hydroisomerisation-hydrocracking. The reaction schemes for
this process can be seen in Figures 2 and 3 below:
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Figure 2. The reaction scheme for n-hexadecane hydroisomerisation-hydrocracking, adapted from
Ref. [201].
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Figure 3. The reaction scheme for the hydrodeoxygenation of isoeugenol, adapted from Ref. [201].

Findings from the study showed a reduction in specific surface area and a decrease
in pore volume due to a blockage in the larger pores in the material. The study also
showed a change in the acid sites, dependent on the catalyst structure used, with Fe leading
to a decrease in strong acid sites and an increase in medium Brensted sites, whilst Ni
increased the weak and medium Lewis sites. This change in acid site presence can be
attributed to interactions between the metal ions with the zeolite’s acidic surface, leading
to coordination with any present oxygen/hydroxyl groups and the formation of metal
clusters. This in turn can block or inhibit the active sites. The balance between both Lewis
and Brensted acid sites can heavily impact the selectivity of a reaction. For example, a
greater number of Lewis acid sites (because of the nickel impregnation) contributes towards
the hydrodeoxygenation (HDO) of isoeugenol. This is a result of their ability to promote
the adsorption of oxygenated compounds by forming a complex with present oxygen
atoms. This in turn makes the C-O bond more susceptible to cleavage in the HDO process.
Additionally, these papers illustrate the effect of the preparation method and support
design on a reaction and highlight the drawbacks of zeolites in terms of pore blockage
tendencies. A clear link between the acidity and ending selectivity of a reaction can be
seen, indicating the importance of correct catalyst preparation. This is especially important
in the fine chemical industry, where the economy of reactions and selectivity to desired
products can dictate the financial outcome and viability of a particular product. It could be
argued that zeolites are the most commonly used porous catalyst in both the fine chemical
industry, as well as in wider chemical production. Extensive literature detailing their vast
applications exists, with zeolite-f3 featuring heavily in small-scale fine chemical production.
Further examples of the use of zeolite-f3 include:

The use of 3 zeolites in the cyclization of citronellal [202,203];

The use of H-Beta-25 in the transformation of glucose to methyl levulinate [204];

The use of Sn-Beta zeolite in the production of methyl lactate from glucose [205];
The use of H-beta zeolite catalysts in the prins cyclization of (—)-isopulegol [206];
The use of H and Fe-modified beta zeolites in the production of trans-carveol from
a-pinene oxide [207].

Activated Carbons

Carbon-based structures, which are mesoporous, can also possess micropores. Whilst
their ability to adsorb large organic materials is reduced in comparison to mesoporous
carbon-based structures, they feature an enlarged specific surface area. This aids their

42



Catalysts 2024, 14, 317

adsorption of volatile molecules, as well as their hydrogen storage and CO, capture
abilities [208,209].

One common approach to developing activated carbon-based catalysts involves the
use of developing biomass as a precursor [210-212]. Once the carbon has been obtained,
it can be activated using pyrolysis in an inert atmosphere, just as mesoporous carbon is
activated. It is then developed through physical or chemical activation to improve its
porosity [213]. Several studies have found that the use of biomass as a precursor provides a
high oxygen content, leading to greater porosity and surface area [214].

The surface reactions on carbon can be complex due to the interaction of numerous
oxygen groups. These can be divided into two main groups, the basic and acidic oxygen
groups [215,216]. The surface activity and catalytic behaviour of the structure are usually
dependent on these surface groups, with studies conducted regarding the impact these
groups have [216,217].

Like mesoporous carbon-based catalysts, they are often modified, or “doped” with
additional materials, to alter the available specific surface area and increase micropore
development, i.e., through nitrogen doping [218-221]. There are countless other exam-
ples of such experimental work, including the modification of carbon nanospheres with
phosphorus [222], the synthesis of a dual-modified phosphomolybdic acid/silver carbon
composite [223], the production of jet fuel through the hydrodeoxygenation of isoeugenol
over a carbon-supported platinum catalyst [224], and many more [225,226]. One common
drawback that occurs when a microporous carbon structure is utilised is the frequency of
pore blockage. This is a common occurrence in microporous structures due to their smaller
pore size, resulting in a subsequent loss of activity and catalytic deactivation. Whilst micro-
porous carbon structures possess several advantages over their mesoporous counterparts,
it is clear that the pore blockage tendencies are much higher, illustrating a major hindrance
to their wider use.

A study conducted on the kinetics and deactivation of catalysts in the hydrogenation
of 3-sitosterol to 3-sitostanol, utilising both micro and mesoporous carbon supports [227],
reiterated catalyst deactivation as a prominent issue when using carbon-based catalyst
structures, suggesting the utilisation of a larger amount of the catalyst to combat this
problem. The reasoning behind this is to counter the catalysts” adsorbent properties so
that the activity can remain higher for prolonged periods. Additionally, the differing
conversions obtained between the micro- and mesoporous carbon were analysed, whereby
it was found that the mesoporous carbon structure provided higher overall conversions
than its counterpart. In addition, deactivation occurred at a slower rate for the mesoporous
carbon catalyst than for the microporous example. This difference can be credited to the fact
that the mesoporous structure contained larger pores, meaning that the effects of coking
are less significant and require a longer time span to build up.

In the fine chemical industry, where activity and selectivity are paramount, the use
of microporous carbon catalysts carries several advantages but, in most cases, these are
outweighed by its disadvantages. Their large specific surface area is particularly beneficial
for the adsorption of smaller molecules, which can prove useful in purification or pollutant
particle-capturing processes. Despite these advantages, however, the challenges posed
by pore blockage are significant and cannot be overlooked, particularly when blockages
can lead to a loss of activity and catalytic deactivation. The comparison with mesoporous
carbon structures further underlines this issue, as it becomes clear that these larger pores
offer higher overall conversions and slower deactivation rates. Considering these factors,
it can be concluded that mesoporous carbon structures are generally more beneficial for
applications in the fine chemical industry in processes in which longer catalyst life and
higher resistance to catalyst fouling and deactivation are required.

Aluminophosphate

There are several other microporous structures used as heterogeneous catalysts for
both the production of fine chemicals and the chemical industry as a whole.
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One of these commonly used structures is aluminophosphate. Aluminophosphate is
usually expressed in a crystalline structure formed by connecting oxygen atoms between
alternating phosphorus tetrahedra and aluminium polyhedra. Aluminophosphates come
in a variety of polymorphs that can create pore frameworks with varying dimensions.
These crystalline aluminophosphates often feature uniform pores with diameters above
1 nm, placing them in the category of extra-large microporous crystalline materials [228].
The structure of these frameworks provides a number of sites for chemical reactions to
occur, which is essential for their activity and effectiveness as acid catalysts [229]. Often,
aluminophosphates are doped with specific metals, whereby the metal ions replace the
aluminium ions within the framework. This process is frequently used in the manufacture
of single-site catalysts [230], allowing for its use in particular reactions, such as in the oxida-
tion of hydrocarbons [231] or the esterification of acetic acid [232]. One notable example of
the use of the metal aluminophosphate being used in the fine chemical industry features in a
research paper on the production of biphenyl urea [233]. Findings from the paper indicated
cobalt-aluminophosphate as the catalyst providing the highest yield of biphenyl urea. The
paper also concluded that under mild conditions, metal-aluminophosphate catalysts are a
viable alternative to traditionally used environmentally hazardous and costly alternatives.

When compared to their crystalline counterparts, amorphous aluminophosphates
are a more affordable and often more thermally stable catalyst [234]. They only require
a straightforward co-precipitation step in their manufacture, whereas the synthesis of
crystalline aluminophosphates requires the use of organic agents that direct structure, like
trialkyl amines or copolymers, which are then burned off after the synthesis is complete.

MOFs

Microporous MOFS, like mesoporous MOFs, consist of self-constructing cationic
systems, with polytopic organic ligands acting as linkers. In comparison to mesoporous
MOFs, they possess a much larger specific surface area, making them more suitable for
interactions requiring high surface contact [235]. Along with this, their smaller pore size
becomes useful in situations where their ability to process and discriminate between smaller
molecules proves advantageous. A notable feature of microporous MOFs is their ability to
adsorb carbon dioxide [236]. An article produced by Pal et al. investigated a co-MOF and
assessed its selectivity in terms of CO, sorption through physisorption, as opposed to a
chemical reaction involving Aryl C-H: - - O=C=0 Interactions. The study presents the use of
microporous MOFs as an effective carbon capture solution, illustrating the co-MOFs’ ability
to selectively predominantly adsorb carbon dioxide over other gases in the mixture. This
can be explained by the use of grand canonical Monte Carlo (GCMC) computer simulations
performed on the Co-MOF structure, which showed how the CO, molecules had been
electrostatically trapped as a result of interactions between the oxygen atoms in the CO,
molecules and the hydrogen atoms attached to the pyridine rings in the framework’s
spacers. These results are supported by additional literature in this field of research, such
as in this study similarly investigating the selective adsorption properties of microporous
MOFs [237]. These findings prove the value of microporous MOFs within the field of green
chemistry, laying a foundation for further investigation into their CO, adsorption abilities,
given their potential to actively reduce atmospheric greenhouse gas emissions.

In terms of their catalytic applications, particularly in the fine chemical industry, they
can be employed in the Hantzsch reaction to produce polyhydroquinolines, whereby their
derivates are utilised in the pharmaceutical industry due to their medicinal functions, as
discussed in Ref. [238]. The reaction scheme for this process is shown in Figure 4.
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Figure 4. A reaction scheme illustrating the organocatalysed (4a—4f) unsymmetric Hantzsch reaction
using dimedone (1), substituted aldehyde (2), and acetoacetate ester or acetylacetone (3) to produce
polyhydroquinoline derivatives (5), adapted from Ref. [238].

In this paper [239], the Zn-MOF conveyed high efficiency as a result of its hierarchical
microporous structure, which provided a large surface area for reactions to occur on the
structure. Along with this, the paper also discussed how the Zn-MOF catalyst could be
reused multiple times, with only a moderate decrease in performance, demonstrating its
stability and potential long-term financial viability. Notably, however, the intricacies of
the potential deactivation mechanisms (such as coking) were not extensively discussed.
The potential for deactivation of the catalyst is a pivotal factor in terms of its suitability
over traditional catalysts for such a reaction, where such drawbacks would be crucial
on an industrial scale. Similar experimental work conducted on the use of microporous
Zn-MOFs as heterogeneous catalysts has been conducted by Roy et al., whereby its impact
on various organic transformations has been explored [240]. The Zn-MOF studied in this
paper exhibited high catalytic efficiency during reactions such as the cycloaddition of
CO, with epoxides to form cyclic carbonates (a valuable intermediate in the fine chemical
industry). One advantage of using the MOF structure was highlighted as its ability to
catalyse reactions under mild conditions. This could prove particularly beneficial for large-
scale industrial reactions as the sector shifts towards more sustainable and eco-friendly
chemical processes. Moreover, the paper addresses the low price associated with zinc metal,
linking this to its large surface area-to-volume ratio and divalent oxidation state. This
presents the Zn-MOF catalyst as an overall suitable alternative for several organic processes,
including high-temperature reactions and the involvement of hazardous materials.

Metal Oxides

Microporous metal oxide structures feature metal centres of either single ions, clusters,
or mixed-metal clusters, linked together through oxygen atoms. These linkages, which
contribute towards its stability, can then form a variety of structures such as rings, chains,
and layers, which lead to the formation of its porous structure. Similar to other microporous
structures, they can be organised in either a crystalline or amorphous structure. Zeolites
are a type of metal oxide; however, other types of metal oxides do exist, yet these are used
much less frequently in the fine chemical industry. Other types of metal oxides used as
microporous catalysts include MoVNbTeOx [241] and surface-phosphate nickel oxide [242],
which can be used in the dehydrogenation of ethane to ethylene.

An alternative avenue for future exploration would be the use of heterogeneous
transition metal oxide catalysts, which have applications in several areas, including the con-
version of hydrocarbons to value-added chemicals and geochemical redox processes [243].
Their production has been explored in Ref. [244], where MoO3; and WOs catalysts were
synthesised. The paper draws comparisons between them and traditional zeolites, explain-
ing how these transition metal oxides combine the molecular-sieve attributes of Si-zeolites
with the enhanced acidic strength and redox properties of metal cations. Combining these
properties into one structure provides versatility in terms of catalytic performance, which is
highly sought after in the fine chemical industry. The drawbacks of transition metal oxide
catalysts were discussed, with the most significant being structural stability issues and
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synthesis complexity. These issues provide a hindrance to the practical implementation
of transition metal oxides, indicating that significant further validation, both experimen-
tally and practically, would be required to fully leverage their advantages and to result in
widespread industrial implementation.

Polymer-Supported Catalysts

Porous polymer structures are a class of amorphous, crosslinked structures capable of
featuring a range of pore diameters, with the ability to possess hierarchical porosity in the
majority of cases [245]. This cross-linked porous structure provides an extensive surface
area, with the ability to incorporate additional functional groups and embed a range of
active catalytic sites. Additionally, their extensive crosslinking imparts high thermal and
chemical stability, giving rise to a range of potential uses as catalytic support structures. An
additional feature of the majority of these polymer structures is their recyclability and the
opportunities to recover and reuse these structures. In relation to fine chemical production,
high recyclability offers a major advantage in terms of reducing production costs [246].

Alkene epoxidation is a vital chemical reaction utilised in the fine chemical industry to
produce various compounds, including epoxides, a valuable intermediate in the synthesis
of pharmaceutical and agrochemical products [247]. The potential use of polymer-based
structures as catalyst supports for these reactions has been the subject of focus in recent
years, as they have exhibited greater potential in terms of stability, as well as in regard to
providing a potentially greener production route. Subsequently, new, modern methods
have been developed and patented, including several patents regarding liquid phase
epoxidation and incorporated heterogeneous catalysts [248,249]. These polymer structures
provide a support matrix that facilitates and subsequently immobilises the catalyst.

A study conducted on the epoxidation of alkenes using a polymer-supported Mo(VI)
catalyst [250] evaluated the stability and activity, as well as the catalytic leaching, under a
range of conditions. It highlighted current industrial concerns regarding the potential leach-
ing during the use of long-term heterogeneous catalysts, mentioning the recent research
conducted concerning the use of alternative inorganic catalyst structures and their lack of
suitability [251-253], underlining the need to develop and scale-up a stable method utilising
a polymer-based structure instead. Whilst this research employed a batch process, the focus
was to investigate the catalyst structure in regard to its future uses in continuous processes.
The findings from the paper include enhanced reaction stability and efficiency, as well as
the potential for the reuse of the catalyst. One drawback to note included the importance of
utilising optimal conditions in the process to ensure that efficiency was optimal. However,
such a drawback exists for almost all chemical reactions regardless of sector, outlining
the importance of weighing the benefits of using a polymer structure as a heterogeneous
catalyst over any negative aspects. Similar studies investigating the preparation of epoxides
using a polybenzimidazole-supported Mo(VI) catalyst [254,255] produced similar results.
Whilst the alkene being epoxidised varied between the studies, the findings illustrated that
a polymer-based catalyst structure (in this case, polybenzimidazole) is active in these reac-
tions, and it exhibits particularly high activity under reaction-specific optimised conditions.
Both studies showed greater reaction efficiency, with a notable catalyst leaching recorded
in Ref. [255]. However, these studies were conducted under batch conditions, and it has
been suggested that when transferred to a continuous process, leaching and loss in catalytic
activity would no longer be an issue. This is of great importance in terms of the scale-up
and adoption of these processes on a larger scale, particularly in the fine chemical industry,
wherein both prolonged catalyst activity and lifespan are highly desirable.

Various studies in the literature portray polymers as suitable catalyst supports as a
result of them being inert, insoluble, and non-toxic [256,257]. In particular, being inert is an
essential characteristic to maximise the efficiency of catalytic reactions. This reduces the
risk of catalyst poisoning and facilitates the reuse and recovery of the catalyst, providing a
potential economic advantage in the long run in terms of cost savings in regard to process
scale-up. Their non-toxic properties are essential in the fine chemical industry in terms of
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safety assurance and regulatory compliance, particularly in industries where products may
subsequently face human consumption. These findings are further supported in Ref. [258],
wherein a Ps-AMP-Mo catalyst was used in the epoxidation of 1-hexene and 4-vinyl-1-
cyclohexene. Continuous and batch operations were analysed, with the catalyst exhibiting
high activity and selectivity in both circumstances. In addition to this, epoxidation in
a FlowSyn continuous flow reactor illustrated noticeable time savings, highlighting the
benefits and potential streamlining of operations provided by the use of a polymer-based
catalyst structure.

The importance of optimising these processes to fully reap their benefits has been a
consistent theme throughout most of the literature regarding the epoxidation of alkenes
using polymer-based catalyst structures. The increased catalytic activity and efficiency
are diminished under non-ideal reaction conditions, regardless of the polymer structure
used, as evidenced in Ref. [259]. In this research paper, the catalyst used was a polystyrene
2-(aminomethyl) pyridine-supported Mo(VI) catalyst, yet the importance of optimising the
reaction conditions was further stressed, regardless of whether it was a batch or continuous
process. Additionally, the optimisation of a process reduces its environmental impact, as
well as its operating and energy consumption costs. To further verify the results produced
during the physical optimisation of a polymer-based catalytic epoxidation reaction, an
artificial neural network model has been employed, and the results of this model were
compared to those produced experimentally [260]. This has highlighted not only the
importance of optimising a process in terms of cost savings and efficiency but also regarding
the benefits it supplies in terms of continuous epoxidation experiments as an elaboration
of those carried out in batch reactors. The importance of greener epoxidation processes
has been explored in Ref. [261], with the main benefits of developing greener methods
including reduced waste, further potential savings in regard to energy and material costs,
as well as exhibiting progressive movements towards more environmentally conscious
processes and tighter emissions regulations.

2.6. Comparison between Mesoporous and Microporous Structures and Their Uses as Catalysts in
the Production of Fine Chemicals

After reviewing the existing literature concerning various types of mesoporous and
microporous catalysts, one key takeaway would be that many of these structures can
alternate between mesoporous, microporous, or can sometimes exhibit both (hierarchical).
For example, both micro- and mesoporous zeolites exist, yet their uses differ, depending
on the reaction or process in question. A similar case exists for MOFs and carbon-based
structures, along with many others. However, in the context of fine chemicals, some pore
structures, along with specific materials, are significantly better suited to this application.
A clear example of this would be the carbon-based structures. According to the definition
provided by the International Federation of Pure and Applied Chemistry (IUPAC), porous
carbon-based materials can be split into three categories, based on their pore diameter size:
microporous carbon (<2 nm), mesoporous carbon (between 2 and 50 nm), and macroporous
carbon (>50 nm) [262]. Much of the literature on microporous carbon-based structures
falls into the field of electrochemistry, as opposed to the industry of fine chemicals. One
explanation for this may be due to its strong conductive abilities over other heterogeneous
catalysts. Apart from this, many of the other advantages that it provides are shared with
other catalytic structures. Despite this, its properties are not often harnessed in fine chemical
production, yet in its mesoporous form, its use is significantly more common.

Therefore, several materials explored in this review, such as microporous MOFs, can
possess either a crystalline or amorphous structure. However, the crystalline structure often
features more prominently in catalytic research, whereas in industry, amorphous structures
are typically used more often due to their lower cost and greater flexibility [263-265].

In terms of determining the most efficient or suitable catalyst, it could be argued that
this is nothing but a trivial matter. Despite some structures exhibiting more advantages than
others, it is solely a matter of the process in question. For example, compared with the most
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used catalyst support structures, such as silica and zeolites, carbon-based materials possess
several advantages, such as stability in both basic and acidic mediums. Along with this,
activated carbon obtained from biochar can yield a highly porous structure, with surface
areas reaching as high as 2000 m? /g (depending on the source and synthesis/activation
method). This is significantly larger in comparison to other common material-specific
surface areas; for example, silica can only reach 750 m? /g and zeolites up to 800 m? /g [211].
However, in the case of an acid catalysis reaction, the use of a zeolite structure would
be strongly preferred due to its strong Brensted and Lewis acid sites, something that a
carbon-based catalyst could not offer on its own.

2.7. Synthesis and Modification

Often, during the production of fine chemicals, a large number of preparation steps
are required. This situation has been reviewed above for specific processes with certain
materials. This section, however, will analyse these modification and preparation methods
more generically. Often, the reactants being used must be altered or treated before use.
Additionally, the catalyst being used will often require some prior steps, be it modification
with alternative compounds, thermal treatment, or the application of support [266]. Ac-
cording to Ref. [61], the approach taken to synthesise and prepare the catalyst structure
will heavily influence the formed structure in terms of the dispersion of the catalyst, as well
as its surface area and concentration. These findings are also supported by Refs. [267-269],
indicating that the method used in catalyst development and preparation is crucial in
dictating the reaction’s performance and outcome. The additional costs incurred during
any preparation, in terms of additional materials and energy requirements, further add to
the value of the final product being manufactured; hence, the choice of a catalyst is not to
be taken lightly.

The majority of the literature in this field often focuses on the effectiveness of the
catalyst used for a specific process, with the type of processes being analysed varying
heavily. Often, the processes being investigated consist of either hydrogenation, dehydro-
genation, hydrocracking, and decarbonylation (which occur on metal sites); or dehydration,
isomerization, and hydrogenolysis (which occur on acid sites) [270]. A significant amount
of literature has been produced in recent years with a focus on modifying and enhancing
existing micro and mesoporous catalysts to improve performance. The primary focus of
research in this field has been the synthesis, characterisation, and applications of acidic,
noble, and transition metal modification.

In the context of heterogeneous catalysts, modification occurs when the base catalyst
substance is combined or added to an alternative substance, often a liquid or solid, to
alter and extrude-specific properties that may be desired for a reaction. Unlike the direct
synthesis of a catalyst, it is not being generated solely from reactants, but already exists and
is being both chemically and physically altered. For example, in the case of the synthesis of
florol, as explored by Ref. [271], the H-USY-30 catalyst was modified via treatment with
an aqueous NaOH alkaline solution. This modification consisted of combining the two in
an Easymax 106 reactor for a specific period, followed by ion exchange to convert it to its
protonic form. The NaOH treatment is vital for improving the overall catalytic ability of
the H-USY-30. The NaOH acts as a baseleaching agent, leading to the dissolution of the
amorphous silica and aluminium within the structure. This increases porosity and leads to
an alteration in the distribution and strength of the acid sites. This then minimizes side
reactions and increases overall reaction selectivity. The associated reaction scheme of the
desilication alkaline treatment can be seen below in Figure 5.

There are countless other examples of catalyst modification across all aspects of the
chemical industry; for example, in Ref. [68], Kumar investigates the ring opening of decalin
using MCM-41, modified with Ru. Subsequently, according to Ref. [61], the most common
methods of mesoporous catalyst preparation or modification (zeolites, mesoporous silicas,
etc.) are ion exchange and impregnation, with in situ synthesis being scarcely used, owing
to it being a relatively new method.
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Figure 5. A diagram illustrating the role that an alkaline treatment can play in the modification and
preparation of an aluminosilicate structure, adapted from Ref. [271].

There are a range of ways in which catalysts can be modified, depending on their
existing structure and the desired outcome. These include ion exchange, impregnation
of a catalyst, as well as in situ and composite methods. These will be explored in further
detail below, with their relevance in the production of fine chemicals assessed and reviewed
across the existing literature and experimental papers/journals.

2.7.1. Ion-Exchange

The ion exchange method is a widely used technique in catalysis, particularly for
materials with micro- and mesoporous structures. It involves the replacement of ions
within the material’s framework with other ions from a solution. This method is often
employed for catalysts with low metal loadings, as detailed in Ref. [68], wherein MCM-41
was utilised for the ring-opening decalin. This method then allows for the controlled
introduction of specific ions or molecules to modify the catalytic properties of the material.
In the context of catalyst preparation, the ion exchange method helps put certain metal
ions into the molecular sieve’s structure. This exchange process, in most cases, is crucial
for tailoring the surface properties, as well as for enhancing the catalytic activity of the
material. The reasoning behind using ion exchange in this way is to control the types
and concentrations of ions introduced so that the acidity and selectivity of the catalyst
can be managed, enabling it to be used more efficiently in specific chemical reactions.
As mentioned previously, preparing a catalyst in this way often requires many steps to
ensure that the properties of the catalyst are controlled. Even slight deteriorations from
the correct process can lead to a change in the catalyst, rendering it inefficient or perhaps
no longer viable. Moreover, ion exchange can be an energy-intensive process, leading to
the conclusion that an ion exchange method possesses both pros and cons. This explains
its popularity in the use of heterogeneous catalysts but points towards the use of other
modifications and preparation steps to obtain a more ideal catalyst.

2.7.2. Evaporation Impregnation

Metal precursors are dissolved in distilled water and added to the microporous zeolites
or mesoporous materials in a flask. Metal modifications are carried out for 24 h in a rotatory
evaporator equipped with a water bath. After completion of the synthesis, the aqueous
phase is evaporated, and the catalyst is removed from the flask, followed by drying and
calcination in a muffle oven [272].

2.7.3. Deposition Precipitations

In the deposition precipitation method, the pH of the dissolved metal precursor and
the microporous zeolites or mesoporous materials is enhanced to 9-10, and synthesis is
carried out for 24 h in alkaline media. After completion of the synthesis, the catalyst is
filtered, washed with distilled water, dried, and calcined in a muffle oven.

2.7.4. Physicochemical Characterisation

The physicochemical characterisation of catalytic materials applied in the production
of fine chemicals is of immense importance for understanding the reaction mechanism.
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Furthermore, physicochemical characterisation results are utilized in the development of
new efficient and stable catalysts with high selectivity to desired fine chemicals. Instruments
and techniques applied in the physicochemical characterisations are as follows: X-ray
powder diffraction (XRD), used for structure and phase purity determination; scanning
electron microscopy (SEM), for determination of the morphological features, such as crystal
shape, size, and distributions; energy dispersive X-ray analyses (EDXA), for measurement
of the chemical compositions. Textural properties such as surface area, pore volume,
and pore size distributions, of the pristine solid acid, as well as the transition and noble
metal modified heterogeneous catalysts, are determined using Nj-physisorption. The
number and strength of the Breonsted and Lewis acid sites in the catalytic materials are
measured using FTIR-Pyridine. The transition and noble metal nanoparticle size, shape,
and distributions are measured using transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM). Furthermore, HRTEM and TEM
are also applied for the measurement of pore dimensions, the periodicity of pores, and
the channel systems in the structured microporous and mesoporous materials utilised
for fine chemical synthesis. Framework Al and extra-framework Al, important for the
creation of Brensted and Lewis acid sites, are measured using % AI-NMR and ?°Si MAS
NMR spectroscopies. The oxidation states of the transition and noble metals are important
to produce fine chemicals using heterogeneous catalysts. X-ray photoelectron spectroscopy
(XPS) is used for the determination of the oxidation states of the metal-modified catalysts.

2.7.5. Acid Preparation

Acids can play a crucial role in the development, modification, or synthesis of catalysts.
They can perform several roles, with the main objective being to chemically alter the catalyst
to increase conversion and promote greater selectivity towards the desired products of a
reaction. Common ways in which acids are used in this process include template removal,
pore diameter adjustment, and forms of surface modification.

Template removal incorporates the use of an acid to remove organic templates or
surfactants from the synthesized catalysts. The acids are used to dissolve or remove the
organic components from the synthesized material, leaving behind the desired porous
structure. It must be noted, however, that paying close attention to the removal process
is crucial to maintaining the material’s structure and desired qualities. Incomplete or
improper removal could lead to structural flaws, blocked pores, or unwanted contaminants,
ultimately impacting the catalyst’s performance.

Pore size adjustment allows for the diameter of the pores within the material to be
altered. By doing so, the ability of reactant molecules to enter the structure and contact
active sites can be modified, providing the ability to change the catalyst’s conversion
and selectivity.

Altering the surface of the material using an acid can not only change its structure
and the number of active sites available for a reaction, but it can also enhance the catalyst’s
stability and reduce the risk of catalyst contamination or deactivation. This is vital in
extending the life of the catalyst, meaning it can be recovered and reused more often,
reducing catalytic costs in the long term.

2.7.6. Base Preparation

Utilising a base, either in the preparation or synthesis of a catalyst, generally achieves
similar objectives as using an acid; however, the preparation progresses along a different
chemical route. Bases can be used to control the pH of the catalyst, as well as to perform
surface adjustments on the catalytic material. This includes adding or removing specific
functional groups from the catalyst surface, which can in turn lead to a different chemical
structure and to altered reaction parameters. Bases effectively allow for the customization
of the structural characteristics of the catalyst, providing an enhancement to its efficiency,
selectivity, and conversion. In comparison to the route followed by an acid, the alkaline
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route features both hydrolysis and condensation, leading to a significantly more compact
and refined structure [273].

The use of either a base or acid as a heterogeneous catalyst has recently been featured
in extensive research, with attempts made to generate a hybrid catalyst featuring both.
Such a catalyst has been growing in popularity due to its faster reaction times and lower
corrosion or deactivation potential, as evidenced in Refs. [274,275].

2.7.7. Comparison

A comparison between using an acid, a base, and an ion exchange resin as a hetero-
geneous catalyst during the production of biodiesel has been explored in Ref. [32]. The
advantages of using an acid heterogeneous catalyst have been listed as the recovery and
reuse aspect of the catalyst, with the main drawback being a loss of the catalyst due to leach-
ing, as well as the fact that a high temperature is required, along with a prolonged reaction
time. This has also been mentioned in a similar context in Refs. [276-278]. Conversely, the
paper suggests that using a base as a heterogeneous catalyst produces a higher reaction
rate. However, a loss of the catalyst also occurred due to leaching, as well as to the fact
that it was sensitive to the materials used during the reaction. Finally, the paper compares
these catalysts to the use of an ion-exchange resin. The ion-exchange resin featured the
complete removal of by-products, as well as easy product separation from the reactants
and catalyst, in addition to the ability to catalyse the reaction as either a base or an acid. Its
drawbacks, however, included the fact that its resin active sites suffered from deactivation,
and it exhibited a slow reaction rate.

2.7.8. Impregnation

The technique of impregnation features the absorption and/or penetration of an ac-
tive catalyst species into the pores of a solid support material, such as activated carbon,
alumina, or silica. The impregnated catalyst can be in the form of a solution, disper-
sion, or suspension, which is deposited onto the supporting structure through several
physicochemical interactions.

This method of preparation allows for a relatively high concentration of active species
on the support material, providing greater catalytic activity and selectivity. This is achieved
through careful control of the active species and the impregnation time.

A key advantage of the impregnation method is its flexibility in accommodating a
range of active species, including metals, metal oxides, and metal complexes.

Potential drawbacks regarding the use of impregnation as a catalyst synthesis method
include the possible uneven distribution of the active catalyst within the porous structure
of the support material, which can affect the overall catalytic performance and stability.
One proposal to solve this issue would be to employ careful control of the impregnation
parameters and post-impregnation treatments, e.g., drying and calcination. The use of
some form of post-treatment would ensure uniform distribution, as well as strong adhesion
of the active species within the structure of the support material.

The porous structure undergoing impregnation can vary, depending on the specific
reaction. Often, the structure must undergo a form of preparation or treatment, usually
calcination, before the impregnation step [279,280]. Following this, the impregnation occurs
either through wet impregnation or incipient wetness impregnation. In some specific cases,
for example, Ref. [279], impregnation of a catalyst occurs in a solventless environment,
leading to what is known as “precursor dry impregnation”. Alternatively, evaporation-
impregnation can be used, such as in the preparation of ceria-supported catalysts [281].
Here, evaporation-impregnation was achieved by stirring in a rotary evaporator, followed
by water evaporation under vacuum.

One important aspect of the impregnation method to note is the preparation of a
precursor solution and the following drying and/or calcination that occurs. This pre-step is
similar to the methodology used in the ion-exchange method. However, the impregnation
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method is regarded to be more straightforward and is claimed to be one of the most popular
methods, as per Ref. [282].

2.7.9. Oxygen Doping

Oxygen doping is an approach used on mesoporous carbon bases to improve the
hydrophilicity of the surface. The surface can then provide active sites for catalytic reactions
or the selective adsorption of cationic compounds. Additionally, it can aid in the dispersion
of metals within the structure [283,284]. In general, oxygen doping can introduce additional
active sites to the structure, increasing activity, as well as thermal stability, which in some
cases, can prevent sintering, extending the life of the catalyst.

3. Conclusions

Overall, this literature review explored the complex and wide-ranging field of mi-
croporous and mesoporous catalysts within the fine chemical industry. The efficiency,
selectivity, and sustainability of the chemical reactions involved are strongly influenced
by the catalyst of choice, regardless of its mesoporous or microporous nature. Because
their pores are smaller (<2 nm), microporous materials—like zeolites, aluminophosphate,
and some metal-organic frameworks (MOFs)—offer excellent selectivity and are especially
well-suited for reactions involving smaller molecules. They often require significantly
fewer steps during their manufacture and synthesis, resulting in fewer harmful emissions
and a lower cost of production. The most-used microporous structure, as a heterogeneous
catalyst, is zeolites. However, the rise of MOFs and other alternatives that provide a wider
range of customisability in terms of pore size and volume are under development every
day, with their significance rapidly growing as a result of their potential promise as better
heterogeneous catalysts.

Mesoporous materials, including various silica-based structures, zeolites, ZIFs and
some MOFs, provide the advantage of accommodating larger molecules and demonstrating
enhanced diffusion. This makes them ideal for a broader range of reactions. Moreover, they
possess the ability to express adaptive pore shapes and sizes, meaning that the catalytic
structure can be tailored to the needs of individual reactions, massively increasing its
effectiveness due to its high selectivity and activity. The most popular mesoporous catalysts
in the industry include organo-silica-based MCM-41, as well as mesoporous zeolites. In
a similar fashion to microporous materials, the use of MOFs in place of traditional meso-
porous catalysts is growing. The reason for this trend includes the almost infinite number
of possible structures that MOFs can exhibit, meaning that they can be tailored for almost
every reaction, and there is always the possibility of developing a catalytically improved
structure. Moreover, the industrial catalytic use of ZIF structures as heterogeneous catalysts
is beginning to rise, not just in the fine chemical industry but across a range of chemical
sectors. This is a result of their high specific surface areas, coordination topology features,
and in some cases, nitrogen-rich structures, leading to a high density, as well as a uniform
distribution, of active sites.

This review has also demonstrated the importance of catalyst modification and prepa-
ration, showing how techniques like ion exchange, impregnation, and oxygen doping can
significantly alter the properties of these catalysts, making them suitable for certain uses
in the fine chemical industry. These modifications can enhance properties such as surface
area, pore volume, and chemical functionality, therefore improving the catalytic activity
and selectivity of a reaction.

In conclusion, the field of heterogeneous catalysis for fine chemical production is
a dynamic and ever-changing area of research. Continued research regarding micro-
and mesoporous catalyst design, combined with a clearer understanding of structural
impact on activity, will significantly advance the field. This deeper insight into catalytic
behaviour and material properties will lead to the production of more efficient, selective,
and sustainable processes in the fine chemical industry. It is noteworthy to mention that
solid acid, transition, and noble metal-modified heterogeneous catalysts undergo catalyst
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deactivation during the production of fine and speciality chemicals. However, most of the
spent catalytic materials after the reaction could be regenerated and reused.

The findings from this comprehensive literature review provide a solid foundation
for further exploration and a critical review in the field of fine chemical production using
micro- and mesoporous heterogeneous catalysts.

4. Future Directions

There is a rapidly growing interest in the use of both microporous and mesoporous
heterogeneous catalysts in the fine chemical industry. As it stands, the current work in
this field is predominantly focused on small-scale investigation of these structures and
their individual applications. A key area for future research in this field would involve
investigations into bridging the gap between lab-scale experiments and industrial-level
applications of meso- and microporous heterogeneous catalysts. It is evident through a
review of the existing literature that a case for the use of various porous catalyst structures,
including MOFs and ZIFs, exists. However, a lack of experimental work focused on
increasing the utilisation scale and production volumes remains, indicating that further
work in this field is required before the widespread adoption of porous catalysts in the fine
chemical industry becomes a possibility.

Additionally, a future exploration into innovative synthesis methods to enhance se-
lectivity, stability, and efficiency, as well as additional work on the alteration of catalyst
structures, both physically and chemically, to modify specific properties is highly recom-
mended. Doing so would open a gateway into not only a wider adoption of the catalyst
structures reviewed but also into the use of more environmentally and economically
beneficial processes, which is something that would be highly valuable in a sector such
as the fine chemicals industry, wherein even marginal gains and advancements would
prove beneficial.

Several solid acids, transition, and noble metal-modified microporous and mesoporous
heterogeneous catalysts are currently applied in the production of fine chemicals, as de-
scribed in this paper. Plausible explanations for the advantages of using these catalytic
materials include the possibility of easy separation from the reaction media, as well as
its regeneration and reuse in the production of fine chemicals. However, taking into con-
sideration the sustainable development of human society and the efficient use of limited
natural resources, new environmentally friendly catalytic materials need to be discovered
and utilized for industrial processes. Furthermore, new green process technology should
be developed for the rational utilisation of natural resources and the minimal generation of
industrial residuals.

Finally, the incorporation of computational modelling and machine learning into
catalyst design would provide additional optimisation of reactions and chemical processes,
providing the opportunity to enhance the efficiency and sustainability of fine chemical
production. Such optimisation could lead to reduced chemical waste, experimentation
costs, and development times, all of which are critical for maintaining competitiveness and
meeting regulatory standards in the fine chemical industry.
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Abstract: Heterogeneous catalysts containing cobalt and molybdenum supported on mesoporous
materials types SBA-15 and AISBA-15 were synthesized for application in the HDS reactions of
thiophene in the n-heptane stream. The materials were synthesized by the hydrothermal method
using Pluronic P123 as a template. The calcined SBA-15 and AISBA-15 supports were submitted
to co-impregnation with solutions of cobalt nitrate and ammonium heptamolybdate, aiming for
the production of 15% in mass of metal loading with an atomic ratio of [Co/(Co + Mo)] = 0.45.
The obtained materials were dried and calcined to obtain the mesoporous catalysts in the forms of
CoMo/SBA-15 and CoMo/AISBA-15. The catalysts were characterized by XRD, TG/DTG, SEM, and
nitrogen adsorption. From XRD analysis, it was verified that after the decomposition of the cobalt
and molybdenum salts, MoO3, Co304, and CoMoO, oxides were formed on the supports, being
attributed to these chemical species, the activity for the HDS reactions. The catalytic activity of the
obtained catalysts was evaluated in a continuously flowing tubular fixed-bed microreactor coupled
on-line to a gas chromatograph, using an n-heptane stream containing 12,070 ppm of thiophene (ca.
5100 ppm of sulfur) as a model compound. The synthesized catalysts presented suitable activity for
the HDS reaction, and the main obtained products were cis- and trans-2-butene, 1-butene, n-butane,
and low amounts of isobutane. The presence of 1,3-butadiene and tetrahydrothiophene (THT) was
not detected. A mechanism of the primary and secondary reactions and subsequent formation
of the olefins and paraffins in the CoMo/SBA-15 and CoMo/AISBA-15 mesoporous catalysts was
proposed, considering steps of desulfurization, hydrogenation, dehydrogenation, THT decyclization,

and isomerization.

Keywords: SBA-15; nanostructured materials; cobalt; molybdenum; hydrodesulfurization; environmental
catalysis; petroleum refining

1. Introduction

The removal of sulfur from fossil fuels is one of the most important processes in
modern refineries. It is accomplished via hydrodesulfurization (HDS) of the sulfur organic
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compounds in the presence of heterogeneous catalysts. Currently, to comply with envi-
ronmental legislation in many countries, there is great interest in developing processes
to remove atmospheric contaminants, mainly sulfur derivatives, in addition to other hy-
drotreatment reactions. Classical catalysts used for such reactions in refining crude oil or
liquid fuels generally consist of molybdenum supported on high surface area aluminas
containing cobalt or nickel as promoters.

Hydrotreating processes (HDT) were developed from hydrogenation and cracking
processes, and the most important HDT reaction was the removal of sulfur from the various
fractions of petroleum and liquid coal derivatives, a process called hydrodesulfurization
(HDS). Catalytic hydrotreatment consists of a variety of hydrogenation processes where oil
and its various fractions react catalytically with hydrogen to remove S, N, O, and metals.
Nowadays, hydrotreating is widely used to convert heavy oil loads and to improve the
quality of various products. It is used in the pretreatment of charges for other refining
processes such as catalytic reforming, catalytic cracking (FCC), and hydrocracking catalyst
(HCCQ). Such pretreatment aims, among others, to protect the catalsts used in many con-
secutive stages in refining processes; reduce NOx and SOx emissions that may appear in
the combustion of organic molecules, thus preventing premature corrosion of equipment;
promote the improvement of the final properties of products from refineries (color, smell,
stability, etc.); and add value to heavy distillates [1-3].

The use of increasingly heavier loads requires, in addition to hydrodesulfurization,
conversion of larger molecules into smaller ones (hydrocracking—HCC) and removal of
metals (hydrodemetallization—HDM), nitrogen (hydrodenitrogenation—HDN), and, in
some cases, oxygen (hydrodeoxygenation—HDO). With the development of the petro-
chemical industry, other processes also gained prominence, such as aromatics degradation:
hydrodearomatization (HDA); interconversion of organic molecules: isomerization (ISM);
breaking of C-C bonds: hydrocracking (HCC); and olefin saturation: hydrogenation (HYD).
Purification processes using hydrogen are applied to practically all distillate fractions.
The complexity of the load and the lack of detailed knowledge about the nature of the
compounds present in crude oil are two of the difficulties of hydrotreatment. It can be
said that petroleum contains mainly hydrocarbons and, depending on its origin, may also
contain large concentrations of heteroatoms [4-6].

The most industrially used HDS catalysts are based on Co(Ni)Mo/Al,O3, which have
high mechanical strength and a large specific surface area [7-9]. The strong interactions
between metals and alumina promote the formation of Mo-O-Al phases, resulting in an
active phase for the process [10,11]. However, the phase formation between Co/Ni and
AlyO3 is unfavorable for regulating the catalytic performance of MoS; sites. Active metal
loading and unfavorable interactions have limited supported HDS catalysts to produce
ultra-low sulfur fuels. Thus, several studies have been carried out aiming to improve the
performance of HDS in relation to the following aspects: modification of zeolite supports,
such as ZSM-5 [12-14] and Y zeolite [15], materials based on mesoporous silica, such
as MCM-41, SBA-15, and SBA-16 [16-19], oxides single and mixed metallic [20-26], and
carbon-based materials [27-33]. However, the development of new catalysts containing
well-defined micro- and mesopores requires further research and additional modifications
for evaluation as new supports for ultra-deep desulfurization.

The advantage of HDS over oxidative or adsorptive desulfurization methods lies
in its effectiveness in removing a wide range of sulfur compounds from hydrocarbon
streams at relatively mild conditions. HDS operates at high temperatures and pressures,
typically using metal catalysts such as molybdenum or cobalt, which enables the efficient
removal of sulfur compounds, including thiols, sulfides, and thiophenes. This method is
effective in reducing sulfur content to meet stringent environmental regulations, and it
does not produce harmful waste products as in some oxidative methods. Additionally,
HDS is well suited for treating a wide variety of feedstocks, making it a versatile and
widely used desulfurization method in the petroleum industry. Specifically, some of
the key advantages of HDS include selectivity, efficiency, and compatibility with existing
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infrastructure. HDS is highly selective for sulfur removal, allowing for the removal of sulfur
compounds without significantly affecting the hydrocarbon components. This selectivity
is crucial for refining high-quality fuels. HDS processes can achieve high desulfurization
efficiency, even at relatively mild operating conditions, which can result in lower energy
consumption compared to other methods. These advantages make HDS a popular choice
for desulfurization in the petroleum refining industry.

The composition of the hydrotreatment charge varies widely depending on the origin
of the oil. Sulfur is the most abundant of the heteroatoms present in crude oil, in general,
ranging from 0.1 to 5% w/w. The content of nitrogen compounds present in petroleum
varies from 0.1 to 1% w/w and is generally concentrated in the heaviest fractions, mainly
containing pyridine nuclei. Oxygen compounds are generally present in smaller quantities,
values below 0.1% w/w, and are found in the forms of carboxylic acids and phenols. In
Figure 1, some of the different types of aromatic compounds and sulfur-containing com-
pounds commonly found in crude oil fractions are presented. The need to use increasingly
heavier loads has led several countries in America and the European Union to increase
efforts to control and prevent the emission of these pollutants. Thus, policies regulating
the amounts of toxic compounds in fuels from refineries are being established. In Brazil,
the National Agency of Petroleum, Natural Gas and Biofuels controls the concentration of
sulfur in oil, gas, and fuels.

R R
R— SH Q—SH R—S—R Mo, naf

Thiol :
(Mercaptan) Thiophenol Sulfide Disulfide
5 S
Sl |
Aromatic disulfide Benzothiophene Dibenzothiophene
OQ S i
S
S C O
Naphthothiophene 4,6-Dimethyldibenzothiophene Benzonaphtothiophene

Figure 1. Some typical aromatic compounds and sulfur-containing compounds found in petroleum
fractions, highlighting the molecular structure of thiophene.

Thiophene is a highly reactive molecule that contains a five-membered ring consisting
of four carbon atoms and one sulfur atom. Thiophene readily undergoes various reactions,
including nucleophilic and electrophilic substitutions, cyclization, and oxidation. For this
reason, it was chosen as a probe molecule for this research.

Thiophene is commonly used in hydrodesulfurization (HDS) research for several
specific/scientific reasons: (i) Thiophene is a heterocyclic compound containing sulfur,
which is structurally similar to many sulfur-containing compounds found in crude oil;
therefore, studying thiophene allows researchers to understand the behavior of more
complex sulfur-containing compounds found in petroleum. (ii) Thiophene serves as a
model compound for studying the mechanisms and kinetics of hydrodesulfurization
reactions. Its relatively simple structure makes it suitable for detailed experimental and
theoretical investigations, providing insights into the fundamental processes involved
in HDS reactions. (iii) Researchers use thiophene as a probe molecule to evaluate the
performance of various catalysts in hydrodesulfurization processes. Thus, by studying the
effect of different catalysts on the conversion of thiophene to its desulfurized products,
it is possible to identify catalysts with improved activity, selectivity, and stability for
industrial HDS applications. Thiophene is also employed in mechanistic studies aimed at
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understanding the detailed reaction pathways involved in hydrodesulfurization. The use of
thiophene in hydrodesulfurization research allows us to elucidate fundamental principles
concerning sulfur removal from fossil fuels, leading to the development of more efficient
and environmentally friendly HDS processes.

This work aimed to propose the synthesis of hydrodesulfurization catalysts (HDS)
based on mesoporous molecular sieves of the SBA-15 and AISBA-15 containing cobalt and
molybdenum oxides deposited on their surface. Typically, SBA-15-type mesoporous mate-
rials have a high specific surface area and large pore diameter, perfectly adaptable to the
kinetic diameters of the largest sulfur compound molecules. These structural characteristics
of the support are fundamental to maximizing the metal dispersion of the active phases
as well as improving the accessibility of the largest sulfur compounds, like thiophene, to
metal sites, improving the efficiency of HDS processes.

2. Results and Discussion
2.1. Thermal Analysis of the Supports and Catalysts

Heat treatment or calcination is a very important step in obtaining high-quality SBA-15
and AISBA-15 mesoporous materials. In this step, all the P123 triblock copolymers used
as a structure template are removed. Thermogravimetry is a technique used to determine
the best calcination conditions, aiming to remove all organic material and preserve the
well-ordered hexagonal structure. Figure 2 shows the TG and DTG curves for the SBA-15
and AISBA-15 samples in the non-calcined form at three different heating rates ( =5, 10,

and 20 °C/min).

........... B=20°C/min s = 20°C/min
_______ B=10°C/min ------- = 10°C/min
—— B=5°C/min 5°C/min

DTG (a.u.)
DTG (a.u.)

Mass (%)
Mass (%)

—rT r 1 - 1 1 T 1 1 " 17 Y
100 200 300 400 500 OO 700 8OO 900 100 200 300 400 500 600 700 800 900

Temperature (°C) Temperature (°C)

Figure 2. Thermogravimetry (TG) and derivative thermogravimetry (DTG) curves for the mesoporous
supports at different heating rates: (a) SBA-15 and (b) AISBA-15.

As can be seen from the TG/DTG curves, three mass loss events were typically
obtained (Table 1). These events are attributed to (i) range of 30-130 °C, desorption of
physisorbed water in the pores of the material; (ii) range of 130450 °C, removal of the
directing molecules (P123); and (iii) range of 450-650 °C, residual removal of template and
release of interstitial water resulting from the silanol condensation process. This behavior
is typical for mesoporous materials, such as MCM-41 and SBA-15 [34-39].
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Table 1. Percentage of mass losses and respective temperature ranges for the samples SBA-15 and
AISBA-15 (Si/ Al = 50) at a heating rate of 10 °C/min.

Temperature Range (°C) and Mass Loss (%)

Mesoporous Material

30-130 130-450 450-650 30-650 30-900
SBA-15 21 452 3.9 51.1 52.2
AISBA-15 12.9 32.8 5.6 51.3 52.7

According to the data in Table 1, it is observed that comparing the total mass loss from
30 to 900 °C for the samples, there is no significant variation (from 52.3 to 52.7%), around
0.5% in mass. The difference in the percentage of mass loss among the materials relative
to the first event, the removal of physisorbed water in the pores of the materials, can be
attributed to the humidity to which each sample was exposed before thermogravimetric
analysis. Thus, the highest percentage of mass loss in the AISBA-15 sample (Si/Al = 50)
may be related to physically adsorbed water due to the presence of aluminum and the
template removal, which would be explained by the minor mass loss in the second event.
The variation in the percentage of mass loss presented in the third event associated with the
interstitial water may be an indication that the aluminum incorporated into the synthesis
gel of the SBA-15 material interferes with the condensation of the silanol groups. Aluminum
can be incorporated into the SBA-15 network both inside the network and on the surface
of the material. The greater mass loss due to silanol condensation is evidence that there is
more aluminum on the surface of the materials.

It was also observed that by increasing the heating rate from 5 to 10 and 20 °C/min,
the temperature shifts to higher values, suggesting a variation in energy in the process
for remotion of the P123 template from the pores of the materials. Thus, by applying
multiple heating rate kinetic models [40-43], the values of the apparent activation energy
(Ea) for this heat treatment process were in the range of Ea = 158-162 k] /mol for SBA-15,
and from Ea = 175-243 kJ/mol for AISBA-15. The introduction of Al onto the SBA-15
structure suggests that AI>* ions are present in the hexagonal structure, forming (-Si-O-Al-)
interactions typical of aluminosilicate, consequently generating surface acid sites [44—49].

From the TG/DTG data, the temperature of 550 °C was selected for calcination of
both materials. After the support calcination process, the active phases of cobalt and
molybdenum were deposited on the mesoporous materials SBA-15 and AISBA-15 using
the excess solvent co-impregnation method. Thermogravimetry was also used to analyze
the decomposition profiles of cobalt nitrate and ammonium heptamolybdate and thus
determine the best conditions for calcining the catalysts. Figure 3 shows the TG/DTG
curves of the decomposition of the precursor salts of Mo and Co supported on the SBA-
15 and AISBA-15 materials. The materials were calcined again in an air atmosphere to
decompose the cobalt and molybdenum precursor salts into the respective oxides on the
surface of the mesoporous supports and thus obtain the CoMo/SBA-15- and CoMo/AISBA-
15-supported catalysts.

From TG/DTG curves (Figure 3), four mass loss events were observed in the following
temperature ranges: (i) 30-130 °C, (ii) 130240 °C, (iii) 240-310 °C, and (iv) 310410 °C,
corresponding to steps for decomposition of the precursor salts inside the mesoporous sup-
ports SBA-15 and AISBA-15. The values of mass loss relative to each step of decomposition
are provided in Table 2.

From the obtained data, it was observed that up to 450 °C, the salts were completely
decomposed on the surface of the materials, and this temperature was taken as a reference
for thermal treatment. Thus, the calcination was carried out at this temperature under an
air atmosphere flowing at 100 mL/min, in which the Co and Mo salts undergo complete
decomposition, generating the CoMo/SBA-15 and CoMo/AISBA-15 HDS catalysts.
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Figure 3. Thermogravimetry (TG) and derivative thermogravimetry (DTG) curves, obtained at a
heating rate of 10 °C/min, showing the decomposition steps of Co and Mo salts for obtaining the
supported mesoporous HDS catalysts: (a) CoMo/SBA-15 and (b) CoMo/AISBA-15.

Table 2. Percentage of mass losses and respective temperature ranges for each step of decomposition
of Co and Mo salts for obtaining CoMo/SBA-15 and CoMo/AISBA-15.

Temperature Range (°C) and Mass Loss (%)

Mesoporous - = -

Material (@ (ii) (iii) iv) Total
30-130 130-240 240-310 310-410 30-410

CoMo/SBA-15 2.8 1.85 0.82 0.37 5.84

CoMo/AISBA-15 3.14 2.76 0.95 0.51 7.36

2.2. X-ray Diffraction

The X-ray diffractograms (XRDs) of the materials obtained in calcined form were
used to identify the hexagonal structure characteristic of mesoporous materials type SBA-
15 [50,51]. Emphasis was placed on observing the obtaining of the three main diffraction
peaks, referring to the crystalline planes, whose Miller indices are (100), (110), and (200).
Two more peaks are observed, whose Miller indices are (210) and (300), indicating excel-
lent textural uniformity of the material [52]. The first three peaks are characteristic of a
two-dimensional p6 mm hexagonal symmetry, common to SBA-15-type materials [53,54].
Figure 4a,b show the X-ray diffractograms of mesoporous materials of SBA-15 and AISBA-
15 (Si/ Al = 50), respectively.

The XRD analysis of CoMo-supported catalysts was carried out in two steps: low
angle (0.5 to 5.0 degrees) and high angle (5.0 to 60.0 degrees), for observation of the ordered
hexagonal phase and the presence of CoMo metal oxides, as shown in Figures 5 and 6, for
CoMo/SBA-15 and CoMo/AISBA-15, respectively.

From the diffractograms presented, the presence of the five main diffraction peaks was
observed, whose Miller indices are (100), (110), (200), (210), and (300), indicating that high-
quality mesoporous materials with defined structure were obtained, with well-ordered
hexagonal arrangement [55]. Diffraction peaks for non-supported materials present a better
definition in relation to CoMo-supported; this fact is due to the presence of heteroatom
on the ordered structures. The mesoporous hexagonal arrangement parameter a, (lattice
parameter) of the SBA-15 structure is obtained from the reflection peak for the (100) plane,
which is the most characteristic in the X-ray diffractogram, whose values are summarized
in Table 3.
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Figure 5. X-ray diffractograms of the calcined CoMo/SBA-15 obtained at low (a) and high (b)

diffraction angles.

Analyzing the data on the mesoporous parameter (a,) of the SBA-15 and AISBA-15
supports from Table 3, it can be noted that in all cases, there was a decrease in the value of
this parameter. That value (a,) represents the sum of the pore diameter (dp) and the silica
wall thickness (wt). This decrease may have occurred due to the deposition of nanoparticles
of cobalt and molybdenum oxides inside the mesopores of the materials.

The crystalline phases of cobalt and molybdenum oxides were identified through the
crystallographic charts of these oxides found in the JCPDS (Joint Committee on Powder
Diffraction Standards)/ICDD (International Center for Diffraction Data) library [56]. Re-
search on crystallographic chartsverified the presence of MoOj3 (JCPDS Chart: 05-0508)
with an orthorhombic structure, CozOy4 (JCPDS Chart: 43-1003) with a cubic structure, and
mixed oxides of cobalt and molybdenum in the form of CoMoO, (JCPDS Registration:
21-0868) with a monoclinic structure [56]. The main peaks identified based on JCPDS were
as follows: MoO3 (26 = 12.79, 23.32, 25.88, 27.32, 33.12, 33.72, 35.46, 38.96, 39.66, 38.96,
39.66, 45.76, 46.3, 49.26, 52.22, 54.13, 55.12, 56.36, 57.59, and 58.75), CoMoOy (20 = 26.40,
28.34, 31.98, and 36.63) and Co304 (26 =18.93, 31.38, 36.92, 38.52, 44.97, 55.57, and 59.49).
In all samples studied, the predominance of the crystalline phases MoO3 and CoMoQO4 was
observed. The presence of a diffraction peak at 44.97 degrees, corresponding to Co3O4, was
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identified in all samples. Other cobalt and molybdenum oxides may also have occurred,
but in very small quantities not identified from XRD due to interference with background
radiation or because they are present in amorphous form.
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Figure 6. X-ray diffractograms of the calcined CoMo/AISBA-15 obtained at low (a) and high (b)

diffraction angles.

Table 3. Crystallographic properties of calcined SBA-15, AISBA-15, CoMo/SBA-15, and
CoMo/AISBA-15 materials.

Materials (hkl) 2q (°) diy (mm) a, (nm)
(100) 0.868 10.18
(110) 1516 5.83
SBA-15 (200) 1.748 5.05 11.76
(210) 2313 3.82
(300) 2.630 3.36
(100) 0.892 991
(110) 1.503 5.88
AISBA-15(Si/ Al = 50) (200) 1.738 5.08 11.44
(210) 2282 3.87
(300) 2,610 338
(100) 0.873 10.12
(110) 1.489 5.94
CoMo/SBA-15 (200) 1.714 5.16 11.69
(210) 2.275 3.88
(300) 2.560 3.45
(100) 0.907 9.74
(110) 1.528 5.78
CoMo/AISBA-15(Si/ Al = 50) (200) 1.733 5.10 11.25
(210) 2.284 3.87
(300) 2.623 3.37

2.3. Nitrogen Adsorption

The adsorption and desorption isotherms, as well as the distribution of pore diameters
obtained for samples SBA-15 and AISBA-15, are presented in Figures 7 and 8, respectively.
It can be observed that type IV isotherms were obtained in the samples, according to the
TUPAC classification, which is characteristic of mesoporous materials. Accordingly, the
hysteresis found was type I, which is characteristic of materials with a cylindrical pore
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system or made from aggregates or clusters of spheroidal particles with pores of uniform

size [57].
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Figure 7. (a) N, adsorption isotherms and (b) pore size distribution of the SBA-15 meso-

porous support.

SBA-15 and AISBA-15 are types of mesoporous materials known for their well-defined
pore structures. These materials contain both micropores and mesopores, which contribute
to their unique properties and applications. The micropores are primarily formed within
the walls of the silica framework, arising from the arrangement of silica units during the
synthesis process. They provide additional surface area and can influence the adsorption
and diffusion of small molecules and ions. The presence of micropores enhances the overall
surface area and adsorption capacity of the material. However, mesopores are the dominant
type of pore and are responsible for the ordered and uniform pore structures characteristic
of these materials. Mesopores are formed between the silica walls, creating channels or void
spaces that allow for the efficient diffusion of molecules within the material. These larger
pores enable the transport of larger molecules and facilitate mass transfer processes. The
presence of both micropores and mesopores in SBA-15 and AISBA-15 contributes to their
high surface area, large pore volume, and uniform pore size distribution. This combination
of pore characteristics makes them attractive materials for HDS applications, where precise
control over pore structure and surface properties is essential.

The surface areas of the mesoporous materials obtained were determined from data
on nitrogen adsorption isotherms at 77 K using the BET model [58] in the P/Po range of
0.05-0.20. The pore diameter distributions of mesoporous materials were obtained by the
BJH method [59] correlating the desorbed volume values as a function of relative pressure
(P/Po) in the algorithms in a pore range of 1-80 nm. The average pore diameters were
estimated through the pore distribution curves obtained by the BJH method and revealed
values of 6.84 and 6.91 nm for SBA-15 and AISBA-15 (see Table 4), with low variation. After
the impregnation of Co and Mo metals, these values decreased to 6.11 and 6.82, respectively.
As summarized in Table 4, the obtained materials presented pore volumes in the range of
0.84t0 1,12 cm3/ g. Using the BET method, it was observed that the samples had surface

73



Catalysts 2024, 14, 198

areas in the range of 402 to 602 m?/g. These values are compatible with those found in the

literature for SBA-15 containing aluminum [60,61].
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Figure 8. (a) N, adsorption isotherms and (b) pore size distribution of the AISBA-15 meso-

porous support.

Table 4. Surface properties of the mesoporous materials, determined from XRD and nitrogen

adsorption.
Sample a, (nm) Dp(nm) Wt(mm)* Vp(cm®g-1) Sper(m?g-1)
SBA-15 11.76 6.84 492 1.12 602
AISBA-15 11.44 6.91 4.53 1.07 495
CoMo/SBA-15 11.69 6.11 5.58 0.95 406
CoMo/AISBA-15 11.25 6.82 443 0.84 402

a,: mesoporous parameter; Dp: pore diameter; Wt: wall thickness * (Wt = a, — Dp); Vp: pore volume, obtained
from the BJH method.

It was observed that there was a decrease in the mesoporous parameter, the sum of
the average pore diameter (Dp), and the silica wall thickness (Wt) with the introduction
of Al on the support. The average pore diameter did not vary significantly with the
introduction of Al. The average values of the silica wall thickness (Wt) can give these
materials high mechanical resistance and the possibility for application as catalytic supports
in processes of oil refining, where catalysts are often subjected to operating conditions with
high temperatures and pressures [62,63]. The structure and pore system of the materials,
showing hexagonal ordering with micropores and mesopores, is shown in Figure 9.

The determination of the wall thickness (Wt) of SBA-15 and AISBA-15 mesoporous
materials can be achieved through various experimental techniques and characterization
methods. Small-angle X-ray diffraction provided structural insights by analyzing the
intense peak at an interplanar distance of d (), while nitrogen adsorption—desorption
isotherms indirectly inferred the wall thickness (W¢) through BET analysis. The nitrogen
physisorption offered additional means to determine pore size distribution and local
atomic connectivity, contributing to wall thickness estimation. The combination of these
methods is often utilized to comprehensively characterize the structure and properties
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of SBA-15 materials, considering factors such as sample preparation requirements and
thermal treatments.

Micropore

Mesopore

ap

Figure 9. Hexagonal arrangement of the mesoporous structure of the SBA-15, showing the meso-
porous parameter (a,), wall thickness (Wt), and pore size diameter (Dp).

After the impregnation of cobalt and molybdenum oxides on the supports, there were
no changes in the shapes of the adsorption and desorption isotherms, continuing to be type
IV, thus maintaining the mesoporous structure. The average pore diameter decreased with
the introduction of Al into SBA-15. With the introduction of Co and Mo metals, the pore
volumes were 0.95 and 0.84 cm® g~ !, and the surface areas were 406 and 402 m?g~! for
CoMo/SBA-15 and CoMo/AISBA-15, respectively, and a decrease in the total surface area
in relation to the mesopore supports was observed.

2.4. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) provided surface topography images of the
materials, and they were obtained at magnifications of 15,000 of the SBA-15 and AISBA-15
materials, as shown in Figure 10. The micrographs of CoMo/SBA-15 and CoMo/AISBA-15
with details of the pore systems are shown in Figures 10 and 11, respectively. The SEM
analyses were carried out with the aim of observing the morphology of the synthesized
nanostructured materials. It can be seen in the figures that silica fibers with micrometric
dimensions are formed from the linear adhesion of nodules of submicrometric particles.
The morphology of the AISBA-15 (samples with Si/Al = 50) was similar to the SBA-15
sample, even after the impregnation of Co and Mo. In all cases, non-uniform fibers were
observed, giving the appearance of “intertwined bead necklaces” [64-66], indicating that
this is probably the phase corresponding to SBA-15 since XRD and nitrogen adsorption
analyses showed that these samples are pure and have a high degree of ordering and
suitable porosity, as shown in Figures 11 and 12.

In hydrodesulfurization reactions, MoO3; and CoMo0Qy species can, during the HDS
and sulfidation steps, transform into the MoS, and “CoMoS” phases, which are active
and stable for the reaction. The presence of Co30O4 can give rise to CogSg, a phase that is
very inactive for HDS catalysts but can also be reduced to metallic cobalt, which, prop-
erly accommodated at the ends of MoS, crystals, gives rise to active phases, known as
“CoMoS” [67-69].
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Figure 10. Scanning electron micrographs of the mesoporous supports: (a) SBA-15 and (b) AISBA-15
(Si/ Al = 50).

Figure 11. Scanning electron micrograph of the mesoporous CoMo/SBA-15 catalyst showing details
of porosity.

Figure 12. Scanning electron micrograph of the mesoporous CoMo/AISBA-15 catalyst showing
details of porosity.
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2.5. Catalytic Activities of CoMo/SBA-15 and CoMo/AISBA-15

Before starting the catalytic tests for hydrodesulfurization of thiophene, some prelimi-
nary tests were carried out with the aim of verifying the occurrence of thermal cracking
reactions under the operating conditions of the tests. The first test consisted of a mixture of
13,500 ppm of thiophene (ca. 5100 ppm of sulfur) in n-heptane steam through the reactor at
350 °C without a catalyst, with the aim of observing the occurrence of thermal degradation
of the mixture at this temperature, which was not observed, where the chromatogram
showed only the peaks relating to thiophene and n-heptane. The second test was con-
ducted to verify the occurrence of catalytic cracking of pure n-heptane on the catalytic bed
at 350 °C containing the obtained catalysts. Once again, no peaks other than n-heptane
were detected, proving that there was no catalytic cracking under these conditions. After
preliminary tests, catalytic hydrodesulfurization tests (HDS) of the mixture of 13,500 ppm
of thiophene in n-heptane (ca. 5100 ppm of sulfur) were carried out with the objective of
evaluating the conversion and selectivity of 15% CoMo/SBA-15 and 15% CoMo/AISBA-15
catalysts (Si/ Al = 50). According to chromatograms, H»S and C4-hydrocarbon compounds
were typically obtained in the following elution order: isobutane, 1-butene, n-butane,
trans-2-butene, and cis-2-butene. The presence of butadiene or isobutene was not observed.
In thiophene HDS reactions, butadiene can occur as a primary reaction product or act as
an intermediate to obtain butenes through a hydrogenation reaction, thus having a very
short lifetime in the catalytic cycle and not appearing in appreciable quantities in product
distribution [70]. In the case of isobutene, this product is thermodynamically unfavorable,
with the conversion of linear butenes being preferred.

Figure 13a,b show the conversion and paraffin/olefin ratio, respectively, for HDS
reactions on catalysts with 15% cobalt and molybdenum metal phase supported on SBA-15,
AISBA-15 (Si/ Al = 50). Figure 14a,b show the selectivity for the products. The conversion
and selectivity were defined according to Equations (1) and (2), respectively.

__ mol(i)Thiophene — mol(f) Thiophene

o (%) — 1
Conversion(%) mol (i) Thiophene @

mol of Thiophene converted to P
mol of Thiophene converted

Seletivity to P(%) = )
where “mol(i)” and “mol(f)” represent the initial and final molar quantities obtained by
analyzing the chromatograms at the beginning and end of the reaction, respectively. The
letter “P” represents the reaction product measured at the reactor outlet, which may be
butane, isobutane, 1-butene, cis-2-butene, or trans-2-butene. The paraffin/olefin ratio was
determined considering the selectivity of (n-butane + isobutane) divided by the selectivity
of (1-butene + cis-2-butene + trans-2-butene).

It was observed that in the first 15 min of reaction, the highest conversion values were
obtained for all catalysts studied. These conversions progressively decreased until reaching
stability normally after 60 min of reaction. Considering the conversion values obtained
in 120 min of reaction, the CoMo/SBA-15 was more active than the CoMo/AISBA-15.
Also, it was observed that after 60 min of reaction, the paraffin/olefin ratio increased for
CoMo/SBA-15, whereas with the CoMo/AISBA-15, this ratio was almost constant, with
values below 0.1. Through X-ray diffraction analyses, no diffractions of amorphous phases
of MoOj or other diffractions related to CozO4 were observed other than that found for
all samples. According to a previous report [71], cobalt appears as a promoter for the
hydrogenolysis reactions of the C-S bonds of thiophene, but it can also act as a promoter
for other reactions, such as isomerization and hydrogenation of butadiene after the HDS
catalytic cycle. This promoting effect of cobalt can be attributed to the transfer of electrons
to molybdenum oxide, reducing its oxidation state from Mo®* to Mo**.
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Figure 13. Catalytic activity for the CoMo/AISBA-15 and CoMo/AISBA-15 catalysts: (a) conversion
as a function of reaction time and (b) paraffin/olefin ratio as a function of reaction time.
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Figure 14. Product selectivity to paraffins and olefins as a function of reaction time for the mesoporous
catalysts: (a) CoMo/SBA-15 and (b) CoMo/AISBA-15.

A proposed reaction mechanism of thiophene on MoOj3 considers that the formation of
butenes and n-butane can occur directly through one or two butadiene hydrogenation steps,
forming 1-butene or n-butane, respectively [3]. Through the isomerization of 1-butene, it is
possible to obtain cis-2-butene and trans-2-butene by displacing the double bond. Isobutane
can be obtained through chain isomerization of n-butane. The presence of 1,3-butadiene
and tetrahydrothiophene (THT) molecules was not detected. Thus, it is supposed that these
compounds suffer interconversion reactions inside the mesopores of the CoMo/SBA-15
and CoMo/AISBA-15 catalysts, as schematized in Figure 15.

It is known that some transition metals are effective catalysts for hydrodesulfurization
(HDS) reactions, and molybdenum (Mo) and cobalt (Co) are most commonly used. The
Co and Mo metals play different roles in the HDS process, and sometimes, the catalysts
are composed of combinations of these metals for enhanced performance. In general, Mo
facilitates the breaking of carbonsulfur bonds in sulfur-containing compounds, promoting
desulfurization. It has a high affinity for sulfur, enabling it to form stable sulfide com-
pounds on the catalyst surface. Mo also helps in hydrogenation reactions, which are often
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coupled with desulfurization in HDS processes. Co-based catalysts are less common than
Mo-based catalysts but are still used in certain HDS applications. Co facilitates desulfur-
ization reactions by breaking carbonsulfur bonds. Co-based catalysts also exhibit suitable
selectivity toward thiophene conversion. Catalysts used in industrial HDS processes con-
tain combinations of these metal species, such as Co-Mo, to leverage their synergistic effects.
Thus, Mo facilitates the initial breaking of carbonsulfur bonds, while Co promotes further
desulfurization and hydrogenation reactions. Additionally, the presence of mesoporous
silica support (SBA-15 or AISBA-15) can enhance the catalyst ability, improving the sulfur
removal efficiency.
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Figure 15. Possible HDS thiophene reaction inside the mesopore system of the CoMo/SBA-15 and
CoMo/AISBA-15 catalysts and desorption of the products.

According to the obtained results, it was proposed that thiophene molecules suffer
desulfurization in the presence of hydrogen to form 1,3-butadiene and hydrogenation
to form tetrahydrothiophene (THT). In the presence of Co and Mo metals, 1,3-butadiene
reacts with hydrogen to obtain 1-butene and 2-butene, and this suffers isomerization to
cis- and trans-2-butene. The THT species are adsorbed on Co-Mo metals, and a new step
of desulfurization is suggested for the formation of paraffins, n-butane, and a subsequent
isomerization to isobutane. The selectivity for n-butane suggests that it forms via secondary
reactions of primary products. Therefore, after one hour of reaction, using the CoMo/SBA-
15 catalyst, the isobutane selectivity increased with n-butane decreasing with reaction time,
suggesting a step of isomerization.

For the CoMo/AISBA-15 catalyst, this behavior was not observed, indicating that the
presence of aluminum, generating Bronsted acid sites, stabilizes the structure and inhibits
the paraffin isomerization. From the conversion, selectivity, and paraffin/olefin ratio, a
mechanistic scheme for thiophene HDS is proposed in Figure 16, showing a sequence of
primary and secondary reactions.

One probable explanation for the presence of acid sites on the CoMo/SBA-15 catalyst
can be attributed to silanol groups (=Si-O-H) inside the micropores (Si-OH bulk), with
acid character due to the formation of hydrogen bonds, in addition to moderate acidity on
the surface of the mesopores (associated Si-OH), forming hydrogen bonds on the external
surface of silicon oxide [72]. Another possibility that must be considered is the reactions
of H2S generated in the HDS reaction, with oxygen from the silicate groups forming
sulfated silica with surface proton sites [73]. In this case, we would have the formation
of Bronsted super-acidic sites on the internal surface of the mesopores, as proposed in
Figure 17, with the sulfated CoMo/SBA-15 catalyst presenting silanol groups capable of
donating or accepting hydrogen bonds with different strengths, consequently promoting
an increase in the concentration of isobutane from the isomerization process of n-butane.
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Figure 16. Proposed mechanism reaction for hydrodesulfurization of thiophene using the mesoporous
CoMo/SBA-15 and CoMo/AISBA-15 catalysts, showing steps: (i) desulfurization; (ii) hydrogenation;
(iii) skeletal hydrogenation; (iv) desulfurization and decyclization; (v) cis- and trans-isomerization;
(vi) hydrogenation and C4-paraffins isomerization.
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Figure 17. Proposed scheme for the silanol groups and acidity on the CoMo/SBA-15 catalyst,
evidencing the formation of different hydrogen bonds and acid sites: (i) Bronsted superacid site due
to presence of sulfate on the SBA-15 surface; (ii) isolated silanol; (iii) associated silanol; (iv) bulk
silanol, showing an acid site on the microporous surface.

3. Materials and Methods
3.1. Synthesis of the SBA-15 and AISBA-15 Supports

The CoMo/SBA-15 and CoMo/AISBA-15 catalysts were synthesized in two steps:
(i) hydrothermal synthesis and calcination of the supports and (ii) impregnation of the Co
and Mo on the obtained supports.

The hydrothermal synthesis of mesoporous supports of types SBA-15 and AISBA-15 with
molar ratio Si/ Al = 50 were synthesized using the following reagents: tetraethylorthosilicate—
TEOS, Sigma-Aldrich, 98%—Si(OCyHs)4, (St. Louis, MO USA), Pseudobohemite—AIOOH,
Vista Chemical Company, 70% Al,Os and 30% water (Westlake, LA, USA), Pluronic P123
(Triblock Copolymer, BASF Co., average PM = 5750 g/mol, (Houston, TX, USA), hydrochlo-
ric acid (Merck, HCI, 37% vol. (Sao Paulo, SP Brazil), and distilled water. The hydrothermal
syntheses were carried out using 250 mL Teflon autoclaves wrapped in a stainless steel
protection manufactured by Parr Instruments.

The reagents were mixed to obtain a reactive hydrogel with a molar composition of
0.017P123:1.0TEOS:5.7HC1:193H, O [74]. First, the P123 template was dissolved in distilled
water and HCl, with stirring and heating to 35 °C. Once the temperature was reached,
the silica source, tetraethylorthosilicate (TEOS), was added. The mixture was kept under
stirring and heated at 35 °C for 24 h (pH = 0-1) to obtain a homogeneous gel. Then, it was
transferred to the autoclave and stored in an oven for 48 h, previously heated to 100 °C.
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For the AISBA-15 support, the reagents were mixed to obtain a reactive hydrogel with the
following molar composition: 0.017P123:1.0 TEOS:xAl,03:5.7HCI:193H,0O. The value of “x”
was used to maintain the molar ratio Si/ Al = 50.

Once the hydrothermal syntheses were completed, the materials obtained were vac-
uum filtered and washed with 50 mL of a 2% solution by volume of hydrochloric acid in
ethanol. This procedure facilitates the removal of the organic director from the pores of
the material, reducing calcination time. After this procedure, each material was placed
to dry at room temperature for 24 h. To completely remove P123 from the pores of the
mesoporous molecular sieves, the calcination technique was used. In this procedure, each
sample was subjected to heating from room temperature to 500 °C under a dynamic nitro-
gen atmosphere with a flow of 100 mL min~! and a heating rate of 10 °C min~!. Upon
reaching 500 °C, each material remained for one hour under nitrogen in the same flow.
After this time, the gas was changed to synthetic air (reactive gas) and heated at the sample
temperature for another hour with a flow of 100 mL min~!. The supports were called
SBA-15 and AISBA-15.

3.2. Preparation of the CoMo/SBA-15 and CoMo/AISBA-15

Co and Mo metals were deposited on mesoporous supports using the impregna-
tion technique with excess solvent using absolute ethanol: C;H50H (99.5%, Merck, Sao
Paulo, SP, Brazil) as solvent, cobalt nitrate hexahydrate: Co(NO3);.6H,0 (99%, Merck,
Sao Paulo, SP, Brazil) as a source of cobalt, and ammonium heptamolybdate tetrahydrate:
(NHy)6Mo070,4.4H,0 (Ecibra, 82.5% in MoQj3, Santo Amaro, SP, Brazil) as a source of
molybdenium. Before impregnation, all mesoporous supports were subjected to a TG run
in a nitrogen atmosphere at a heating rate of 20 °C min~?! from 30 to 900 °C, with the aim of
determining the relative humidity levels of each support, starting from mass losses in the
range of 30 to 130 °C, and using these data to correct the dry mass of the supports in order
to minimize weighing errors during the deposition stage of the cobalt and molybdenum
precursor salts.

The metal impregnation procedure consisted of weighing ca. 0.5 g of the support
(SBA-15 or AISBA-15), considering the relative humidity. The amounts of cobalt nitrate,
Co(NO3),.6H,0, and ammonium hepatmolybidate, (NH4)sM07024.4H,0, were weighed
in a porcelain crucible and solubilized in 20 mL of absolute ethanol using a glass rod. After
the solubilization of the salts, the support was slowly added, stirring with the glass rod. The
crucible with the suspension was transferred to the heating mantle at 70 °C, homogenizing
periodically to evaporate the excess solvent. After evaporation of the excess ethanol, the
crucible was transferred to the oven and dried at 100 °C for 6 h. The depositions of the
metallic phases were carried out to obtain a loading of 15% by weight of the active phase,
with a [Co/(Co + Mo)] atomic ratio of 0.45.

The synthesis process allows the cobalt and molybdenum ions from the solution to
be absorbed into the pores of the support material. After impregnation, the solvent was
evaporated, leaving behind the metals distributed on the surface and within the pores of
the support materials. The impregnated materials were dried to remove any remaining
moisture. The dried catalysts were subjected to calcination at 500 °C under an atmosphere
of air flowing at 100 mL/min. This step serves to decompose the cobalt and molybdenum
salts and convert them into cobalt and molybdenum oxides on the support material. Finally,
before the catalytic evaluation, the calcined materials were subjected to a reduction step in
a hydrogen atmosphere. This reduces the cobalt and molybdenum species to their metallic
form, the active metal phase required for catalysis.

3.3. Physicochemical Characterization of the Obtained Materials
3.3.1. Thermogravimetry (TG)

Thermal analysis using TG was used to carry out studies to determine the best cal-
cination conditions for eliminating P123 from the pores of mesoporous materials SBA-15
and AISBA-15, as well as verifying the best calcination conditions for the decomposition
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of the precursor salts of the metallic phases of cobalt and molybdenum. Thermogravi-
metric analyses of the as-synthesized mesoporous materials (SBA-15 and AISBA-15) were
obtained in a thermobalance with a horizontal furnace model TA /SDTA 951 from Mettler
(Switzerland, GmbH). The thermogravimetric curves of the non-calcined samples were
obtained by heating the sample from room temperature to 900 °C in a dynamic nitrogen
atmosphere at three heating rates of 5, 10, and 20 °C min~—1, with the aim of carrying out a
series of kinetic studies regarding the best conditions for removing the P123 template from
the pores of the materials and thus establishing the best calcination conditions. For each
test, alumina crucibles with a mass of around 10 mg were used.

By using TG, it was possible to study the best conditions for calcining mesoporous
materials impregnated with cobalt and molybdenum salts. In all cases, approximately
10 mg of each non-calcined sample was heated from room temperature to 900 °C at a heating
rate of 10 °C min~!. The curves were obtained in a dynamic synthetic air atmosphere of

25 mL min~!.

3.3.2. X-ray Diffraction (XRD)

XRD analyses using the powder method were carried out on materials obtained in
calcined form, with the aim of verifying whether the mesoporous hexagonal structure had
formed. In the samples impregnated after the calcination process, new XRD analyses were
carried out to verify variations in the hexagonal mesoporous structure and to identify the
crystalline phases of the cobalt and molybdenum oxides formed.

The X-ray diffractograms of the SBA-15 and AISBA-15 samples were obtained in an
angular scan of 0.5 to 5.0 degrees on Shimadzu model XRD 6000 equipment (Nakagyo-ku,
Kyoto, Japan). The tests were conducted using CuK« radiation and a nickel filter with a
tube voltage of 30 kV and a current of 30 mA. The slit had an opening of 0.15 degrees, and
the X-ray beam was phased in relation to the sample with a speed of 0.5 degrees/min and
a step of 0.01 degrees. For samples containing deposited cobalt and molybdenum oxides,
XRD was carried out in an angular range of 5 to 60 degrees.

3.3.3. Nitrogen Adsorption

The specific surface area, determined by the BET method, total pore volume, distri-
bution, and average pore size diameter, was determined through N, adsorption at the
temperature of liquid N, (77 K). The experiments of the adsorption isotherms of the cal-
cined samples were carried out on Micromeritics ASAP2010 equipment (Norcross, GA,
USA). To this end, approximately 100 mg of each sample was previously treated at 170 °C
for 12 h under vacuum and then subjected to nitrogen adsorption at 77 K. The adsorption
and desorption isotherms were obtained in a relative pressure (P/P,) range of 0.01 to 0.95.
The data relating to the volume of adsorbed gas as a function of partial pressure were
correlated using mathematical models to determine the BET surface area [58] and BJH to
volume and distribution of pores [59].

3.3.4. Scanning Electron Microscopy (SEM)

Scanning electron micrographs of the mesoporous supports SBA-15 and AISBA-15
with Si/ Al = 50, as well as the supported cobalt and molybdenum catalysts, were carried
out with the aim of observing the morphology of the synthesized mesoporous materials and
some change in the morphology after impregnation of the CoMo metals. The analysis was
obtained using a Jeol equipment model JSM-5610 LV (Miami, MA, USA). Before analysis,
the samples were adhered to the sample holder using a thin carbon tape and subjected to
a pretreatment that consisted of the deposition of a thin nanolayer of gold, with the aim
of making the sample a suitable electron conductor and thus be able to provide suitable
quality and resolution of the images. The analyses were carried out with magnifications
ranging from 100 to 25,000 times.
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3.4. Thiophene Hydrodesulfurization (HDS)

The thiophene HDS catalytic tests were carried out in a fixed-bed continuous-flow re-
actor under atmospheric pressure, according to the scheme shown in Figure 18. Thiophene
was chosen as a probe molecule, which is characterized as the most common sulfur contam-
inant present in middle petroleum distillates. To carry out the tests, approximately 50 mg of
sample was introduced into the Pyrex glass “U” reactor heated from room temperature to
450 °C at a heating rate of 5 °C min~! in a dynamic atmosphere of N containing 10% of H,
with a total flow of 30 mL min~!. After reaching 450 °C, the sample remained under these
conditions for another 1 h and was then cooled to the reaction temperature of 350 °C, still
maintaining the reducing atmosphere. Then, a mixture of n-heptane containing 12,070 ppm
of thiophene (ca. 5100 ppm of sulfur) was drawn from a saturator maintained at room
temperature through a line heated at 120 °C to the catalytic bed with a flow of 30 mL min~!,
maintaining the molar ratio H, /(thiophene and n-heptane) of 8.2. The composition of
the standard mixture of thiophene in n-heptane was confirmed through chemical analysis
using EDX-700 equipment Shimadzu (Nakagyo-ku, Kyoto, Japan).
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Figure 18. Catalytic evaluation unit. Where G1 = hydrogen; G2 = nitrogen; V1, V2, = 4-way
valves; CF1, CF2, CF3 = flow control valves; B = saturator; P = 10-way pneumatic valve; CT1,
CT2 = temperature controllers; T1, T2 = thermocouples; S = gas output; C = chromatogram; GC = gas
chromatograph; F= furnace; and R = reactor with catalyst.

During the reaction, the catalytic bed was maintained at a constant temperature of
350 °C using a COEL HW1500 temperature controller (Sao Paulo, SP, Brazil). The reactor
effluent products were successively injected “on-line” through a ten-way valve into a Varian
CP3800 gas chromatograph (Palo Alto, CA, USA) with a thermal conductivity detector at
15 min intervals until reaching the pseudo-stationary state. The products were separated
and analyzed in a 60 m fused silica column. The identification of products was carried
out by comparing the retention times of the analytes of each chromatogram with the
retention times of thiophene, n-heptane, and natural gas standards, considering the elution
orders of the substances through the stationary phase used in the column (separation
based on boiling points) as proposed by the manufacturer. Quantification of chromatogram
peaks was performed using the method of external standards analyzed in the linearity
range of the detector as recommended for thermal conductivity detectors. The tests were
conducted with all catalysts in powder form to minimize the effects arising from internal
mass transport. The following aspects were also taken into consideration: isothermal
reaction in a fixed bed, vapor phase in an ideal gas state, uniform porosity, and negligible
pressure drop in the bed without the presence of axial dispersion effects.

4. Conclusions

The effect of mesoporous supports such as silica (SBA-15) and aluminosilicate (AISBA-
15) on the catalytic activities of cobalt and molybdenum (CoMo) catalysts was demonstrated
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for thiophene hydrodesulfurization in a n-heptane stream as a model reaction. The charac-
terization of the mesoporous supports by nitrogen adsorption-desorption analysis showed
that SBA-15 and AISBA-15 (Si/ Al = 50) materials possessed surface area, pore diameter,
and pore volume appropriate for the impregnation and dispersion of the Co and Mo
metals on the surface. The crystallization properties by X-ray diffraction analysis showed
that the Co and Mo metals were well dispersed in the catalytic supports. The catalytic
activities indicated that the ordering and open pore channel of the CoMo/SBA-15 and
CoMo/ AISBA-15 mesoporous catalysts are appropriate for thiophene conversion and selec-
tivity to paraffin butane and olefins 1-butene, cis-, and trans-2-butene. The 1,3-butene and
tetrahydrothiophene (THT) molecules were not de-detected in the products, evidencing
that these compounds are strongly adsorbed on the Co-Mo active sites and undergo hy-
drogenation and desulfurization, respectively, with subsequent formation of C4-paraffins,
such as n-butane and isobutane.

The catalytic activity of CoMo/SBA-15 for thiophene HDS reaction was higher than
that of CoMo/AISBA-15, reaching ca. 20 and 30% conversion, respectively, after 1 h of
reaction. The same trend was observed for the paraffin/olefin ratio. Therefore, using the
CoMo/SBA-15 catalyst, after 1 h of reaction, the paraffin/olefin ratio increased from 0.2 to
0.3 up to 2 h of reaction. With the CoMo/AISBA-15 catalyst, it was found that this ratio
remained constant between 1 and 2 h of reaction, with a value lower than 0.1, showing that
the AISBA-15 support stabilized the structure. Regarding product selectivity, in general, the
two catalysts were selective for the olefins 1-butene and trans- and cis-2-butenes. In relation
to paraffins, for the CoMo/SBA-15 catalyst, ca. 10% selectivity was obtained for isobutane
and n-butane. On the other hand, using the CoMo/AISBA-15 catalyst, low concentrations
of paraffins were observed, with a subsequent increase in the concentration of 1-butene,
showing that the n-butane dehydrogenation reaction caused by metallic sites probably
occurred, as well as isomerization to iso-butane, due to the presence of Bronsted acid sites
generated by Al in the CoMo/AISBA-15 catalyst.
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Abstract: Aerogels, due to their unique features like lightweight, ultra-low thermal conductivity, and
design variations, have gotten a lot of interest in thermal insulation, photocatalysis, and protective
areas. Besides their superior thermal properties, aerogel thermal insulation and photocatalyst
materials also possess many inherent flaws, such as handling issues, high manufacturing costs,
and low strength as well as toughness. The most persuasive and successful ways to improve
photocatalytic and thermal insulating qualities while lowering costs are composition optimization and
microstructure reconstruction. Their high surface area and porosity make them ideal for enhancing
the efficiency and capacity of these devices. Research may lead to more efficient and longer-lasting
energy storage solutions. This review describes the characteristics, microstructural reconstruction,
design variation, and properties of all aerogel fabrication techniques and provides a comprehensive
overview of scientific achievements linked to them. The effectiveness of raw material compositions,
properties, and mechanical parameters are also discussed. The major goal of this review is to highlight
the aerogel-based materials and design variations and to explore the most potential development
trends for photocatalysis and thermal applications. The industrial as well as technical applications of
silica aerogels are also highlighted. This review highlights futuristic applications of aerogel-based
textile materials to alleviate the CO, burden on our atmosphere, either by providing next-level
thermal insulation or by employing them in CO, mitigating technologies such as CO, capture.

Keywords: thermal insulation; photocatalysis; specific heat; aerogel porosity; mesoporous layer;
thermal conductivity

1. General Aerogel Overview

Aerogels have been discovered as the most promising thermally insulated material for
textile, industrial, and other protective applications. These materials, having the highest
porosity, are also highly recommended for thermal insulation, purification, energy storage,
and catalysis [1,2]. It emphasizes the recent contribution of aerogels with their surface
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modification, material variation, and fascinating optical characteristics [3,4]. The global
energy crisis and environmental degradation are getting increasingly critical as national
economies develop rapidly [5]. Energy demand has increased at a rate of 1.8% per year
over the past 40 years, rising from 2790 Mtoe in 2010 to nearly 4400 Mtoe by 2050 [6].
Energy conservation utilizes all natural resources—gas, oil, coal, and nuclear energy—as a
potential resource for energy conservation. During the era of 20162020, China was very
much intended to meet its domestic economic lines by all possible means. China invested
almost 1.2 trillion RMB in its energy conservation sector and environmental protection [7].
The European Union also anticipated that all energy-efficient buildings toward green
conservation by the end of 2020 [8]. United Union planned to maintain all commercial
buildings with energy-efficient infrastructure to meet the current energy demands of the
sector. The introduction of new and innovative thermal insulation materials has been
of greater interest to researchers involved in maintaining environmental structures and
thermal equipment [9,10].

Conventional thermal insulation materials and fabrications demand high-cost raw
materials, multiple fabrication layers, and high costs [11]. As aerogels are lightweight
and highly thermal insulators, they have the capability to replace conventional ones with
superior insulating characteristics [12]. Aerogels have shown tremendous potential for
various applications due to their unique properties. These ultralight materials are known for
their extremely low density, high surface area, and excellent thermal insulating properties,
as shown in Figure 1 [13,14]. Aerogels’ porosity varies in the nanometer-scale range, with
pores of 1/3000th the diameter [3,12]. It has a series of networks with an air volume of
around 80-99.8% and a surface area of 100-1600 m?g~!. Due to the low refractive index
value (1.007-1.240), these materials are highly preferred for insulation purposes, laser
experiments, nuclear particle detection, and ultrasonic gas sensors. It can behave like a
superheat insulator in thermal applications [15]. Aerogels have a unique and intricate
structure that contributes to their exceptional properties. They are often referred to as
“frozen smoke” due to their translucent appearance and extremely low density. There are
three basic parts: two solid parts and one porous part. The porous part is sandwiched,
preserving the aerogel’s structure [16,17]. In aerogels, the liquid is replaced by air with
shrinkage of the solid network, achieving the highest porosity. When the liquid component
of gel is replaced with air, higher porosity provides superior results. Its porosity lies at both
meso and micro levels [18].

Hydrophobic High strength

% Aerogel %
Surface
! ! versatility

Strong
scalability and
machinibility

Low cost

Figure 1. Aerogel characteristics.
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2. History and Marketing

Aerogel was first discovered by Samuel Stephens Kistler in 1931. It was also named
solid smoke, blue air, or frozen smoke. In the 1990s, it was a promising candidate for
thermal insulation, flameproofing, and other lighter-weight applications. In the 21st century,
aerogel materials were a potential research area [19]. Around 2013-2020, aerogel marketing
jumped up to US$ 1896.6 million from $221.8 million, and now it is expected to boom up
to $1395 million by 2027. The growth of aerogel marketing is mainly due to the increased
development of the build-tech and geo-tech sectors [20]. The top leading manufacturers
of aerogel are Aerogel Technologies Leading Large Crystallographic Aerogels (LLCA),
Armacell International Silica Aerogels (SA), Thermablok Aerogels Limited, JIOS Aerogel,
Cabot Corporation, and Aspen Aerogel Corporation [21].

Factors Affecting the Aerogel Market

There are some limiting factors due to which the aerogel market is badly affected.
Mainly, these factors are the expensive processing parameters of aerogel synthesis and
higher production costs. Aerogel synthesis requires higher cost rates of raw materials to
produce a market-competent product, thereby negatively impacting the market growth [22].
Scientists are highly focused on reducing production costs and making more customer-
attractive products for aerogel marketing. Increasing product applications in multiple areas
is an attractive way to improve marketing [23].

Public awareness about the advanced applications of aerogel-based materials in the
field of insulation and other purposes can increase the market growth rate. The aerogel
market is influenced by a combination of technological, economic, and societal factors.
These factors can impact the demand, production, and adoption of aerogels in various
industries [24,25]. The marketing and applications of aerogels are also categorized as exotic
areas because of their peculiar characteristics and natural accessibility [26]. Silica is the
most versatile aerogel material being used worldwide for thermal isolation, as shown in

Figure 2.
2019 -’- 2027

500M
400M

300M

Production

200M

100M

Silica Carbon Alumina Others

Materials

Figure 2. Growth rate market of different aerogel-based materials [14].
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3. Aerogel Chemistry

Aerogel is a nanoporous polymeric material (Figure 3) with a backbone of linked
nanoparticles (15 nm) that expand throughout its volume due to gas expansion, forming a
3D continuous network. Aerogel materials are 15 times heavier as compared to air, which
has a very low dielectric constant [27]. Aerogel materials possess higher sound absorption
but a low sound velocity [28] with damping > 50 dB and air velocity around ~100 m/s.
Aerogel possesses a very low thermal conductivity of 0.005-0.1 W/m-K. Aerogel’s physical
structure can be transparent or opaque, or it can be colored and have a variable refrac-
tive index (1001 to 2.1) [29]. Aerogel materials have internal surface areas ranging from
10-2000 m?/g. Aerogel surfaces can be functionalized and made hydrophobic by poly-
meric residues with the help of chemical vapor deposition (CVD) of magnetic layers. Gel
structure is basically functionalized by embedded particles (e.g., dyes, ferroelectrics) or
with interpenetrating hybrid aerogel networks [21,30,31].

B

Figure 3. Aerogel structure. Reproduced from [32].

4. Aerogel Porosity and Calculations

Per International Union of Pure and Applied Chemistry (IUPAC) standards, pore
size < 2 nm is termed as microporous, pore size 2-50 nm is termed as mesoporous,
and pores > 50 nm are macroporous. Synthesized aerogels are varied from microporous to
mesoporous structure; however, most of them are mesoporous, as shown in Figure 4. In
aerogel pore networking, the pore size should be in that range where liquid can easily flow
from pore to pore. The liquid should be able to flow through the whole structure without
any restriction. Aerogels are unique materials with the highest porosity and smaller pore
size diameters [18,33]. For the calculation of the pore size, the BET /nitrogen adsorption
method is utilized. In this technique, adsorbed gas is measured to detect pore size. Ball
milling was used to reduce the particle size [34]. Figure 4a presents the comparison of
aerogels loaded with silica and titania through BET analysis. The presence of silica con-
centration affects the pore size of aerogels, thereby enhancing the mechanical properties of
aerogels as P/Py = 0.99, where P is the pressure of the substrate and Py is the inherent pres-
sure. From the observation, titania-based aerogel surface area is 529-587 m? /g, whereas
pore diameter ranges from 11.6 to 12.3 nm. For silica-based aerogels, the surface area
equals 572.1 m? /g, whereas the pore diameter is 12.1 nm. According to [IUPAC standards
and desorption hysteresis, both of these are mesoporous aerogels. However, there is a
significant difference in both densities, as carbon-based materials exhibited more density
due to their inherent characteristics [35,36].
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Figure 4. (a) BET Comparison between silica and titania-based aerogels; (b) Variations in aerogel as
macrostructure and microstructures. Open access, reproduced from [37].

Volume shrinkage is calculated from the aerogel volume. There are two terms for
understanding aerogel porosity: bulk density and skeletal density.

Aerogelmass
Aerogelvolume

Bulkdensity = (1)

Massofsolidmaterial
Sumofthevolumeofsolidmaterial

(2)

Skeletal density value is almost closer to the bulk density. These two values are gained
by the helium pycnometry [38].

Volume shrinkage percentage, porosity, and pore volume for aerogel are obtained by
following formulae:

Skeletaldensity =

Vs(%age) = <1 - 2;;) x 100 3)
o Pb
Porosity = (1 — Ps) x 100 4)
1 1
Porevolume = (Pb - Ps) ®)

In the above equations, Va is the volume of aerogels, Vg is the volume of air, P}, is the
density of aerogels, whereas Ps is the density of base material, i.e., (cellulose).

5. Aerogels as Catalysis

Catalysts are essential components for the treatment of air and water pollutants on
the way to a sustainable and clean environment. As active heterogeneous catalysts for
a number of catalytic and photocatalytic environmental remediation processes, aerogels
made from diverse molecular precursors are well known [39]. Because of this, aerogels
have been viewed as a bridge bridging the nano and macroworlds, where the building
blocks can both maintain their original features and develop new ones through their 3D
interaction. Aerogels are particularly promising for photocatalytic applications due to their
specific qualities [40]. Aerogels have an incredibly high surface area, which provides a
large number of active sites for photocatalytic reactions to occur. This increased surface

92



Catalysts 2023, 13, 1286

area allows for more interactions between the catalyst and the reactants, enhancing the
efficiency of the reaction. In addition, the development of novel aerogel materials like
graphene has encouraged the search for more mechanically stable and versatile aerogel
photocatalysts [41]. The use has expanded to include solar energy conversion in addition
to conventional environmental cleanup [42]. Aerogels have been explored and applied
in various catalytic processes due to their unique properties and larger surface area [43].
One notable example of aerogels used in catalysis is their application as catalyst supports
for heterogeneous catalysis. Heterogeneous catalysis involves the use of a solid catalyst to
accelerate a chemical reaction between gaseous or liquid reactants. This type of aerogel-
supported catalyst can be used not only in hydrogenation reactions but also in a wide range
of other catalytic processes such as oxidation, hydrogenolysis, and more. The versatility of
aerogels as catalyst supports enables their application in various industries, including fine
chemicals, pharmaceuticals, petrochemicals, and environmental remediation [44].

It is important to note that the specific conditions, metal catalyst, and reactants used in
such catalytic processes will vary depending on the target reaction and the desired outcome.
As research in the field of aerogel-based catalysis continues, we can expect to see more
tailored and efficient catalyst systems developed for a variety of chemical transformations
as shown in Figure 5 [45].

Figure 5. Aerogels as catalysis.

6. Aerogel Specific Heat

Specific heat is related to internal energy and is a very important thermodynamic
property. The specific heat of aerogels is around 1900 ] /g-K. Specific heat for volume and
pressure is given in the following formulae:

Cv= <g;>v (6)

Cp= (gﬁ)p (7)
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In the above equations, u is internal energy, and h is enthalpy. T and P represent
temperature and pressure [36]. Its SI units are J/mol-K or ] /Kg-K [46]. In aerogel structures,
free molecules are allowed to move randomly in the structure. On heating, the movement of
free molecules increases and the volume of gas increases, thereby increasing the acceleration
of aerogel-free molecules, as shown in Figure 6.

— Light

Ultralight aerogel

Air
molecules

ﬂ\_l-g‘if:f Heating
. +0,) - : N P, decrease
. . > with decreasing pf.a
F,=p,Vg 1
Falling Levitation
p,Vg > p, Vg p,Vg < p,Vg
(Fe) (Fg) (Fo) (Fp)
F,: Buoyant force F_: Gravity on material ~ p,: Density of inner air

p,,- Density of material p_: Density of skeleton  p_: Density of ambient air

V: Volume of material ~ g: acceleration of gravity

Figure 6. Aerogels specific heat measurements. Open access, Reproduced from [47].

7. Aerogel Heat Thermal Transfer Mechanism and Calculations

The heating transfer mechanism through hollow and aerogel fibers is termed “thermal
conductivity”. It is measured in W/m-K. It is measured with the basic principle of Fourier’s
law, which is applicable to all fluids, gases, and liquids. Thermal conductivity varies with
temperature, and it is termed as follows [48]:

k= k(7 T(r,t) = 1% (8)

As most of the materials are homogenous, k = k (T).
As shown in Figure 7a, thermal conductivity via hollow fibers is as follows:

A= ?\convl + }\condl + }\radl (9)

In the above equation, Acony is basically the heat transfer through convection; Aqong
is basically the heat transfer via conduction; whereas A,,q is the heat transfer through
radiation. Hollow fibers possess a porosity of around 85%, so heat transfer is quite easy
and vast. Thermal convection is also simultaneously reduced this way. As the thermal
conduction of air is much lower than that of solids, so thermal conduction of hollow fibers
is reduced [48,49].
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Aerogels possess thermal conductivity in different ways. Thermal conductivity via
the aerogel core is expressed as follows:

)\2 = }\convl + )\condl + >\rad1 (10)

In aerogel, there is a cellular networking structure with pores diameter of tens of
micrometers. These two factors suppress air circulation, thereby decreasing thermal con-
vection. Air possesses the least value of thermal conduction as compared to solid structures.
Aerogels also possess almost 99% porosity, thereby reducing thermal conduction. Aerogel
porosity enhances its thermal properties and also prohibits all types of infrared radia-
tion [50]. Hollow fibers can capture the aerogel precursor and also help to restrain air
convection. Due to the above superior properties, aerogel behaves like a superior thermal
insulating material with its microstructure and sheath. However, there are several factors
that can modify its microstructure and sheath, like improvements in the design of the
sheath and microstructure, enclosing air pockets in its structure, and further decreasing the
pore size [51]. However, the volume ratio of the core microstructure and sheath should be
uniform to tune all these characteristics. Aerogels are the best insulators because they do
not favor all heat transfer modes. If the gas molecular free path diameter is more than its
pore diameter (KN > 1), the gas molecule will not strike with other gas molecules; rather it
will strike with the walls. Due to this, thermal conductivity decreases. This effect is known
as Knudsen effect. Knudsen equation is as follows [52]:

Ag = Ag0

=_"° 11
14+ B.Kn (1)

Here, Ag0 is the thermal conductivity of the gas at standard conditions (lair 1/4 26 mW m-K1),
B is a factor for the energy transfer between gas molecules and the surrounding cell walls
(E2 for air) and Kn is the Knudsen number. The thermal conductivity of silica Aerogels
granules and composites is evaluated by Lee’s Disc method (ASTM C177-13). The appa-
ratus consists of three plates made of copper (75 x 45 x 3 mm) [53]. The heater is also
connected with 5 levels of input power 1.18, 1.92, 3.16, 4.75, and 6.84 W. Thermal probes
are fixed at first, second, and third copper plates. Basically, the silica aerogel granules are
fixed between these copper plates at ambient temperature and pressure. The required time
is 1-2 h after that thermal probe temperature is at a steady state [54].

Thermal conductivity is basically calculated from the following equation:

Q= 0wy

(12)

In this equation, “Q” represents the quantity of heat flowing in watts; “A” is the
thermal conductivity having units W/K-m. “A” is the area of the surface, and “t” is the
required time. It was found that porosity and structural orientation highly affect thermal
conductivity. It was also observed that thermal conductivity has a direct relationship
with density. Heat transfer through conduction decreases in the same manner as density
decreases, as shown in Figure 7b.

Thermal conductivity has an inverse relationship with porosity, as shown in Figure 7c.
As porosity increases, it enhances the amorphous regions in the structure, which also
hinders heat conduction. Heat conduction is very much decreased in amorphous regions
because heat cannot find any trap states to flow through the material [55].

Thermal conductivity can be tailored using different precursors. TEOS is the most
useful substrate; SS causes many impurities, whereas MTMS is also utilized for aging
purposes. The effect of different substrates on density, processing temperature, porosity,
and thermal conductivity is listed in Table 1.
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Figure 7. (a) Comparison between thermal insulation through hollow fibers and aerogel fibers; (b)
Thermal conductivity with respect to density; (c) Thermal conductivity with respect to porosity.
Reproduced from [56].

Table 1. Comparison of properties for different drying technologies [57].

Drying Thermal Thermal

Precursor Type Stability °C  Conductivity Porosity Density Ref
TEOS APD 550 0.08-0.1 S 023033 [58]
MTMS SCD 480 0.09-0.098 0.1-0.35 [59]
MTMS SCD 490 0.057-0.063 95-98 P [59]
TEOS SCD 300 0.068-0.099 9296 006015  [60]
TEOS APD 200-520 0.042-0.086 91-98 e [61]
ss APD 320 [61]

Ss APD 325 0.091-0.170 9296 0152006  [62]
TEOS SCD 100-300 0.103-0.355  72-96.8 Pva [62]
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8. Heat Transfer Calculation

Many heat transmission techniques make use of composite systems, and some even
combine conduction and convection. When working with these composite systems, it’s
generally easier to work with a U-factor or overall heat transfer coefficient. The U-factor is
determined by a formula that is similar to Newton’s cooling law [63]:

g = UAT (13)

q is the total heat flux density in units (Wm™2). U is the overall heat transfer coefficient
(Wm~2K) whereas AT is the temperature difference. From Figure 8a, assuming one-
dimensional heat transfer through the plane wall and disregarding radiation, the overall
heat transfer coefficient can be calculated as follows:

U— 1
/4 Lk 412

(14)

U is the overall heat transfer coefficient (Wm~2K); K is the materials conductivity (Wm~1K~1);
and h is the convection heat transfer coefficient (Wm—2K) [64].

(a) T(x) Heat loss through wall/plate
N
convective
heat transfer
lowh k= 0.01W/mK
Toal = 220[: q = '98 W/m 3
T
convective
heat transfer
higherh
surface temp. 13
Tea3=-8°C

(b)

Figure 8. (a) Heat Transfer; (b) Hydrophobicity between different media.
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9. Hydrophobicity

Aerogels can be hydrophilic or hydrophobic. Hydrophobicity and hydrophilicity
depend on the substrate, precursor, silylating agent, and drying method. Hydrophilic
aerogels did not get much emergence because when the water drop absorbs it, it scatters
into the structure, colloids with the walls, and deforms the structure [65]. There was
one main application of hydrophilic silica in drug delivery because of its hydrophobic
character. Most of the applications fall under the hydrophobic nature of aerogels. Over
350 °C, the hydrophobicity of aerogel is converted into hydrophilicity due to oxidation.
Hydrophobicity is basically the characteristics of the contact angle (8) of a water droplet
with an aerogel surface. It is the wetting of a solid by a liquid. When the liquid forms an
angle at the three-phase boundary, the solid, liquid, and gas phases intersect, as shown in
Figure 8b [66]. The contact angle is measured by the following equation:

0 = 2tan"! 2h/w (15)

In the above equation, w is the width and h is the height of the water droplet. If the
angle is less than 90°, liquid will wet the surface. Complete wetting occurs at 0°. Materials
having a contact angle greater than 90° are called hydrophobic. For superhydrophobic, the
contact angle should be greater than 150°. Contact angles are subclassified as dynamic and
static angles [67]. When a droplet is standing on the surface and the three-phase boundary
is not moving, dynamic and static contact angles are measured (Scientific 2015). Dynamic
contact angles are referred to as advancing and receding angles when the three-phase
boundary is moving [68,69].

10. Classifications of Aerogel

Aerogels are classified according to chemical nature organic, inorganic, or composite,
and further classified mentioned in Figure 9. Classifications of aerogels on the basis of
appearance, preparation method, microstructure, and chemical structure are shown in
Figure 10.

Aerogels

[ Organic ] Inorganic [ Composites ]

y y y

Oxide Chalcogenide & Carbon Polymer Mixed metal Other composites
Aerogels Metallic Aerogels Aerogels Aerogels oxide Aerogels Aerogels

«Ti «CdS e e =Metal oxide
-:llg;.' CdSe sCarbon 1Cellulose ._;llg:_;% aerogel composites
"er', =Fe, sCNT sConducting 3 *Carbonbased G
Al 63 = Co sGraphene polymers aerogelcomposites

Figure 9. Aerogels classification. Open access, Reproduced from [70].
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Figure 10. Aerogel classifications according to characteristics, Reproduced from [71].

10.1. Silica Aerogels

Silica aerogels are comprised of basic silica networking partial filler air packets, along
with 3D networking structures. It has (-Si-) atoms at its backbone structure, forming
siloxane bridges. Native silica aerogels cannot be handled alone and remain monolithic
so there is a need to reinforce silica for enhanced mechanical properties (Figure 11). Silica
aerogel properties are mainly affected due to their intrinsic fragility, thereby producing
strains on the surface [72]. Scientists discovered many strategies, mainly to reduce its
densities for high shock energy absorption. Low-density aerogels are highly preferred for
bending and compression applications. For load-bearing applications, aging of wet gel is
recommended, in which inorganic networks are formed, thereby increasing the strength of
the final particles [73]. By this, the modulus of elasticity is also increased by a factor of two.
Hybridization is also a good option for increasing mechanical properties by promoting the
co-gelation of the silicon alkoxide with hybrid precursors such as poly (dimethylsiloxane)
(PDMS) [74]. The gels formed by this are termed “ORMOSIL” (Organic modified silica)
hybrids. Its flexibility is similar to rubber, but it can be elastically compressed up to 30%
(by volume) with no damage [75,76].

Sol-gel
process

ﬁg—»

Fiber network is
impregnated on solution
of silica precursors

Silica composite-gel

samyeaadway
woo.aje Surliq

Figure 11. Silica aerogel synthesis and SEM morphology. Open access, Reproduced from [77].
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10.2. Metal Oxide Aerogels

It is the most abundant class of aerogels structured with metal-oxygen bonds. These
have unique characteristics; they behave as catalysts for chemical transformations and
precursors for carbon nanotubes. Alumina oxide (Al,O3), zinc oxides (ZnO), titanium
oxide (TiOy), and iron oxide (Fe;O3) are major metal oxide materials used in this area.
Their porosity ranges from 1 to 25 nm and possesses a low density of 0.06 g/cm3; for
Al O3/Si0,, the density is slightly higher, 0.54 g-cm ™3, and porosity is varied between 77%
and 96% [78,79]. These types of aerogels are prepared via the sol-gel route. In Figure 12, the
hydroxyl group is formed by the reaction of metal aloxide with water. This step is known
as hydrolysis. After this, aloxide is hydrolyzed partly, and then condensation occurs [80].
There may be a dehydration or dealcoholization reaction between aloxy and hydroxyl
groups or with two separate hydroxyl groups. The nucleation rate is very low as compared
to propagation to avoid agglomeration.

M(OR),, Solution

M-OR + H,0 — M-0O
M—OH+HO-M — M—-0O-—
M—OH+RO-M — M—O-—

+ HOR  Hydrolysis
+ H,0
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+ HOR

Oxidic sol
T)H OH
HO\ /
-M-O-M-
HO— Cluster —©H

HO/ | \OH
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v N gé o— N
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Figure 12. Metal oxide aerogels. Open access, Reproduced from [15].

This also affects the cluster size as the lowest nucleation rate also results in smaller
particle sizes. Growth rate is more related to diffusion rate and degree of supersaturation.
At the growth stage, the hydrolysis rate is important. A high hydrolysis rate leads to the
formation of supersaturated solution so there is a need to decrease it. To decrease the
hydrolysis rate, the reaction should be catalyzed under an acidic or basic environment to
get a stable colloid [80].
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10.3. Organic and Carbon Aerogels

Organic aerogels basically contain cellulose and resin in their backbone structure.
Organic aerogels are synthesized with both monomeric and polymeric precursors such
as polyvinyl chloride, phenol melamine, polymeric isocyanate, phenol-furfural cresol
formaldehyde, and melamine—formaldehyde. Precursor is carefully chosen as end product
applications are certainly dependent on it. These types of aerogels are highly recom-
mended for membrane-based gas separation, acoustic insulators, dielectrics, and catalyst
supports [81,82].

Its polymerization includes the following two steps:

1.  Addition reaction between formaldehyde and resorcinol to form hydroxymethyl
resorcinol monomers (Equation (16)):

2. -CHj;- or -CH;OCH;- bridging polymerization between monomers, producing
formaldehyde or water (Equations (17) and (18)).

OH OH

/@ + OCH2 ————> /@AGH (16)
HO HC

+

CH
CH20H OH OH OH
< HOH-C
ST — O
HCHO H20
HO
HO OH

OH OH

OH OH
CH:0H pom.c o
- + H20 (18)
10 + HO

OH
OH

When clusters crosslink, gelation occurs. RF clusters are the result of continuous
polymerization. These are used for high mechanical strength applications [51,83].

Carbon aerogel (Figure 13) is a branch of organic aerogel possessing a higher porosity
rate and interconnected clusters of carbon nanoparticles having 3-20 nm diameter. To
obtain carbon aerogels from organic aerogels, temperatures above 600 °C are required for
carbonization or pyrolysis [84]. Additionally, there should be an inert gas atmosphere
(nitrogen, helium, or argon). These are highly porous, graphite-based aerogels. Carbon
aerogels are preferred for electric storage and hydrogen production devices because of
their higher porosity and corrosion resistance. Carbon aerogels were further modified into
diamond aerogels by laser-heated diamond anvil cells. These are superactive media for
catalyst support and acoustic insulators [85-87].

Zhang et al. published a rather novel method for synthesizing graphene aerogel
in 2011. L-ascorbic acid is used to self-crosslink graphene oxide, which is subsequently
dried [19,88]. The benefit of this approach is that no extra pyrolysis treatment is required.
Carbon nanotube (CNT) aerogel is another intriguing type of carbon aerogel. In 2007, it
was originally produced by sonicating CNT into a surfactant solution, followed by gelation
and drying. Polyvinyl alcohol could improve aerogel even further [89]. In 2009, Aliev et al.
reported synthesizing CNT aerogel fibers by extracting them from multiwall nanotube
forests’ straight sidewalls [90]. Since its raw material (CNT forests) was created by catalytic
chemical vapor deposition, it differs from practically all previous aerogels. Another “dry
synthetic method” for creating carbon-based aerogel (aerographite) involves chemical
vapor deposition of nanostructured graphite onto ZnO network templates, hydrogen
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atmosphere reduction of ZnO to metallic Zn, and high-temperature sublimation of Zn. The
end product has an extremely low density [91].

RF aerogel

Carbonization
N,, >1000K

CRF aerogel

. Diamondization
cA()ch::t;ggK Ne or Ar, > 20 GPa
& robably > 1580 K

Activated CRF aerogel Diamond aerogel

Figure 13. Carbon aerogels. Open access, Reproduced from [15].

There are some additional agents, like biopolymers, metal clusters, and some organic
molecules, that can be added into SA matrix for enhanced mechanical properties. Powders,
beads, rods, fibers, blankets, and boards are all examples of SA-TIMs. It has incredible
potential to meet the current needs of fire prevention, thermal insulation, adsorption prop-
erties, medical, aerospace, and home building sectors [91], due to its unique combination of
the above-mentioned properties. There are still numerous technical challenges, particularly
in mass production and distribution.

10.4. Hybrid Aerogels and Composite Aerogels

The most researched hybrid aerogels incorporate both inorganic and organic phases,
nanoparticles, and cross-linked polymers into the gel matrix. They are then reinforced with
fibers and filler to create interpenetrating networks [92]. These aerogels were acquired in
order to enhance their processing as well as their mechanical, physical, and other qualities.
The co-pyrolysis of soft fibers such as polyacrylonitrile (PAN) with an RF aerogel matrix
yields composite aerogels as carbon fiber-reinforced composites. The aerogels’ toughness,
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strength, and thermal conductivity are all increased by this technique [93]. The aerogels
toughness, strength, and thermal conductivity are all increased by this technique. Examples
of this kind of aerogels include cross-linked polymer aerogels, functional nanocomposite
aerogels that contain metal or metal oxide nanoparticles in the aerogel matrix with special
electrical, catalytic, optical, and magnetic properties, and nanocomposite carbon aerogels
containing carbon nanotubes (CNT) [94,95]. Other examples include carbon aerogels
containing nanoparticles of various metals, including Cr, Zr, Mo, Fe, W, Co, Ni, Pd, Pt, Cu,
and Ag, as well as silica aerogels containing transition metal oxide nanoparticles, such as
NiO [96], ZnO [97], TiO;, [98], Al,O3 [99], CuO, and CoFe,Oy4 [100,101].

10.5. Carbon Nanotube Aerogels

Critical-point drying and freeze-drying were used to make carbon nanotube (CNT)
aerogels from aqueous-gel precursors, according to M.B. Bryning et al. [102]. The CNT
aerogels were robust and conducted electricity to enhanced electrical characteristics. Small
amounts of polyvinyl alcohol can be used to strengthen the aerogels. This type of aerogel
can withstand 8000 times its weight. Because of their high strength-to-weight and surface-
area-to-volume ratios, these materials frequently offer unique features. These aerogels were
created by constructing a free-standing, three-dimensional network of carbon nanotubes
in the air directly from CNT networks in suspension. Because CNT aerogels can be back-
filled with a polymer or other material, they can be used as the foundation for composite
structures made of a wide range of materials [103].

10.6. Polyurethane Aerogels

Polyurethane aerogels are a type of aerogel material that is derived from polyurethane
polymers. They belong to the broader category of polymer-based aerogels and offer unique
properties and applications due to their composition and structure. Polyurethane aerogels
are typically formed through a sol-gel process similar to other types of aerogels [104]. The
process involves creating a solution (sol) of polyurethane precursors, often consisting of
diisocyanates and polyols. These precursors undergo a polymerization reaction to form a
three-dimensional network structure within a liquid phase. A solvent exchange and drying
process, often involving supercritical drying, removes the solvent while preserving the
porous structure, forming polyurethane aerogels [105].

11. Aerogels Photocatalysts Synthesis

Aerogel photocatalysts can currently be made using two different methods: direct
synthesis using a molecular-based sol-gel strategy, assembling using nanoscale units as
templates, and immobilizing photocatalysts in aerogel frameworks. The former is influ-
enced by traditional sol-gel chemistry, which uses molecular precursors, condensation, and
hydrolysis to create SiO, aerogels. Only a few different types of metal oxides, including
5i0,, TiOy, Al O3, and ZrO,, as well as chalcogenides (ZnS, WSx, and GeS2), are present
in the molecular precursor [106]. Additionally, the prepared aerogel has generally low
crystallinity. It is preferable to use the assembly method to investigate high-crystallinity
aerogels. The range of aerogel photocatalysts has been greatly expanded by nanocrystalline
colloids such as chalcogenides (CdS, CdSe, PbS, ZnS), metal oxides (MnO,, Fe304, SnO5),
metal-free compounds, and their composites. Recent advancements in this subject have
been made possible by the construction of 1D and 2D crystalline building components like
nanowires and nanosheets. More potential photocatalytic applications are provided by the
availability of these premade building blocks to attain the requisite characteristics prior to
producing aerogels [44].

Immobilization of Aerogels as Photocatalysts

Although directly synthesized aerogel photocatalysts have been extensively studied,
only a small number of photocatalysts can be converted into aerogel photocatalysts using
the sol-gel or self-assembly processes, severely restricting their practical application [107].
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Immobilizing photocatalysts on the already-prepared aerogel framework to create com-
posite aerogel photocatalysts has thus attracted a lot of attention recently in an effort to
streamline the fabrication process and increase the variety of aerogel photocatalysts. In
order to create composite aerogel photocatalysts, it should be remembered that practically
all photocatalysts can be added to the aerogel framework as shown in Figure 14 [108].
Additionally, the composite aerogel photocatalyst has the benefits of the aerogel framework
as well as the ability to operate as a photocatalyst. When a photocatalyst is exposed to
light, photons are absorbed, and excitons are generated. Higher excitons can enhance
photocatalytic activity by increasing the probability of electron-hole separation and, thus,
the production of ROS. These excitons can then be separated into their constituent elec-
trons and holes, which can participate in redox reactions with adsorbed molecules on the
photocatalyst surface. This photocatalysis in the mobile phase facilitates the generation of
ROS and increases the efficiency of the process [109]. Compared to the mobile phase, the
photocatalysis is slower in the passivated state, i.e., coated on fabric. However, the easier
recovery of active materials and careful design, as well as optimization of the photocata-
lyst’s properties with minimal secondary pollution, make the proposed strategy closer to
practical applications [110,111].
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Figure 14. Aerogels photocatalysis mechanism.

12. Preparation Process

To synthesize the aerogel structures, it is quite essential to control the microstructure
for preparation of silica aerogel thermal insulation microstructures SA-TIMs because their
end application is strictly based on microstructure and processing parameters. Generally,
SA-TIMs synthesis includes the following three strategies, as also shown in Figure 15.

12.1. Solution-Sol Transition

Nanoparticles of the sol formation occurred; precursor solution is prepared at any
solvent and may be catalyzed by hydrolysis or through other assisted reactions, and
finally, aloxysilanes are added [32]. The required solvent should be properly miscible
and able to prepare the homogenous mixture. Preferred solvents are ethanol, alcohol,
acetone, tetrahydroflourane, etc. The phase diagram of aloxylane-water-solvent is shown
in Figure 16a. If the solvent is alcohol, it can decrease the hydrolysis rate by esterification
reaction. The choice of solvent is necessary to synthesize the desired product. If the solvent
is not able to dissolve the required amount of aloxysilanes, it can cause agglomeration [112].
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Figure 15. Synthesis strategies of silica aerogels.

12.2. Sol-Gel Transition (i.e., Gelation)

In this stage, the sol is converted into a gel by forming a 3D networking structure
cross-linked with each other to form a metastable state. It can be chemically of any nature
or physical (temperature, pressure, pH). This state is achieved by uniform stirring for 5 to
6 h with optimized parameters. Stirring rate and temperature are two confined parameters
affecting its shape and structural parameters. Uniform stirring is necessary to avoid
agglomeration [113].

12.3. Gel-Aerogel Transition (i.e., Drying)

Now sol-gel solution needs to be dried to replace the water and alcohol particles by
air without cracking and subsequent drying of the dried aerogel. The existing nanoporous
microstructure should not be collapsed; otherwise, it will deteriorate the final properties.
Mainly, there are three techniques for drying the sol-gel [36,114].

i Supercritical drying, in which the sol-gel is dried above the critical point of solvent
without the capillary effect of surface tension between the vapor and liquid phases,
leads to uniformity in the structure, higher porosity, and optimal textural character-
istics [115]. Basically, this drying is generally used to convert the gels into Aerogels
as shown in the Figure 16b. In the initial stage, wet gel is dried and expanded liquid
is formed due to increased capillary movements of atoms [115]. Now its atoms
are more interactive with each other. In the next step, a supercritical fluid mixture
is formed which has the ability to effuse through a solid like a gas. At this stage,
almost 50% of the solvent is removed. In the next stage, diffusion-controlled drying
proceeds in which solvent is removed up to 98% without the action of capillary
forces. Now the wet gel is completely converted into aerogel.

ii. Ambient pressure drying, in this drying, is achieved with silylation treatment
thereby increasing the structural strength. Capillary forces are much reduced
during solvent evaporation. It can reduce the production cost and safety risks [116].

iii. Freeze-drying, in which the solvent is evaporated by decreasing the wet gel tem-
perature below the crystalline temperature of the solvent, like sublimation. Most
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xerogels and cryogels are produced by this drying [117]. It allows complete removal
of solvents while achieving 95% porosity without any shrinkage. This process
also has some disadvantages, like health hazards and irreversible shrinkages. The
network of a silica cryogel takes a considerable aging period to solidify, and the net-
work is easily damaged by the crystallization of the solvent in the pores. As a result,
the majority of silica cryogel products are powders, and producing monolithic silica
cryogels is extremely challenging [118].
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Figure 16. (a) Phase Diagram of aloxylane-water-solvent, (b) Supercritical drying.
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13. Design Principles

There are some challenges of SA-TIMs, like enhancing hydrophobic functionalities,
strong scalability, high-temperature performance, and mechanical strengths for desired
aspects. There are many factors like material and process design, synthesis route, composi-
tion, and environmental factors that ultimately affect its performance, as shown in Figure 17.
If we have a simulative control of the microstructure and morphology of nanoparticles,
it will enhance thermal conductivity and mechanical strength. Some other properties
like density, processability, and temperature resistance can also be tuned by optimizing
synthesis parameters [119,120].
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Figure 17. Design principles.

Thermal transportation of aerogel includes heat conduction through a solid backbone,
heat conduction with gas molecules, and then there occurred thermal radiation through
the backbone structure. Thermal conductivity basically depends on the type, composi-
tion, shape, and hybrid structure of SA Skelton and nanoparticles. Morphology, packing
arrangement structure, and structure ordering also have as strong impact on thermal con-
ductivity [121,122]. If there is an addition of second phase material in the structure, it
exhibits the radiation collapse at the structure. If the surrounding air produces a microcli-
mate with an even temperature difference, a net amount of heat flows because of the air.
The thermal conductivity of SA-TIMs is basically the sum result of solid, gas, and radiation
conductivity as follows:

(Atotal) Of SA-TIMs = (Aolia) + (Agas) + (Araq) (19)

Thermal conductivity of solid is limited due to porous and nanoporous structure so it
does not affect highly. Thermal conductivity of radiations is controlled by porosity, pores
sizes, and refracting and reflecting surfaces [123]. The remaining space is obviously filled
by gas and the thermal conductivity of gas is as:

Agas = Ag0/(1 + «T/6P) (20)

In the above equation T, P, and b represent the temperature, pressure, and pore size of
gas, respectively, whereas « is a specific constant.

SA-TIMs Aot depends on all these external and internal parameters: morphology,
presence f side chain, functional atoms, weaker or stronger bonds, pendant group, as
well as segments [122,123]. Due to the difference in water vapor pressure at the sur-
face and in the surroundings, moisture is exchanged between the two surfaces. The net
amount of moisture exchange between these two surfaces affects vapor pressure as well
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as thermal conductivity [124,125]. Furthermore, during the service life of SA-TIMs, va-
por phase transport (convection and diffusion), liquid phase transport (wicking), heat
transfer (convection, conduction, and radiation), liquid evaporation and condensation,
and sorption/diffusion of water vapor and liquid through the solid phase occur. Because
water vapor (0.025 W/(m-K)) has a lower heat capacity than water (0.620 W/(m-K)) and ice
(2.220 W/(m-K)), reducing the number of adsorption sites (5i-OH) and siloxane (Si-O-5i)
on the surface is critical [126,127].

14. Drying Technologies for Aerogels

Different drying technologies of aerogels i.e., ambient drying, freeze drying, supercrit-
ical drying parameters, conditions, limitations, costs, and preparation steps are mentioned
in Table 2.

Table 2. Drying Technologies comparison.

. - Preparation Steps Prior Limitations for the Gel Main Energy
Drying Conditions to Drying Matrix Costs/Risks
Not preferable for
Ambient drvin e RoomT Hydrophobization of the hydropr};lzliltcr iir(;sd fragile Low-energy cost, safe
Y& 4 Ambient P matrix is essential Density > 0.1 g Jem? and less hazardous.
achieved
° P < 100 mBar Structure compaction Pores are somehow ngll)le-igszg};? o
Freeze drying e -70°C<Tcx< P ’ destroyed.
use modifiers. . 3 low-temperature batch
—20°C Density below 0.03 g/cm
process
Direct conversion of Side reactions occur
Direct supercritical e T >100°C solvent to critical Temperature > 100 °C is not Moderate-energy cost,
drying e P>30bar parameters. P . . toxic
No solvent conversion. suitable with organic gels.
Super critical Hydrogel solvent Energy cost is high
drvine by CO e DP>74bar exchange occurs, so CO, /solvent transportation ~ because of compressed
thfaczon 2 . T>31°C solvent should be affects the properties COy, lesser explosion
compatible with CO5. risks

15. Aerogel Fibers

Producing aerogel-based fibers with unique properties like high porosity, lighter
weight, and optimum density has been of scientific interest for a century. These fibers pos-
sess promising applications in hygiene products, drug deliveries, and filter materials [128].
Cellulose-based aerogels are synthesized with the dissolution of cellulose into suitable
media like urea solution, sodium hydroxide, or any other ionic liquids. After this washing
is performed before coagulation, and then drying is performed with any of the special
drying methodologies, i.e., supercritical drying, freeze drying, ambient drying, etc. [90,129].

The first cellulose-based aerogel was reported by Tan et al., in which cellulosic aerogel
was synthesized by salt hydrate as a unique dissolving agent. Ester with toluene-2,4-di-
isocyanate was a crosslinking agent. In this unique method, dissolution was carried out
with Ca(SCN); because of a similar coordination number. Toxic cyanates are also avoided
in this technique. By dissolving Ca(SCN); salt hydrate, porous aerogels were synthesized
with gelation, coagulation, and supercritical drying [130]. Different ratios of cellulosic con-
tent up to 6% were added, and their properties were compared. In this way, 3D structures
of cellulosic fibers at the nanoscale are achieved with envelop density from 0.5 to 6 wt%
having cellulosic content between 0.009 and 0.137 g/cm?. The surface area ranged from
120 to 230 m? /g calculated by BET. Synthesized aerogels showed excellent thermal con-
ductivity as well as mechanical strength at room temperature [131]. Synthesized aerogels
obtained by coagulation, washing, and extrusion are also shown in the following Figure 18.
It was found that the optimum extrusion range is 95-110 °C. SEM images of monolith
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fibers are also shown to have a pore size of 10-100 nm and a diameter range of 10-25 nm.
Both monolith and micro-extruded fibers have the same morphology except core structure
difference. This difference is due to evaporation in the coagulation bath whereas the melt
solution submerged into the regeneration bath. The fibers” unique architecture, which in-
cludes a meso and macroporous structure constructed at the top of a nanoporous network,
opens up new application possibilities [132].
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Figure 18. Aerogel fibers (a—c) Synthesis routes and design principles, (c,d) SEM morphology.
Reproduced from [129].

Porous CA/PAA-wrapped SF aerogel fibers were synthesized and reported for high
thermal insulation and high mechanical properties in applications [133]. Silk fibers were
degummed, and dissolution gel was prepared. Then, the silk fibers were added into dialysis
bag for preparation of silk fiber aqueous solution. At the final stage, freeze-drying process
was performed. The CA /PAA hollow fibers having porous sheath not only possess high
mechanical properties but also facilitate the formation of SF aerogel core. These also possess
high porosity (86%), low density (0.21 g/cm?), and high tensile strength (2.6 & 0.4 MPa).
Additionally, it is suitable for thermal insulation in both hot (100 °C) and cold (—20 °C)
conditions. Thermal insulation properties can be tuned by core and sheath proportion and
by numerically tuning other parameters. As a result of the delicate core-shell structure
of aerogel fiber, it offers a new way to manufacture high-performance wearable thermal
insulation materials, as shown in Figure 19.
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Figure 19. Aerogel fibers synthesis, Open access, Reproduced from [130].

16. Aerogel Fabrics

Aerogel fabrics (woven or non-woven) are manufactured to have high insulation and
comfortable properties. Cellulosic or synthetic fibers are woven or non-woven together to
assemble aerogel fabrics. Different synthetic or natural fibers were spun on an industrial
scale by a compact melt spinning machine and subsequently processed into nonwoven
fabrics on a laboratory-scale needling line, and sound absorption properties of blankets
made of silica aerogel/polyester (PET) were examined [134]. The silica aerogel blankets
were made by synthesizing silica aerogel on nonwoven fabrics in situ using a two-step
tetraethoxysilane sol-gel technique and drying at ambient pressure. Various synthesis
parameters were employed to generate aerogel particles with varying pore structures and
characteristics [135,136]. As coarser fibers are used, there are fewer fibers per unit area and
wider pores [137]. Figure 20 shows SEM micrographs of the nonwoven textile structures
and aerogel blanket samples synthesized by nanofibrication. The SEM images clearly
revealed the effectiveness of nanoaerogels on fibers. These coated fibers show enhanced
thermal and heat regulation properties by providing sufficient moisture management
capability to the wearer. As previously mentioned, the uCT device used for this study has
a resolution of 1-3 um. Therefore, this technique cannot be used for the characterization of
aerogels in the internal structure of blankets [137,138].
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Figure 20. SEM images of neat nonwoven fabrics and aerogel blankets. Reproduced from [139].

The thermos-physiological comfort of a newly created fabric, which could be used for
firefighter protective equipment, was discussed [140]. Super hydrophobic silica aerogel
nanoparticles were incorporated into a 65/35 wool-aramid blended fabric to create ther-
mally comfortable garments [141]. The performance of air, moisture, and heat transport
was then used to assess thermo-physiological comfort. It has been discovered that a 2%
aerogel nanoparticle coating can boost thermal resistance by up to 68.64% and reduce air
permeability by up to 45.46%, while a 4% aerogel coating can reduce air permeability by
up to 61.76%. The aerogel-coated fabric’s moisture management properties have also been
examined and described in depth [142]. The coating thickness has a positive effect on
moisture transportation and overall moisture management, in conclusion. Again, the next-
to-skin layer coated with aerogel and the outside layer coated with aerogel had different
effects on the identical fabric. When the coating is applied to a surface that is near the
skin, it has been found that the coated fabric behaves more like a moisture management
fabric [143].

Using an acrylic glue, varying amounts of “NANOGEL” (superhydrophobic aerogel
nanoparticle from Cabot) were applied to a 65/35 wool/Aramid blend fabric that weighs
around 230 g/m?. 2%, 4%, and 8% aerogel-coated fabrics were created with coating pastes
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that ranged in viscosity from 20,000 to 30,000 centipoise as shown in Figure 21. After coated
fabrics were cured for 10 min at 105 °C, their thermophysiological characteristics were
examined [144].

Thickener
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2 % Aerogel
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Figure 21. Aerogel coated fabrics microscopic images. Open access, Reproduced from [144].

In order to increase the wearer’s thermophysiological comfort, the research looked
into the potential use of aerogel in firefighter protective gear. The ability of aerogel-coated
cloth to transmit heat, moisture, and air was examined in terms of thermophysiology [145].
These three qualities are thoroughly discussed [144]. The test results can be summarized
as follows: the aerogel-coated fabric has good air resistance, the right coating thickener
can reduce the hydrophobicity of the aerogel and the base fabric, improving the ability
to manage moisture, and the aerogel-coated fabric provides better thermal insulation. In
addition to being thermally insulative, aerogel can also significantly resist airflow, according
to recent studies [146].

These two taken together show a technique for making textiles for clothing that offer
thermally better insulation for a variety of uses in extremely hot and cold weather. Aside
from the encouraging results, the research was hampered by a few inevitable limitations
brought on by the short time restriction, such as the fact that not all varieties of made-up
cloth samples had their heat resistance evaluated [147]. Again, the moisture management
tests conducted call for a further in-depth investigation of several coating types with
different Aerogel and thickener compositions on different fabric structures in the border
range. However, the report offers general recommendations for further study on the use of
Aerogel in protective apparel, based on successful research outcomes [148,149].
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Figure 22 also shows that when a coating of 2% aerogel paste was applied, the aerogel
particles did not completely cover the surface, whereas a coating of 4% showed partial
coverage. The aerogel powder thoroughly coated the fabric surface for an 8% coating. The
fabric’s thickness and mass per unit area were examined to check for physical changes.
Aerogel coating resulted in a 4-6% increase in fabric thickness and a 6-9% increase in
fabric weight. The barrier of heat and moisture transport rises with thickness. When
two fabrics are of the same thickness, previous research has shown that the lower-density
cloth provides better thermal insulation [150]. Coating resulted in a progressive increase in

insulation in our situation, as indicated in Table 3.
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Figure 22. Maximum wetted radius lie at both top, and bottom surface. Open access, Reproduced

from [144].

Table 3. Aerogel fabrics parameters. Open access, [144].

Fabric Construction Surfaces Wetting Time (s) Absorption (%/s) Fabris OMMC
Top, WT1 Bottom, WTy, Top, MAR; Bottom, MARy,
Aerogel Coated (Al) 5.88 119.95 58.66 0 —478.4
Thickener coated (B) 7.08 57.64 350.66 29.12 —118.5
Plain fabric (C) 6.28 119.95 332.73 0 —391.1
Aerogel skin 7.16 84.44 380.75 4.15 —393.4
Airlock (D) 7.19 119.95 363.39 0 —427.7
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17. Aerogel Finishes and Coatings

To prevent air pollution from ultrafine particles, hydrophobic silica aerogel rather than
its powder form is employed for aerogel superhydrophobic coatings. It is used to modify
materials” surfaces so they are extremely hydrophobic while still being able to endure
physical abrasion, something a regular aerogel cannot. The hydrophobic gel was combined
with DOW CORNING® 2405 resin as a binder and different amounts of DOWSILTM
Z-6137 silane and tetraethyl orthosilicate (TEOS) to create the superhydrophobic silica
aerogel coating. Static contact angles (CA) and abrasion testing were used to describe the
coating. Investigated were scanning electron micrographs of various coating formulations.
According to the results, the hydrophobic gels combined with resin and Z-6137 silane have
a contact angle of >179 degrees. Glass, fiber, polymers, and other materials can be coated
with superhydrophobic silica aerogel [151,152].

Aerogel composites fabricated with epoxy with carbon fiber as a substrate and dip
coating were utilized for the one-hour and one-and-a-half-hour marks of the epoxy cure. It
was then compared with an undoped epoxy coating; there was a remarkable difference in
heat conductivity values of 39% and 47%, respectively. Further proof that the aerogel parti-
cles contained nanopores came from the reflectance spectra of the coatings. Finite element
techniques evaluated the aerogel coating using material parameters. The performance of
the coating under cyclic thermal stresses was then predicted using the model, which was
first validated using experimental data. Additionally, top and bottom coatings on a single
surface were modeled and compared to the double coating system. It was discovered that
the double coating system had the lowest rate of temperature change and fluctuations at
steady-state, in contrast to the bottom coating, which displayed the fastest temperature
drop and the highest fluctuations at steady-state conditions. The top coating’s performance
was average [153].

18. Aerogels Photocatalysis Applications

Photocatalysis typically involves a photocatalyst material that absorbs light and gen-
erates electron-hole pairs, which can initiate various chemical reactions. Aerogels can
serve as an excellent support material for photocatalysts due to their porous nature and
large surface area, allowing for high photocatalyst loading and efficient utilization of light.
Aerogels can be used as a three-dimensional support matrix for anchoring photocatalytic
nanoparticles (Figure 23). The high porosity of aerogels enables the dispersion of nanopar-
ticles, providing a large active surface area for photocatalytic reactions. The highly porous
structure of aerogels can trap and scatter light, increasing light-matter interactions within
the photocatalyst (Figure 23). This enhances the absorption of light and promotes efficient
utilization of the energy for photocatalytic reactions. Aerogels can act as protective coatings
for photocatalysts, preventing their degradation and enhancing their stability. The porous
structure of aerogels can also prevent the agglomeration of photocatalytic nanoparticles,
maintaining their high surface area and activity. Combining aerogels with photocatalytic
materials can lead to synergistic effects. For example, incorporating metal nanoparticles
into aerogel structures can enhance photocatalytic activity by promoting charge separation
and facilitating electron transfer processes. The choice of aerogel material depends on
factors such as the desired photocatalyst, target reactions, and environmental conditions.
Overall, aerogels offer promising opportunities for improving the efficiency and perfor-
mance of photocatalytic systems. However, it’s worth noting that the field of aerogels in
photocatalysis is still evolving, and further research is needed to optimize the design and
synthesis of aerogels for specific photocatalytic applications [107].
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Figure 23. Aerogels applications in photocatalysis.

19. Aerogels Technical Applications

Aerogel has the most diverse applications in all technical and functional applications
because of its unique physical and chemical properties (Figure 24). In the beginning, aerogel
was discovered as spacesuit fabrication material for NASA projects. It can bear extreme
temperatures and weather parameters and show a wispy appearance [153,154].
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Figure 24. Aerogels applications.

In the early 21st century, aerogel started being used in astronaut applications by the
‘Stardust” mission, with the motivation of extracting the back particles from beyond the
moon. Basically, before this, dust was collected from the comet “Wild 2’. Aerogel was the
first material to capture physical particles of dust without physically reacting with them.
Basically, when the dust particle hits aerogel, its velocity speeds up to 6 times as compared
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to a rifle bullet and removes it from the surface without reacting [3,155,156]. The dust
particle loses its momentum when interacts with the aerogel due to the formation of more
porous regions. So, it also plays a vital role in the cleaning of astronaut’s parts and enhances
its life. As aerogel provides insulation in advanced engineering fabrications it is utilized
for space suits where insulation and flexibility are demanded [157]. Aerogel can be molded
into different forms and shapes so it can be utilized as shape memory material. Carbon
Aerogel materials are preferred for energy storage devices due to the networking structure
of carbon atoms in them. In supercapacitors, electrode lining is made by aerogel because of
its textural and unique chemical properties. Electrode lining should be porous for better
transportation so aerogel porous structure is very much feasible for this [158,159]. Due
to its porosity, it is also applicable in rechargeable batteries and catalyst support systems.
As the graphene aerogel structure provides the highest porosity and charge mobility it
was very attractive to the batteries market. In 2009, graphene aerogel anode materials
were first used in battery support systems. It was further decided that graphene-based
nano-porous aerogel was the best material for low-cost and high-performance energy
applications. For electric vehicle electrode structures, graphene aerogel with doped cations
was the best-optimized material to reduce the dependency on conventional fuel usage and
to enhance aerogel market growth in the future [160].

There is an innovative and emerging application of aerogel used through the 1980s
in laser fusion experiments. For the laser fusion experiment, the material should be
homogenous, low dense, and pure and present in the near-spherical shells. For this, the
average pore size should be smaller than 1 mm so that it must keep the liquid fuel and
ensure its homogeneity [161]. Other material characteristics for this are hydrophilic in
liquid deuterium—tritium, highly stable, and should be able to bear mechanical stresses
and coating processes. Silica Aerogels are used for laser target materials and machined
from monolithic pieces. Materials used for this are boron, silica, carbon, and organic
based. Scientists are highly focused on the development of microsphere surfaces for aerogel
fiber extrusions. Microporous polymeric thin doped nanomaterials are also used for this
purpose [162,163]. Aerogels are widely used in hydrogen and energy applications because
of their high surface area [164]. There is a very exciting application in energy loss using
radiography application using Cherenkov radiation. In this setup, a monoenergetic charge
particle was the source material to illuminate the imaging object. When the particle interacts
with the object, it reduces its velocity and causes energy losses. The emitted photons are
quite linear and it will measure the uniform velocity and density of the object. Image
is the formed on the screen. It is very high speed and based on X-ray technique. Both
electrons and proton beams can be utilized to form the image and it is quite economical
application [165].

In aerocapacitor applications, aerogels are widely used due to their higher conductivity
rate and large surface area. It provides a double layer for charge separation and a porous
sheet for charge mobility. It also possesses high energy density and high power conversion
as compared to traditional aerocapacitors. Electrode material provides continual charge
production and high surface per unit volume due to that stored energy released with the
highest power densities, e.g., 7.5 kW. Carbide-derived carbon aerogels and nitrogen-doped
carbon aerogels are the best materials for this application [166]. Aerogel materials are very
attractive for energetic applications. A tremendous amount of energy can be stored on its
surface because of the highest porosity and low refractive index. There is much variety of
its products i.e., aerogel hybrid composites, direct conversion of aerogels from energetic
molecules and compound aerogels containing both reducer and oxidizer together. Lithium-
ion-doped silica nanocomposite aerogel and single-metal organic framework aerogels
are its most applicable products [167]. Aerogels have been used for optical applications
since the 1900s because of high-temperature processes. Lanthanide-doped aerogels were
considered the best material for lasing applications. Silica aerogel was not favorable for
optical transmission applications. Doping of silica with radioactive phosphor and tritium
converts it into the more efficient radioluminescent light source. Translucent Aerogels are
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very active photocatalytic materials for solar cell applications. Solar cell applications require
less dense material and with higher conductivity rate and photon absorption ability. Ni/C
Aerogels have the highest conductivity among all other members so highly selective for this
purpose [120]. All the aerogel varieties are recognized best insulating material for industrial
and home-tech applications. It possesses high damping rates, low thermal conductivity,
and low density suitable for acoustic applications. Acoustic impedance and high absorption
are also characteristics. Aerogels have also been projected as a shock-absorbing material in
industrial applications [168].

19.1. Thermal Insulator Applications

Energy conversion is decreased by thermal insulation. For regulation of indoor climate
and to maintain proper thermal heat management, aerogel products are highly preferred
for build-tech applications. Very lightweight materials (1-person structural panel) having
higher fire protection class are used for rooftop materials construction. There is no colo-
nization of fungi at the top surface of aerogel thereby enhancing its life [169]. These are
also very low-cost materials. Mostly silica aerogel is utilized for domestic and industrial
insulation due to its easy process but iron oxide, carbon, and organic polymer aerogel can
also be used for these applications. It is also named ‘frozen smoke” because its structure
utilizes 99.8% of the amorphous region nothing but air [170]. Aerogel materials also lead to
many applications like rooftop insulation, windows insulation, cold storage applications,
and piping insulation. Silica-based aerogels, polyaniline/pectin aerogels, and Hydroxy-
ethyl aerogels are among the best support materials for aerogel applications in the field of
insulation. Carbon-silica composite Aerogels provide the best insulation with long-term
durability, surface modification, and functional properties [171].

Aerogel materials with improved insulating properties have been utilized for fire
retardant applications, flexible blankets, and high-performance fabrics. Aerogel-treated
non-woven flexible fabrics show better thermal performance for eco-friendly garments.
The “pyrogel” insulation was developed by Aspen Aerogel Inc. to be used as an effective
thermal barrier in extreme weather for hikers and climbers on high peaks, where their
light weight and flexibility are extremely useful [24]. Flame retardant fabrics hinder/stop
the growth of flame onto the fabrics. To achieve this, aerogel coating is applied on the
surface of fabric for protective clothing. Silica aerogel reduces the thermal conductivity by
evacuation. As silica-biopolymers are highly hydrophobic in nature, these materials can be
used to build the anti-wetting, flame-retardant surface on the textile. Silica structure can be
converted into hydrophobic form by silane agents [172-174].

Green buildings, households, industrial applications, and aerogel fibers/composite
structures have been explored to overcome energy consumption. To prevent heat losses
and to harvest more and more solar energy, a layer of aerogel composites is embedded into
two layers of PTFE that can boost insulation value (R) to 12. Aerogel blankets reduce the
energy consumption rate from cooling and heating the fabric by 30-70%. It has large-scale
applications in water parks, sports stadiums, and green shopping centers on the industrial
scale. These also have been utilized for thermal awnings and window replacements with
new energy codes. Researchers were focused on developing the insulative blanket [31].
It is produced by inserting aerogels interstitially within a fiber matrix. Matrix played an
important role in enhancing the thermal properties of the final product. Aerogel composites
reinforced with double-layer low-density fibers are very much suitable for thermal resis-
tance [175]. It was comprised of two phases. Matrix was composed of low-density aerogel
whereas reinforcing phase is sandwiched in between. The reinforcing is basically composed
of low-density fibers, low thickness and a lesser aspect ratio. A preferred combination of
composed fibrous system is an aerogel matrix bounded by short, high-aspect microfibers in
which one fibrous material is continuous batting and the other one is dispersed throughout
an Aerogel matrix [176].
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19.2. Innovative and Medical Textile Applications

Aerogel materials also have the potential to be used for active smart textile materials
and performance clothing. Piezoelectric materials based on alumina-silica are widely used
for energy harvesting carpets and convert the stresses into suitable energy forms, stresses
mainly come from the people walking onto it [102]. It is also used for military helmets for
thermal insulation and to utilize wind and thermal energy in suitable form. Wall coverings
and curtains are also mainly comprised of these aerogel structures for indoor applications.
Aerogel-based smart garments are also composed of silica to map the body areas body such
as the spine, kidneys, and torso. If we lead aerogel structure towards brittleness and fragility,
its applications will be opened up from clothing to heatproofing and smart textiles [177].
To enhance antibacterial activity in the textile, aerogel materials are very attractive to
be utilized. As the aerogel structure is porous, it hinders the growth of bacteria hence
utilized for antibacterial properties. TiO;, ZnO aerogels solution gives higher antibacterial
activity and remains active many times also showing durability. Composite aerogels
having titania and zinc oxide combination show enhanced antibacterial characteristics due
to incubation of bacterial zone. Aerogel solution processed with Nylon and polypropylene
shows enhanced antibacterial activity. The main antibacterial property is basically due to
the inherent raw material used [149,178]. For medical textiles, silica hybrid biopolymers
are used for membranes and coatings. Biocompatible materials, bone substituent, and
cardio-joints are fabricated by hybrid materials. Collagen, chitosan, and gelatin proteins
are obtained by silica sol mixture with proteins, these sols are further processed to make
biocomposite layers and hence biomaterials are fabricated. These biomaterials are highly
dense, biodegradable, and have multifunctional properties. Joints are mainly fabricated by
these strategies having enhanced medical applications where high strength and flexibility
are the key requirements [179,180].

19.3. Aerogels in Environmental Applications

Aerogels are primarily composed of a porous network of solid materials, typically
derived from silica, metal oxides, polymers, or carbon-based materials. The excellent
properties make aerogels suitable for a wide range of environmental applications, thanks
to their ability to address various challenges related to energy efficiency, pollution control,
and sustainability [181]. Aerogels have shown promise in addressing oil spills. Their
high surface area and porous structure enable them to absorb and capture oil, making
them useful for cleaning up oil spills in water bodies. The absorbed oil can potentially
be recovered and reused. Aerogels can be tailored to have specific pore sizes and surface
chemistries, allowing them to selectively adsorb and remove contaminants from water,
such as heavy metals, organic pollutants, and even microplastics. This makes them valuable
for water purification and treatment [182]. Aerogels can be functionalized with chemical
groups that have an affinity for capturing carbon dioxide (CO,) from the atmosphere.
These modified aerogels can potentially play a role in carbon capture and sequestration
technologies to mitigate climate change. The large surface area and porous nature of
aerogels also make them excellent catalyst supports. They can enhance catalytic reactions
by providing a high surface area for active sites, leading to improved efficiency in various
industrial processes, such as chemical production and emissions control [183]. Aerogels
have been explored as materials for energy storage applications, including supercapacitors
and batteries. Aerogels can be incorporated into solar panels and solar absorbers to improve
their energy capture and conversion efficiency. They can also be used to create transparent
insulating materials for windows that allow light in while minimizing heat transfer.

20. Future Works and Conclusions

Research is likely to focus on refining the manufacturing processes of aerogels to
make them more cost-effective, scalable, and environmentally friendly. This could involve
innovations in supercritical drying methods, precursor materials, and gelation techniques.
One of the challenges with aerogels is their brittleness and low mechanical strength. Future
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research may focus on enhancing their mechanical properties by incorporating reinforcing
fibers and nanoparticles or by structurally modifying the aerogel’s network. Currently,
most aerogels are made from silica-based precursors. In the future, researchers might
develop new types of aerogels using different precursor materials, such as polymers, metal
oxides, and organic compounds. This could lead to aerogels with tailored properties for
specific applications. After decades of development, a wide range of aerogel materials have
been in the interest of scientists to achieve superior mechanical and thermal performance.
Up to now, aerogels are still a research dimension for scientists to meet the desired thermal
insulation, photocatalytic, and performance needs. Composition optimization of used raw
materials, and designing novel assembly structures and hybrid structures will give a new
dimension to aerogels having superior characteristics [27]. Tailoring the microstructure
and composition of aerogels, and fabrication simulation of aerogels will meet the target
application requirements. These scientific inquiries prompt us to investigate the underlying
processes of each necessary mechanical and physicochemical property and consider the
techniques of implementation in order to comprehend how to improve and combine the
necessary features in a single material. Furthermore, due to preparation technological
limitations, the development of aerogel products with a substantial and full structure may
take years or even decades. Generally speaking, the goal of future research is to create
Aerogels that are more cost-effective, perform better, and have more features.

The most persuasive and successful tactics for improving the photocatalytic and
thermal insulating capabilities of aerogels, as well as promoting functionalization and
industrialization, are composition optimization and microstructure reconstruction. In
recent years, a wide range of aerogels with different compositions and multi-component
microstructures have been developed for designers and practical life applications. The
aerogel field will continue to grow at a rapid rate in the coming years, with effective
raw material composition and tuned hybrid structures being key factors. With significant
collaboration between academic and industrial partners, aerogels with enhanced efficiencies
and tuned properties can be developed more quickly.
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Abstract: A series of catalysts based on hybrid intergrowth structure zeolites MFI-MEL, MFI-MTW,
and MFI-MCM-41 are studied in the reaction of olefins synthesis from dimethyl ether at atmospheric
pressure and a temperature of 340 °C. The total acidity of hybrid zeolite-based catalysts is shown to
correlate with their activity. However, the use of zeolite with the structure MFI-MCM-41, which is
characterized by a high content of medium acid sites, additionally catalyzes the methanol dehydration
reaction, resulting in a decrease in the observed DME conversion. The obtained product distributions
are brought into correlation with the texture of catalysts. It is shown that the use of hybrid zeolites
does not change the mechanism of reaction, but the structural features of zeolites influence the
priority of the competing MTO reactions: high ethylene yield is observed for catalysts with high
micropore volume. The topology of the hybrid zeolite has been shown to influence the hydrogen
transfer reaction rate, but not to change the isomerizing activity of the catalyst.

Keywords: hybrid zeolites; intergrowth structure; MTO reaction; dimethyl ether; light olefins; MEL;
MTW; MCM-41; MFI

1. Introduction

The reaction of oxygenates (methanol and dimethyl ether) to light olefins occurs with
the involvement of microporous catalysts based on MFI zeolite or CHA silico-
aluminophosphate [1-4]. A large number of studies using solid-state NMR spectroscopy, a
pulse reactor, and the reaction with labeled *C atoms have been conducted to determine
the MTO (methanol-to-olefins) reaction mechanism [5-11]. Despite the different structural
characteristics of MFI and CHA microporous materials, the reaction is considered to follow
a dual-cycle mechanism, which was proposed by a group of Norwegian researchers in
2007 [12-14]. This mechanism was subsequently confirmed by both theoretical studies and
a number of experimental observations [15-24]. According to this mechanism, in the first
step, hydrocarbon pool species (aromatic cations, alkyl cyclopentyl cations) are formed
in the micropores of the catalyst. Then, hydrocarbon pool species contact with reagents
and semi-products in a series of parallel methylation and dealkylation reactions to form
light olefins. The resulting products participate in oligomerization, isomerization, and
H-transfer reactions to form higher olefins, aromatic compounds, and alkanes [15,23,25,26].
Hydrocarbon pool species act as an organic catalyst for the conversion of oxygenates into
hydrocarbons, while Lewis and Brensted acid sites of zeolite or silicoalmoaphosphate
stabilize hydrocarbon pool species in micropores. Moreover, due to the molecular-sieve
properties, the structure of zeolite or silicoalamophosphate determines product selectivity.

However, the catalysts used in the MTO reaction are characterized by a low diffusion
coefficient of the molecules inside the zeolite or silicoalamophosphate micropores [27,28].
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The low diffusion rate of the reagents to the active sites leads to a decrease in the activity of
the catalyst, while the low diffusion rate of the reaction products from the micropores leads
to active secondary reactions, a decrease in the selectivity of target products, and rapid
catalyst deactivation [29-34].

To improve mass transfer, micro-mesoporous catalysts are used. In the case of MFI-
type zeolite, they can be obtained by mixing it with mesoporous materials (Al,O3, clay,
galloisite) or by posttreatment with alkali or acid, removing silicon or aluminum atoms
from the framework of the crystal lattice and forming the hierarchical structure [35-39]. The
use of such catalysts reduces steric difficulties and increases the diffusion rate of reagents
and products, which, in turn, leads to increased activity.

An alternative method of forming MFI-type zeolites with micro- and mesopores is the
synthesis of hybrid zeolites—co-crystallites, which, in addition to the MFI structure, contain
the structure of the other microporous material. Mesopores are formed directly during
synthesis by the formation of additional cavities at the intersections of the channels and/or
interparticle voids of zeolites [40—43]. Such hybrid zeolites in the reaction of hydrocarbon
synthesis from oxygenates have not been sufficiently investigated [42—44].

In this paper, we conducted a study of the influence of textural and acid properties
of micro- and mesoporous structure catalysts based on hybrid zeolites MFI-MEL/ Al,O3,
MFI-MTW /Al,O3, and MFI-MCM-41/ Al,O3 on the distribution of reaction products in the
synthesis of light olefins from DME. The results were compared with the standard catalyst
MFI/ Al,O3, which was studied in [45].

2. Results and Discussion
2.1. Characterization of the Catalysts

The characterization of hybrid zeolites is presented in Supplementary Materials (Table
S1. Phase ratio, Si/ Al ratio; Figure S1. 2 Al MAS NMR spectra; Figure S2. IR spectra of
pyridine adsorbed on hybrid zeolites; Table S2. The distribution of Lewis and Brensted
acid sites; Figure S3. SEM and TEM micrographs).

According to XRD patterns of the catalysts, all samples contain the MFI topology
structure, as evidenced by the presence of specific-to-MFI reflections at 26 = 7.9, §, 23.2,
23.9, and 24.4° [46] (Figure 1A).

MFI/ALO,

MFI-MCM-41/Al,0,

Intensity (a.u.)

MFI-MEL/ALLO, 2 4 6 8 10
2 theta (degree)

10

20 30 40 50
2 theta (degree)

Figure 1. XRD patterns of the catalysts. (A) WAXRD-patterns; (B) SAXRD-pattern of MFI-MCM-
41/ALOs.
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The presence of the MEL structure in the MFI-MEL/ Al,O3 sample is confirmed by the
presence of reflections at 20 = 7.92, 8.78, 23.14, 23.98, and 45.2° [47]. The MFI-MTW/Al,O3
catalyst XRD pattern contains reflections that are characteristic of the MTW type structure
at20=7.2,8.8,20.7, and 23.1° [48]. The presence of MCM-41 in the MFI-MCM-41/Al,03
catalyst is confirmed by the characteristic reflection of the amorphous SiO; of MCM-41
at 20 = 22.8° and the reflection at 26 = 2.2° on the small-angle X-ray diffraction pattern
(Figure 1B) [40].

Quantification of the hybrid zeolite phase ratio can be performed through an as-
sessment of the contribution of different structures to the final XRD pattern [49]. On the
catalysts MFI-MEL/ Al,O3 and MFI-MTW /Al,Os, the zeolite phase ratio is 55/45 and
60/40, respectively [50]. The MFI/MCM-41 ratio is 80/20. All hybrid zeolites have an inter-
growth structure and do not contain crystallites of individual phases, which is confirmed
by SEM and TEM micrographs (Supplementary Materials Figure S3).

Table 1 shows the texture properties of the samples. External surface areas, micro-
and mesopore surface areas, and the average diameters of micro- and mesopores for all
catalysts are presented in Supplementary Materials (Table S3).

Table 1. Textural properties of the MFI-MEL/Al,O3, MFI-MTW / Al,O3, MFI-MCM-41/ Al,O3 samples.

Catal ) ) V(pore), cm3/g(Cat)

N atalyst SgeT, m*/g(Cat Shicror M-/g(Cat

© y peT, m/g(Cat) micro, M”/g(Cat) Total Micro Meso

1 MFI-MEL/ Al,O3 361 250 0.286 0.088 (30.8%) 0.198 (69.2%)
2 MFI-MTW /Al,O3 179 11 0.443 0.012 (2.7%) 0.431 (97.3%)
3 MFI-MCM-41/Al,03 250 42 0.340 0.040 (11.8%) 0.300 (88.2%)
4 MFI/Al,O3 293 181 0.198 0.057 (28.7%) 0.142 (71.3%)

Catalysts based on hybrid zeolites MFI-MEL, MFI-MTW, and MFI-MCM-41 have a
significantly larger mesopore volume (0.198-0.431 cm?/¢) than the standard catalyst based
on MFI zeolite (0.142 cm3/ g).

The hybrid zeolite-based catalyst MFI-MEL/Al,Os is characterized by the largest
specific surface area among the studied samples—361 m? /g, the average total pore volume—
0.286 cm3/ g, and, at the same time, the largest micropore volume—0.88 cm?/ g (30.8%).

The hybrid zeolite-based catalyst MFI-MTW / Al;Oj is characterized by the smallest
specific surface area—179 m? /g, and the largest total pore volume—0.443 cm3/g, while it
almost does not have micropores—their volume is 0.012 cm®/g (2.7%). The large total pore
volume of the MFI-MTW /Al,Oj3 catalyst is created by mesopores, which have a volume of
0.431 cm3/g.

The MFI-MCM-41/Al,Oj catalyst is characterized by an average specific surface area
of 250 m? /g, which is slightly lower than for the standard MFI/Al,O3 sample, but higher
than for the catalyst based on the MFI-MTW /Al,O3 hybrid zeolite. This sample is in the
middle in relation to the total pore volume—0.340 cm?/g, and the micropore volume—
0.040 cm3/g (11.8%).

In terms of the reaction mechanism, MFI-MEL/ Al,O3 should be considered the most
promising sample, which has the largest volume of micropores necessary for stabilizing
hydrocarbon pool species.

The results of the analysis of the ammonia TPD spectra for the samples are shown in
Figure 2. It should be noted that the acidity determined by TPD NHj can be overestimated;
however, these values can be compared with each other with a high degree of confidence.
The TPD spectra are resolved to Gaussian peaks using the Peak Deconvolution tool of the
Origin 2018 software package [51,52].
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Figure 2. NH3-TPD profiles of ammonia: (A) MFI-MEL/Al,O3, (B) MFI-MTW /AlL,O3, (C) MFI-
MCM-41/Al,03, (D) MFI/Al;O3 and their deconvolution into Gaussian peaks. The black solid line
is the experimental curve. The red dotted line is the cumulative curve of Gaussian peaks. Numbers
indicate the amount of acid sites corresponding to the peak, umol NHj3/g(cat).

For all samples, there are two peaks of ammonia desorption at the temperatures of
170-180 °C and 215-230 °C that correspond to the aluminum oxide and zeolite weak Lewis
acid sites such as AIO* or charged AIXO},“Jr clusters, respectively [53].

All samples are characterized by the desorption peak at the temperature of 350-380 °C.
These peaks correspond to strong Brensted acid sites represented by bridging OH" groups.

For the MFI-MCM-41/Al,0O3 and the standard MFI/Al,Os, superacid sites are ob-
served at a desorption temperature of 570 °C. These peaks correspond to strong Lewis acid
sites—extraframework aluminum atoms [53-57].

For MFI-MCM-41/ Al,O3, there is no pronounced local minimum between the peaks
of weak 170-180 °C and strong 350-380 °C acid sites in the TPD spectra, and a peak at the
desorption temperature of 290 °C can be observed at deconvolution. This peak corresponds
to the Brensted acid sites of medium strength—the OH-group located on tetrahedral
embedded aluminum atoms in the structure MCM-41 [58-62]. As the unmodified MCM-41
has no aluminum in the lattice, the observed medium-strength Brensted acid sites confirm
the formation of a hybrid structure MFI-MCM-41/Al,O5 [63].

The centers of the peaks corresponding to the weak and strong acid sites on different
samples are slightly shifted along the temperature axis (within 10-30 °C), which is most
likely due to the different diffusion restrictions on different zeolite structures [53].

The total acidity of samples decreases in the series MFI-MCM-41/Al, O3 > MFI/ AL, O3 >
MFI-MEL/ Al,O3 > MFI-MTW / Al,O3 and is 550, 495, 339, and 267 pumol NH3/ g(cat), respectively.

Numerical values of acidity for samples are presented in Table 2.
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Table 2. Acidic properties of catalysts.

Acidity of Fresh Catalyst, umol NHj3/g(cat)

Weak Sites Medium Sites Strong Sites
No Sample .
Tota Tp =170-180 °C _ ° _ o = °
T, = 215-230 °C T =290 °C T, = 350-380 °C Ts =570 °C
1 MFI-MEL/Al,O;4 339 200 (59.0%) - 139 (41.0%) -
2 MFI-MTW/ Al,O4 266 132 (49.6%) - 134 (50.4%) -
3 MFI-MCM-41/Al,0;4 550 223 (40.5%) 79 (14.4 %) 219 (39.8%) 29 (5.3%)
4 MFI/Al,O3 495 245 (49.5%) - 220 (44.4%) 30 (6.0%)
2.2. DME Conwersion to Olefin
The dependence of DME conversion on the specified contact time for the samples
studied is shown in Figure 3A. For all catalysts, the DME conversion increases with an
increase in specified contact time. The resulting pattern of dependences can be described
by an S-shaped curve, which reflects the autocatalytic nature of the MTO reaction [25,64].
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Figure 3. DME conversion (A) and methanol yield (B) as functions of specified contact time. p = 1 atm,
T =340°C.

The activity of the studied catalysts decreases in the series MF1/Al,O3 > MFI-MEL/
Al,O3 > MFI-MTW /Al,Os, which correlates with the total acidity of these samples:
495 > 339 > 266 pmol NHj3/g(cat).

At the same time, the sample based on the zeolite MFI-MCM-41/Al,O3, which is
characterized by the highest total acidity of 550 umol NHj3/g(cat), stands out from this
sequence. The dependence of the DME conversion on the specified contact time for the
MFI-MCM-41/ AL, O3 catalyst lies below the analogous curve for the MFI/Al,O3 standard
sample. Furthermore, on the MFI-MCM-41/Al,O3 sample, there is a significant decrease in
the yield of methanol compared to the standard MFI/Al,O3 sample (Figure 3B). This is
due to the fact that medium-strength acid sites (in the amount of 79 umol NHj3/g(cat)) of
MCM-41 do not participate in the reaction of hydrocarbon synthesis from oxygenates, but
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activate the dehydration of methanol with the formation of DME, as was shown in [65,66].
Therefore, for the sample based on the MFI-MCM-41 zeolite, not only are hydrocarbons
formed due to the structure of the MFI, but the additional formation of the DME from
methanol also occurs due to the presence of MCM-41.

On the MFI-MEL/ Al,Oj catalyst, at low specified contact times (up to 0.25 h-g(cat)/g(C)),
the DME conversion is lower than that of the standard MFI/Al,O3; sample. At specified
contact times of more than 0.5 h-g(cat)/g(C), the DME conversion increases sharply and, at
1.2 h-g(cat)/g(C), it is close to DME conversion on MFI/Al,Os.

The MFI-MEL/Al,O3 sample is characterized by the largest micropore volume
(0.088 cm3/g). Micropores of zeolite are associated with the formation and stabilization of
hydrocarbon pool species such as aromatic and polymethylcyclopentyl cations. The rate of
this stage is low; therefore, an induction period is observed on the DME conversion curve
at small specified contact times. However, when the hydrocarbon pool is already formed, it
can be seen that DME conversion on MFI-MEL/ Al,O3 increases sharply.

The interrelation between the micropores volume of the catalyst and its catalytic
properties can be seen in the dependence of the methanol yield on the DME conversion.
The maximum yield of methanol decreases in the series MFI-MTW /Al,O3 > MFI-MCM-
41/Al1,03 > MFI-MEL/Al,O5 (Figure 3B). The minimum yield of methanol (5.0% C) is
observed on MFI-MEL/Al,O3, while the maximum yield (8.5% C) is observed on MFI-
MTW /AL, Os3. In terms of catalyst micropore volume, the samples are in the inverse
sequence MFI-MTW /Al,O3 < MFI-MCM-41/Al,03 < MFI-MEL/ Al,O3: 0.012 < 0.040 <
0.088 cm3/ g(cat).

The greater the number of micropores, the greater the number of diffusion restrictions.
In the case of successive reactions, diffusion restrictions lead to a longer contact of interme-
diate products with the inner surface of the catalyst, which leads to more active secondary
reactions. Methanol is an intermediate product. The priority pathway for its formation is
the methylation of olefins and aromatics by DME [25,45]. Subsequently, methanol itself
reacts as a methylating agent and is consumed. Therefore, the dependence of the methanol
yield on the specified contact time passes through a maximum, then decreases. When
methanol is formed in the system, it competes with DME in the diffusion rate into zeolite
micropores and the participation in methylation reactions. The more micropores in the
catalyst, the greater the methanol participation in methylation reactions due to smaller
molecular size. That leads to the lower methanol yield observed in the gas phase.

The hypothesis about the determining role of micropores in the hydrocarbon pool
formation and in the rate of products diffusion is supported by the graphical dependences
of the products distribution (% mol) on DME conversion (Figure 4). In Figure 4, product
selectivities are located one above the other along the Y-axis, and their sum is 100%. The
product composition at a specified DME conversion is determined by the width of the bands
corresponding to a specific component. For example, for a standard MFI/Al,O3 catalyst at
a DME conversion of 43%, the selectivity for the formation of ethylene, propylene, butenes,
and methanol is 9.3, 17.9, 7.7, and 48.5% mol, respectively.

The hybrid zeolite-based MFI-MEL/Al,O3 catalyst is characterized by the highest
ethylene and propylene selectivity over the entire DME conversion range among the
studied samples. The selectivity for ethylene and propylene is 19.4 and 24.2% mol at 50%
DME conversion, and 26.8 and 22.2% mol at 95% DME conversion (Figure 4A), respectively.
The ratio of ethylene/propylene ranges from 0.7 to 1.2 (Figure 5).
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Figure 4. Dependence of the product selectivity (C;-C4 olefins, C1-Cy alkanes, C5-Cg hydrocar-
bons, and methanol) on DME conversion on catalysts (A) MFI-MEL/Al, O3, (B) MFI-MTW /Al,O3,
(C) MFI-MCM-41/Al,03, (D) MFI/ Al O3. p =1 atm, T = 340 °C.

On the catalyst based on hybrid zeolite MFI-MTW /Al, O3, the selectivity for ethylene
and propylene is 8.3 and 19.4% at 50% DME conversion and 16.4 and 18.8% at 95% DME
conversion, respectively. In the range of low DME conversion values, the selectivity of
ethylene is close to zero (Figure 4B). The ethylene/propylene ratio ranges from 0.15 to
0.75 (Figure 5).
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Figure 5. Ethylene/Propylene mole ratio as a function of DME conversion. p =1 atm, T = 340 °C.

The MFI-MCM-41/ Al;O3 catalyst is characterized by the product distribution, which
can be defined as “average” between the two samples MFI-MEL/Al,O3 and MFI/Al,Os.
Like MFI-MEL/ Al;O3, it has a high ethylene and propylene selectivity—12.5 and 20.5% at
50% DME conversion, and 23.0 and 16.4% at 95% DME conversion (Figure 4C), respectively.
At the same time, the selectivities of C5—Cg hydrocarbons and C;—-C4 alkanes on the MFI-
MCM-41/Al;O5 are the highest: up to 30% mol. and up to 12% mol, respectively. An
additional feature of this catalyst is a sharp increase in the ethylene/propylene ratio from
0.18 to 1.4 with an increase in DME conversion. The ratio increases due to an increase
in the ethylene selectivity from 1.7 to 12.3% mol, while the propylene selectivity remains
approximately constant at 15-20% mol over the entire range of DME conversions (Figure 5).

As mentioned above, the MFI-MEL/ Al,O3 catalyst has the highest micropore volume
and the highest ethylene/propylene ratio. On the other hand, the MFI-MTW /Al,O3
catalyst has almost no micropores and has the lowest ethylene/propylene ratio.

The increase in the yield of ethylene on MFI-MEL/Al,O3 can be related to the low
rate of diffusion of C5-Cg hydrocarbons from zeolite micropores. According to the dual-
cycle mechanism, aromatic polymethyl-substituted intermediates are formed from C5—Cg
hydrocarbons. Methylation and dealkylation of this type of hydrocarbon pool species lead
to the formation of ethylene [12,23,67]. Thus, diffusion difficulties of C5-Cg hydrocarbons
in zeolite micropores determine the yield of ethylene.

In addition to hydrocarbon selectivity, isomerizing activity and activity in hydrogen
transfer reactions are important characteristics for zeolite catalysts.

The comparison of the hydrogen transfer index in C,—Cs hydrocarbons for the studied
samples is shown in Figure 6. The hydrogen transfer index HTI is calculated according to
the standard method as the ratio of the number of alkanes with n carbon atoms to the total
number of alkanes and alkenes with n carbon atoms [68,69].
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Figure 6. Hydrogen transfer index (HTI) for hydrocarbons with chain length (A) 2 (e), 3 (H),
(B) 4 (#), and 5 (a) for MF-MEL/AL O3, MFI-MTW /AL O3, MFI-MCM-41/AL, O3, MFI/Al,O,
catalysts, respectively. p =1 atm, T = 340 °C.

The hydrogen transfer index increases in the series C; < C3 < C4 < Cs5 as shown in
Figure 6. The HT-index for C; hydrocarbons is low (less than 0.012), and it almost does not
depend on the DME conversion for all studied samples. The dependence of the HT-index for
C3 hydrocarbons on DME conversion can be approximated by an exponential function and
for C4—Cs hydrocarbons by a linear one. This means that for C3—C5 hydrocarbons, the rate
of the H-transfer reaction increases with an increase in DME conversion. Consequently, the
contribution of hydrogen transfer reactions to the distribution of products also increases—
the yield of alkanes rises.

In comparison to other samples, the MFI-MEL/Al; O3 is characterized by a high HT-
index for C3 hydrocarbons (0.075 at a DME conversion of 95%) and minimum HT-index for
C4 and Cs hydrocarbons (0.15 and 0.38 at a DME conversion of 95%).

The maximum HT-index for C3-C5 hydrocarbons is observed for MFI-MCM-41/Al,Os.
This catalyst has a large mesopore volume (0.300 cm3/g) and it is not a catalyst with a
low activity as MFI-MTW /Al;O3 is. As the hydrogen transfer reaction proceeds between
the lower and higher olefins, the coordination of the reactants requires space, which is
apparently provided by the mesopores of the hybrid structure.

To estimate the isomerizing activity of the catalysts, the dependences of the iso-/n-
alkenes mole ratio on DME conversion were plotted (Figure 7).

It can be seen that the ratio of iso-/n-isomers does not depend on the DME conversion,
and all the studied samples have the same isomerizing activity. Olefins with a longer
carbon chain are more actively involved in isomerization: the iso-/n-ratio for C4Hg olefins
is 0.08, and for CsHj olefins, it is 0.38.

135



Catalysts 2023, 13, 570

0.7
— 0.6
(o]
E
g 0.5 iSO'C5H10/n-C5H10 ‘_I
i
S 0.4
g .l_l_._ Bl —mgls _ g o
©
£0.3-
(<]
c
S .
© 0.2+ ISO-C4H8/n-C4H8
-‘3 0.1 \
0.0 T T T T T T T ' |
0 20 40 60 80 100
x(DME), %
® MFI-MEL/ALO, ® MFIMTWALO,

® MFI-MCM-41/ALO, ® MFI/ALO,
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3. Materials and Methods
3.1. Catalyst Synthesis

Hybrid zeolites MFI-MEL, MFI-MTW, and MFI-MCM-41 were synthesized according
to the method described in patents [50,70].

The industrial zeolite IK-17-1 (Novosibirsk Chemical Concentrates Plant (NCCP),
Novosibirsk, Russia) was used as the MFI zeolite, which is the Russian analog of the ZSM-5
zeolite (Zeolyst, Conshohocken, PA, USA).

3.1.1. MFI-MEL Synthesis

Amounts of 3.73 g of aluminum decahydrate sulfate and 10.1 g of N!,N'0-bis(2-
hydroxyethyl)-N!, N1, N0 N'0-tetramethyldecane-1,10-diammonium bromide are dissolved
in 12.6 g of distilled water (Solution 1).

Then, with stirring, 1.5 g of sodium hydroxide was added to Solution 1—the solution
was stirred until the solid reagents were dissolved (Solution 2).

In a separate container, 25.2 g of a 40% (wt.) colloidal solution of silicon dioxide brand
LUDOX HS-40 and 10.1 g of water were mixed until homogeneous (Solution 3).

Solution 2 was added dropwise to Solution 3 and mixed until a homogeneous gel-like
mass was formed. For crystallization, the resulting gel was placed in a Teflon cup of the
autoclave, sealed, and thermostated at 160 °C for 3 days. The resulting product was filtered
off under reduced pressure (101.325 kPa) on a glass porous filter and washed with distilled
water until the pH of the filtrate reached 9.0. The sample was transferred to a Petri dish
and dried in an oven at 100 °C for 12 h; calcined in a muffle furnace, starting from room
temperature, then with a heating step of 1 °C/min up to 520 °C, then at this temperature
for 6 h. Ion exchange to obtain the NHy4 form of the zeolite was carried out witha 1.1 M
aqueous solution of ammonium chloride for 15 h. The mixture was filtered under reduced
pressure (98.5 kPa) on a porous glass filter, washed with distilled water until the pH of the
filtrate reached 8.0, and dried in an oven at 100 °C for 12 h; calcined in a muffle furnace,
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starting from room temperature, then with a heating step of 1 °C/min up to 460 °C, then at
this temperature for 4 h to obtain the H-form of the zeolite.

3.1.2. MFI-MTW Synthesis

Hybrid-structure zeolite MFI-MTW was prepared similarly to MFI-MEL with the dif-
ference that Solution 1 was prepared as follows: 3.73 g of aluminum decahydrate sulfate and
10.1 g of 8.95 g of N!,N°-bis(2) bromide-hydroxyethyl)-N',N!,N®,N°-tetramethylhexane-
1,6-diammonium were dissolved in 12.6 g of distilled water.

3.1.3. MFI-MCM-41 Synthesis

Amounts of 0.69 g of sodium hydroxide, 5.8 mL of a 1 M solution of tetrapropylammo-
nium hydroxide, and 35.5 mL of water were stirred until all components were completely
dissolved. An amount of 6.9 g of pyrogenic silicon dioxide was added to the resulting
solution for an hour in portions with continued stirring, and the mixture was stirred at
room temperature for another 1 h; then, the mixture was placed in a Teflon cup (Solution 1).

In a separate Teflon cup, 2.20 g of hexadecyltrimethylammonium bromide, 0.44 g of
sodium hydroxide, and 43.3 mL of water were mixed until complete dissolution of the
template. An amount of 0.51 g of sodium aluminate was added to the resulting solution
and mixed. An amount of 4.92 g of silicon dioxide was added to the resulting solution
in portions with stirring for one hour. The mixture was stirred for three hours at room
temperature until complete homogenization (Solution 2).

Both Solution 1 and Solution 2 were placed in an autoclave and thermostated at
100 °C for 16 h. An amount of 6 g of Solution 1 was added to Solution 2 in a Teflon
cup. The resulting mixture was stirred on a mechanical stirrer until homogeneous for one
hour. For crystallization, the resulting mixture was placed in the autoclave, sealed, and
thermostated at 180 °C for 3 days. The resulting product was filtered off under reduced
pressure (101.3 kPa) on a glass porous filter and washed with distilled water until the pH
of the filtrate reached 9.0. The sample was transferred to a Petri dish and dried in an oven
at 90 °C for 6 h; calcined in a muffle furnace, starting from room temperature, then with
a heating step of 1 °C/min up to 550 °C, then at this temperature for 6 h. Ion exchange
to obtain the NHy form of the zeolite was carried out with a 1.1 M aqueous solution of
ammonium chloride at 85 °C for 2 h. The mixture was filtered under reduced pressure
(98.5 kPa) on a porous glass filter, washed with distilled water until the pH of the filtrate
reached 8.0, and dried in an oven at 90 °C for 6 h; calcined in a muffle furnace, starting
from room temperature, then with a heating step of 1 °C/min up to 550 °C, then at this
temperature for 5 h to obtain the H-form of the zeolite.

3.1.4. Catalyst Preparation

An amount of 42.7 g of AIO(OH) was placed in a mixer and 20 mL of a peptizing
solution (5 mL of 1.0 M aqueous HNOj3 + 15 mL of H,O) was added. The mixture was
stirred for 5 min. An amount of 76.5 g of dry zeolite was added. The mass was stirred for
20 min at 60 °C. After that, the catalytic mass was passed through an extruder with a die
diameter of 2.5 mm. The extrudates were dried in an oven at 80 °C, 90 °C, 100 °C, 110 °C,
and 120 °C for 3 h at each temperature, then calcined in a muffle furnace at 550 °C for 7 h.
During calcination, AIO(OH) was converted to Al,Os. The final content of Al;Oj in the
material obtained was 30% wt.

3.1.5. Hydrothermal Treatment

The MFI/Al,O3 standard sample was hydrothermally treated before catalytic experi-
ments at 500 °C for 6 h at WHSV of steam 12 h~!. The detailed description of the catalyst
preparation method can be found in the patents [45,71,72].
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3.2. Catalyst Characterization

X-ray powder diffraction (XRD) patterns of samples were recorded on a Rigaku
Rotaflex RU-200 diffractometer with Cu K« radiation (1.5418 A, 50 kV, and 160 mA). The
zeolites phase ratio was determined by the Reference Intensity Ratio (RIR) method using
the MDI Jade 6 program [73].

The textural characteristics of the catalyst samples were studied by N, adsorption/
desorption isotherms at —196 °C on a Belsorp mini X instrument (MICROTRAC MRB,
Osaka, Japan). Prior to measurement, catalyst samples were degassed under a high vacuum
at 350 °C and 1.36 10 atm for 3-6 h. The total specific surface area of the catalyst
was determined by the BET method (Brunauer-Emmett—Teller). The total pore volume
was determined according to the amount of adsorbed nitrogen at a relative pressure of
p/po = 0.95. The mesopore volume was determined as the difference between total pore
volume and the micropore volume (t-plot). The micropore surface area was calculated as
the difference of the total surface area (BET) and sum of the external surface area (t-plot)
and the mesopore area (BJH method (Barrett-Joyner—-Halenda), desorption curve). The
average mesopore diameter was determined by the BJH method and the average micropore
diameter was determined by the MP-plot.

The amount, strength, and distribution of acid sites were determined by NH3-TPD
on a chemical adsorption analyzer USGA (Moscow, Russia) with a thermal conductivity
detector. All samples (0.15 g) before measurements were pretreated by heating in a helium
flow at 500 °C (heating rate of 20 °C/min), calcination at 500 °C for 1 h, and cooling to 60 °C.
Then, the samples were saturated with NHj for 15 min, flushed with helium at 100 °C for
1 h to remove physically adsorbed NH3, and cooled to 60 °C. The final desorption of NH3
was performed at 60-750 °C at a heating rate of 8 °C/min in a helium flow. The released
ammonia was recorded using a thermal conductivity detector.

X-ray fluorescence elemental (XRF) analysis was conducted with the Thermo ARL
Perform’x Sequential XFR instrument (Thermo Fisher Scientific, Waltham, MA, USA) using
a 2500 W X-ray tube. Before the analysis, the samples weighing 200 mg were pressed into a
tablet with boric acid.

Scanning electron microscopy (SEM). The micrographs of the samples were taken on a
Hitachi (Chiyoda City, Tokyo, Japan) TM3030 desktop scanning electron microscope.

The structure and surface morphology of the synthesized samples were studied using
transmission electron microscopy (TEM) on an LEO AB OMEGA instrument with the
magnification from 80 to 500,000 and the image resolution of 0.2-0.34 nm.

Nuclear magnetic resonance spectra were recorded at a rotation magnetic angle on a
Bruker AVANCE-II 400 WB spectrometer with a magnetic field of 9.4 T, which corresponds
to operating frequencies of v('H) = 400.13 MHz and v(*’ Al) = 104.2 MHz, using a MAS
(magic-angle spinning), with the diameter of the MAS-rotor of 4 mm and the rotation
frequency of 12,000 Hz. Before registration, air-dry samples were kept in a desiccator with
a 25% aqueous ammonia solution for 24 h at room temperature. Spectra on 2’ Al nuclei
were recorded using a single-pulse technique (15° pulse) with the following parameters:
the exciting 15° pulse width was 0.8 s, the number of scans was 1024, and the interval
between scans was 0.5 s. An 1 M Al(NO3)3-HpO aqueous solution was utilized as an
external reference (0 ppm).

The concentration of acid sites in the samples was determined by the IR spectroscopy
of adsorbed pyridine. IR spectra were recorded on a Nicolet Protégé 460 instrument with
an optical resolution of 4 cm~! and a range of 4000-400 cm ~!. Samples in the form of disks
(diameter 1.6 cm, density ~10 mg cm~2) were activated in an IR cell at 400 °C (heating rate
of 7.5 deg min ') for 2 h at a pressure of 10~° Torr. The adsorption of probe molecules
was carried out at 150 °C and a pressure of 2 Torr of pyridine for 30 min. At the end of
the adsorption cycle, pyridine was desorbed at 150 °C for 15 min. The concentrations of
Bronsted acid sites (BAS) and Lewis acid sites (LAS) were determined from the intensity
of the adsorbed pyridine bands (1545 and 1450 cm !, respectively); the molar extinction
coefficients were e(BAS) = 1.67 cm-pmol ! and €(LAS) = 2.22 cm-pumol 1.
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3.3. Catalytic Tests

Catalytic experiments were performed in a fixed-bed continuous flow quartz reactor
with an inner diameter of 10 mm at 1 atm and 340 °C. Here, the catalyst, weighing 0.5 g
(dp = 0.4-0.63 mm), was mixed with quartz (dp = 0.5-1.0 mm) with the volume ratio of
1:1. Prior to the experiment, the catalyst was preheated and purged with nitrogen flow at
400 °C for 1 h to remove physically adsorbed water. The dimethyl ether/nitrogen mixture
with a concentration of DME of 10-13% vol was used as a feedstock. The GHSV was varied
in the range of 2500-25,000 h—!.

The specified contact time per carbon for DME () varied from 0.2-3.0 g(cat)/g(C)-h, cor-
responding to DME conversion in the range of 5-95%. The results averaged over three parallel
measurements with a relative error of 5-7% were used for the calculation of catalytic activity.

The reaction products were analyzed using an on-line gas chromatograph (Crystallux-
4000 M) equipped with a flame ionization detector (FID) and a thermal conductivity detec-
tor (TCD). The capillary column with the CP-Poraplot Q phase (27.5 m x 0.32 mm x 10 um)
was used to determine the composition of hydrocarbons C;-Cg, methanol, and DME. The
packed column with a Porapak Q phase (3.0 m x 4 mm x 3 pm) was used to determine
Ny. The analysis was performed at the programmed temperature increase from 90 to
250 °C with a heating rate of 30 °C/min, and the carrier gas was helium. Chromatograms
were processed using the NetChromWin software (Version 2.0, JSC Scientific Production
Company Meta-Chrome, Yoshkar-Ola, Russia, 2017) and hardware systems.

The reaction products observed were methanol, alkenes C,—Cj, alkanes C;—Cy4, and
hydrocarbons C5—Cg (alkanes, cyclo-, and aromatic compounds).

The DME conversion (1) and the selectivity of products (2) were used as the main
indicators for characterizing the processes. The specified contact time was calculated by
Equation (3)

1in(DME) — 1144t (DME)

= % 1

XDME 7, (DME) , % 1)
nci

S , % mol 2

' Zi nci ( )

e Mcat Bcat xh (3)

- Min, C(DME) ’ &c

where n;,(DME) and n,,:(DME) are moles of DME at the reactor inlet and outlet, respec-
tively, ncj is mole of the i-th carbon-containing compound in products at the reactor outlet,
mole; ) ; ncj is the sum of moles of all products at the reactor outlet, mole; ¢, is mass of
the catalyst, g; minc(DME) is mass flow of carbon in the DME at the reactor inlet, g~ /h.

4. Conclusions

The catalysts based on hybrid zeolites MFI-MEL, MFI-MTW, and MFI-MCM-41 have
been studied in the reaction of lower olefins synthesis from dimethyl ether. The texture-
acid properties of the samples have been studied, and their influence on the activity and
distribution of the reaction products has been established.

It has been shown that the activity of the zeolite catalyst is determined by the total acid-
ity of weak (ammonia desorption temperature T = 170-230 °C) and strong (T = 350-380 °C)
active sites, while the participation of medium-strength acid sites (T =290 °C) in the reaction
of hydrocarbon formation from oxygenates is unlikely.

It has been shown that the volume of micropores in the catalyst is responsible for the
ethylene selectivity and the ethylene/propylene ratio in the reaction products. An increase
in the volume of micropores contributes to an increase in the ethylene selectivity due to the
stabilization of aromatic hydrocarbon pool species.

It has been shown that the topology of the hybrid zeolite affects the rate of hydrogen
transfer reactions but does not affect the isomerizing activity of the catalyst.
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Abstract: Zeolites are of great interest to the scientific and industrial communities due to their inter-
esting catalytic properties, such as high specific area, shape selectivity, and thermal and hydrothermal
stability. For this reason, zeolites have been intensively studied and applied in several reactions of
great industrial interest. However, the size of zeolite micropores may hinder the diffusion of bulky
molecules in the pore system, limiting the use of zeolites in some reactions/applications that use
bulky molecules. One way to address this limitation is to generate secondary porosity (in the range
of supermicropores, mesopores and/or macropores) in such a way that it connects with the existing
micropores, creating a hierarchical pore system. There are different hierarchical approaches; however,
most are not economically viable and are complicated/time-consuming. Alkaline treatment has
been highlighted in recent years due to its excellent results, simplicity, speed and low cost. In this
review, we highlight the importance of alkaline treatment in the generation of secondary porosity
and the parameters that influence alkaline treatment in different zeolitic structures. The properties
and catalytic performance of hierarchical zeolites prepared by alkaline treatment are extensively
discussed. It is expected that this approach will be useful for understanding how alkaline treatment
acts on different hierarchical structures and will thus open doors to achieve other hierarchical zeolites
by this method.

Keywords: hierarchical zeolites; alkaline treatment; porous materials; synthesis strategies; post-
synthesis methods

1. Hierarchical Zeolites

Conventional zeolites contain only micropores with a maximum size of 2 nm in
their structure. The presence of only micropores provides greater selectivity in these
materials; however, the uniquely microporous structure prevents molecules (especially
bulky molecules) from accessing the interior of the pores and finding the active sites of the
zeolite. This limited diffusion can minimize the performance of zeolites, for example, by
enabling the formation of coke that, in turn, promotes the deactivation of the zeolite.

Due to diffusion limitations and possible rapid deactivation when large molecules
enter microporous zeolites, several recent studies have focused on obtaining hierarchical
zeolites to improve the accessibility and catalytic efficiency of zeolitic materials.

To better understand the advantages and use of hierarchical zeolites, it is necessary to
understand their structural composition in relation to porosity. Hierarchical zeolites exhibit
intrinsic microporosity and secondary porosity, which can be in the range of supermicrop-
ores (0.7-2 nm), mesopores (2-50 nm), and macropores (>50 nm). This secondary porosity
can be classified into porosity with a narrow or wide range of pore sizes. Therefore, hierar-
chical zeolites exhibit selectivity arising from their intrinsic microporosity, together with
improved mass transport arising from the introduction of supermicropores, mesopores, or
macropores into the zeolitic structure [1].
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The introduction of secondary porosity into zeolites depends on the desired applica-
tion of the materials. Generally, secondary porosity is in the range of mesopores. However,
the generated pore size range can be controlled and/or influenced by the chosen hier-
archical synthesis method. This secondary porosity can be understood by two distinct
mechanisms. Additional supermicropores, mesopores or macropores can be generated in
the zeolitic crystals, resulting in intracrystalline porosity, or they can also be generated by
the agglomeration of nanometric zeolite crystals, resulting in intercrystalline porosity. In
both cases, the obtained hierarchical zeolites exhibit improved mass transfer due to the
greater accessibility caused by the additional porosity. Due to the benefits of enhanced
accessibility, great interest has been devoted to obtaining hierarchical zeolitic materials [2,3].

According to some studies [3—6], hierarchical zeolites can be classified into three categories:

- Hierarchical crystals: formed by the combination of the intrinsic microporosity of the
predominant crystal in the zeolite with additional intracrystalline porosity that may be
in the range of supermicropores, mesopores, or macropores. In addition, the formation
of intercrystalline macropores is possible through spaces between the crystals. This
secondary porosity (supermicropores, mesopores or macropores) can be introduced
by either direct synthesis or post-synthesis.

- Nanosized crystals: formed by decreasing the size of the zeolite crystals, which gener-
ally reach dimensions lower than 100 nm. In addition to the well-defined microporous
system characteristic of zeolites, these materials have a system of intercrystalline
supermicropores, mesopores or macropores caused by the agglomeration/packing of
the crystals. This secondary porosity is obtained by direct synthesis.

- Supported zeolite crystals: the zeolite crystals are supported and/or dispersed in
another material /support. The material obtained is not a pure zeolite but a material
consisting of the zeolite micropore system and a system of mesopores and/or intercrys-
talline macropores in the support (the size range of the additional pores is determined
by the support material). This secondary porosity is obtained by post-synthesis or
assisted direct synthesis.

Hierarchical zeolites obtained by different synthesis methods exhibit accessibility
advantages for various catalytic reactions when compared to conventional zeolites. These
advantages contribute to increasing mass transfer, minimizing catalytic deactivation and
increasing activity with respect to bulky substrates in several chemical reactions.

Therefore, new, effective processes for the formation of hierarchical zeolites have
been widely studied. Essentially, there are two types of approaches to obtaining hierarchi-
cal zeolites: top-down and bottom-up approaches [7-10]. The first strategy consists of a
post-synthesis procedure, in which an already established zeolitic structure is subjected to
processes to generate secondary porosity. The second approach is a direct synthesis proce-
dure, in which the secondary porosity derives from the formation of the zeolitic structure.

The main synthesis methods, based on hierarchical approaches, used to obtain hierar-
chical zeolites are presented in Table 1.

Table 1. Main methods for the synthesis of hierarchical zeolites.

Approaches Approaches
Top-down Bottom-up
Hard templating [18]
Desilication [11,12] Soft templating [19]
Dealumination [13] Template-free [20]
Irradiation [14] Dual templating with surfactant [21]
Recrystallization from mixed methods [15-17] Zeolitization of materials [22]

Nanoparticle assembly [23]

2. Synthesis of Hierarchical Zeolites by Post-synthesis Procedures

The top-down methods of dealumination, desilication, irradiation, and recrystalliza-
tion are the main methods of secondary porosity formation by post-synthesis. These
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methods have some advantages, such as applicability to different types of zeolites with
different Si/ Al ratios; low cost; high zeolitic crystallinity at the end of the process; and a
high degree of secondary porosity. The main details of these post-synthesis methods are
described below.

The dealumination method consists of the selective removal of aluminum atoms be-
longing to the zeolitic structure. This removal causes defects that are generated by the
hydrolysis of 5i-O-Al bonds [24-27]. Secondary porosity (usually mesopores) is introduced
through the generation of vacancies caused by the removal of aluminum atoms [26-28].
However, this method exhibits some disadvantages, including the limitation of zeolites
being rich in aluminum, difficulty in controlling the generated mesopores, poorly intercon-
nected mesopores, and partial blockage of the pores (micropores and mesopores) caused by
the deposition of amorphous material. In addition, the acidity of hierarchical zeolites can
be significantly affected because the removal of aluminum atoms will reduce the number
and strength of acid-active sites [9,25,29].

The irradiation method was developed by Valtchev [14]; in this method, macrop-
ores are introduced in a parallel orientation inside the zeolite crystals using uranium
irradiation, and subsequently, etching with acid solution and washing with water are
performed [1,30,31]. This process preserves the microporosity and crystallinity of the
zeolite. Despite generating a uniform distribution of parallel macropores, this method
has a disadvantage in the use of uranium to irradiate the zeolite crystals [1,30].

The desilication and recrystallization/restructuring methods are based on an alkaline
treatment procedure. In desilication, silicon atoms are removed from the zeolitic structure,
resulting in secondary porosity, usually in the range of mesopores [32-36]. Recrystalliza-
tion/restructuring is characterized by the removal of atoms and subsequent reorganization
of these atoms in the structure, which preserves the initial crystalline form and adds
secondary porosity to make acid sites more accessible [37-40].

Desilication by alkaline treatment has become a topic of great relevance and interest in
the preparation of hierarchical zeolites due to its success in obtaining zeolites with well-
defined mesopores. This process introduces secondary porosity in a simple, fast, effective
and low-cost way, which makes the method even more desirable. In addition, alkaline
treatment can introduce secondary porosity while minimally affecting the acidic properties
and microporous character of the zeolite, contributing to greater diversity in the application
of these materials.

3. Alkaline Treatment

In recent years, alkaline treatment (a post-synthesis method usually involving NaOH
solution) through desilication has become one of the most versatile procedures to generate
mesoporosity in zeolites. Alkaline treatment can also lead to a reorganization in the zeolitic
structure through the recrystallization /restructuring of the zeolite, generating secondary
porosity and making acid sites more accessible.

The selective extraction of silicon from the structure by alkaline treatment, known as
desilication