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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-6methoxynaphthalene
[51]
The condensation of
KIT-6 3D cubic Ia3d - 4-12 [40,52] benzaldehyde and 1-heptanal
to Amylcinnamaldehyde [53]
Selective hydrogenation of
MSU MSU.H S 11;2)21%? nal - 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 ,
Claosfs ﬁggon Eﬁg};le Structure Metal Nodes/Clusters Ligands Po(rcen:;ohillr;e and Teller (BET) Fine Chemical
8 Surface Area (m? g-1) Production >*
Hydrogenation of
Isoreticular Ocothedral 2-amino-1,4- ) levulinic acid to
MOFs IRMOF-3 crystalline 7040 benzenedicarboxylate 1071731 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] 142837 [77] Knoevenagel
(ZIFs) (SOD) reaction [78]
Por Benzothiadiazole,
Ie orous. tetramethyl- Epoxide
oordination - . .
PCN-57 Zrs04(OH)4(RCO7)12 triphenylene 1.36 [79] 3300 [80] Ring-Opening to
Networks . . )
(PCNs) dicarboxylate trans-1,2-diols [81]
(TTDC)
The prins
condensation of
. {3-pinene and
%astgﬁi}: MIL- Trimeric Benzene-1,3,5- paraformaldehyde
. chromium(IIT) 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
Lo Through bridging Possible through an
Bronsted acidity Si(OH)/ Al hydroxyl groups. organic linker.
- From oxygen atoms within Possible through an
Basicity L
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'AIQOC), 'XSiOZ -yH20 (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 Z5M-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

1 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
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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 Np-physisorption. The
number and strength of the Bronsted 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 2 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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