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Abstract
The wide applicability of silica-based mesoporous molecular sieves in the most different scientific areas, such as catalysis, 
adsorption, drug delivery systems, sensors, CO2 capture, enzyme immobilization, so on, is justified by their unique textural 
and structural characteristics. These materials exhibit high porosity, high specific surface area, limited pore distribution and 
controllable morphology what makes them adaptable and versatile. This review will address the latest in relation to molecular 
sieves of the M41S family, as well as their synthesis routes, highlighting the role of ionic solids and ionic liquids as structure-
directing agents, the influence of heteroatoms addition (M+/MCM), focusing on graphene incorporation (graphene/MCM), 
the means of characterization of these materials and their main applications. Considering the approaches that have been 
widely explored in the literature, it is safe to say that, depending on the synthesis route, these materials can be considered 
environmentally friendly, as it is possible to obtain them using clean reagents in one-pot syntheses. These materials already 
provide several solutions to nanoscale problems and its functionalization with graphene and the use of ionic solids and ionic 
liquids as SDA can further improve its performance.
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1  Introduction

The development of materials is a multidisciplinary subject, 
which is practically fundamental to all scientific areas. In 
this review, mesoporous materials will be addressed, such 

as SBA and other types of mesoporous silica, but emphasis 
will be given to the MCM type, making a report since its 
discovery, going through the main characterization tech-
niques, highlighting their applications and the new materials 
developed using the MCM structure as an object of study. 
An indicator, a WordCloud is shown in Fig. 1 with the most 
used terms throughout the text.

1.1 � M41S Family Molecular Sieves

In recent decades, there has been a significant increase in 
research related to nanoscale materials due to their numerous 
possibilities of applications in the areas of catalysis, environ-
mental pollution control, adsorption, separation, DDS (drug 
delivery systems), sensors, among others [1]. Among these 
materials are the so-called “molecular sieves”, a concept 
developed by McBain in 1933 [2] which comprises porous 
solids that can selectively adsorb molecules which have a 
kinetic diameter of sufficient magnitude to allow their entry 
into the channels and cavities of the solid [3].

The IUPAC (International Union of Pure and Applied 
Chemistry) classifies molecular sieves according to their 
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pore diameter (Dp) and therefore these can be: microporous 
(Dp ≤ 2 nm), mesoporous (2 nm < Dp ≤ 50 nm) or macropo-
rous (Dp > 50 nm) [1].

Due to the need to process bulky molecules 
(size > 0,75 nm) in order to optimize industrial processes, 
in 1992 researchers from Mobil Oil Corporation developed 
a class of silica-based nanostructured mesoporous materi-
als known as M41S. This family of materials covers several 
types of MCM (Mobil Composition of Matter of number 
n), the main ones being: MCM-41, which has a hexagonal 
structure and a unidirectional pore system; MCM-48, which 
has a cubic structure and three-dimensionally interconnected 
pores and MCM-50, which has a lamellar structure with lay-
ers of silica and double layers of surfactant [4–6].

Figure 2 presents the structures of MCM-41, MCM-48 
and MCM-50 in a schematic form and their respective X-ray 
diffractograms with Miller indices and interplanar distances.

According to IUPAC, mesoporous silicas such as those 
in the M41S family encompass materials with pores, fis-
sures, channels or cavities that are deeper than they are wide. 
Despite the reduced width, the depth of its pores allows the 
sorption of large molecules, justifying the wide range of 
applications of these materials. IUPAC also classifies zeo-
lites, activated carbon and silica gel as porous materials [9].

In addition to the characteristics already mentioned, the 
variety of applications of these materials is also due to their 
high porosity, high specific surface area, limited pore distri-
bution and controllable morphology. The possibility of con-
trolling their syntheses in order to obtain the desired struc-
ture and pore size allows the adjustment of their properties 
for specific applications [10]. These characteristics imply the 

insertion of molecular sieves in several advanced adsorption 
and catalysis techniques, as these materials are able to meet 
principles that are not achievable by older techniques [11].

The wide applicability of these materials is also 
directly linked to the properties that each structure gives 
them. MCM-41 and MCM-48 have high surface areas 
(1000–1500 m2/g), good crystallinity (repeated and well-
ordered grouping of their atoms) and high thermal stability, 
making them efficient for processes such as catalysis, sepa-
ration and adsorption [12–14]. In addition, characteristics 
such as pore size (2–50 nm) and pore volume (>1.2 cm3/g) 
also contribute to the efficiency of these materials for the 
mentioned processes [15, 16].

2 � Synthesis of M41S Family Molecular 
Sieves

M41S family molecular sieves are synthesized in the pres-
ence of, among other reagents, a structure-directing agent 
(SDA) and a source of silica [4]. The SDA is composed 
of amphiphilic molecules which act as structure directors 
and, due to their ability to interact in a double way, form 
micelles that interact with the silicon oligomers and control 
the pore size [17, 18]. The use of organic structure direct-
ing agents forms organic-inorganic mesophases, attributing 
to these materials some of their innate characteristics [19]. 
The synthesis of these materials also requires the use of a 
mineralizing agent, which has the function of transforming 
the silicon-containing molecules into silicate ions (soluble 
species), the most used being NaOH and TMAOH (tetra-
methylammonium hydroxide), the organic cation of the last 
one also contributes to the formation of the basic units that 
make up silica [1, 18].

The properties of the materials of the M41S family are 
determined by the synthesis conditions employed, which 
may vary in the concentration of reagents, sources of sili-
con, pH of the solution, nature of the surfactant, time and 
temperature [20]. The most commonly used commercial 
silica sources are tetraalkoxysilanes (Si(OR)4), as TEOS 
[(Si(OCH2CH3)4)] and TMOS [(Si(OCH3)4)] [21], their 
molecular geometries are shown in Fig. 3. The pH of the 
reaction medium also influences the structure of the mate-
rial: in basic media there is better condensation of silanol 
groups, resulting in a well-ordered structure with high spe-
cific surface area, whereas acidic media provide greater vari-
ation the morphology of mesoparticles [1].

When conducting the synthesis experiments of the 
M41S family of materials, the Mobil Oil Corporation 
researchers found that the composition of the synthe-
sis solutions directly inf luences the final structure 
of the pores, as well as the diameter of the pores in 
MCM-41 increases as the length of surfactant chain 

Fig. 1   WordCloud with the most used terms throughout the text
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increases [24]. For the synthesis, temperatures in a 
range between 100 and 150  °C were used for 24 to 
144 h and the resulting solid after filtration, washing 

and drying was calcined at 540  °C under gas f low 
alternating between nitrogen and air, resulting in the 
mesoporous material [6, 25].

Fig. 2   Schematic representa-
tion of the structures of the 
mesoporous materials of the 
M41S family and their respec-
tive X-ray diffractograms: (a) 
MCM-41, (b) MCM-48 and 
(c) MCM-50. Source: Adapted 
from [6–8]

Fig. 3   Molecular geometries 
of (a) TEOS and (b) TMOS. 
Source: [22, 23]
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The most common means of synthesis are the sol-gel pro-
cess [26], microwave heating [27], hydrothermal processing 
[28], template-assisted technique [29] and ultrasound [30]. 
A study report the synthesis of polysulfone/MCM-41 mixed 
matrix membranes and, for the molecular sieve synthesis, 
they used hydrothermal processing and the specific surface 
area of the material was 350 m2g−1 [31]. MCM-41 was syn-
thesized through the method of microwave irradiation of 
90 and 120 W and obtained materials with surface areas 
of 1447.48 m2g−1 and 1515.73 m2g−1 and pore volumes of 
1.12 × 10–6 m3g−1 e 1.43 × 10–6 m3g−1, respectively [32].

Advances in research related to synthesis processes cur-
rently allow these to be conducted under milder experi-
mental conditions and that alternative reagents are used, 
making them faster and less expensive. MCM-41 was pro-
duced using rice husk ash as an alternative source of silica, 
obtaining the material with a specific surface area of 848 
m2g−1 and pore volume of 0.84 cm3g−1 [33]. MCM-41 and 
MCM-48 were obtained by performing the synthesis for 2 h 
without any heating and obtained materials with a surface 
area greater than 1000 m2g−1 and pore volume greater than 
1.0 cm3g−1 [19].

There are several studies on the use of different structure 
directing agents, with CTAB (cetyltrimethylammonium bro-
mide) being the most reported in the literature [34–36]. The 
use of ionic liquids (ILs) and ionic solids (ISs) as SDA has 
been the subject of several recent researches due to their 
ability to increase the space limits between the pores, mak-
ing the material structure more stable and its crystallization 
thermodynamically possible [37]. In addition, characteristics 
such as non-flammability, adjustable polarity and solvation 
properties, low toxicity, high electrical conductivity and 
good thermal stability make these compounds attractive to 
both industry and academia [38].

2.1 � Structure‑Directing Agent

The structure director is a molecule composed of a hydro-
carbon chain that has a polar (hydrophilic) and a nonpo-
lar (hydrophobic) end in its structure [1]. In the reaction 
medium, these molecules act as a template and their addition 
leads to crystallization of a structure that would not form 
in their absence. In addition, they have the effect of filling 
pores, that is, their molecules provide greater structural sta-
bility to the mesoporous material [39–41].

The mesoporous structure is formed around these mol-
ecules due to the ability of their organic part to interact, 
through electrostatic, covalent bonds, hydrogen bonds or π 
¬ π interactions, with the main groups of structure-directing 
agents and the ability to interact of its other part, which has 
an alkoxysilane that is capable of interacting with silica [42]. 
Therefore, the structure-directing agent and the silicate ions 

form bonds organized in ordered sets favorable to the forma-
tion of the material [43].

It is important to clarify the distinction between the terms 
“structure directing agent” and “template”, which can gen-
erate dubiousness when used. A structure directing agent 
induces the formation of a specific inorganic structure which 
would not form in its absence. The template is a substance 
which participates in the synthesis of the material and causes 
the substance to form around it. The same template will 
always form the same material [44].

2.1.1 � Ionic Liquids and Ionic Solids

The growing concern with sustainability has encouraged 
research related to solvents that are less harmful to the envi-
ronment, such as supercritical fluids, water, perfluorinated 
hydrocarbons and, recently, ionic liquids [45–47]. The termi-
nology “ionic liquid” can generate dubiousness when used. 
Originally, these compounds were treated as “molten salts 
at room temperature”, however, questioning the pertinence 
of the term “molten salts” and the definition of “room tem-
perature”, which can vary according to geographic location 
and time of year, these substances came to be called “ionic 
liquids”. However, some compounds of an ionic nature 
have a melting point lower than 100 °C [48] and are solid 
at any ambient temperature. Therefore, when one of these 
substances is used at a temperature of synthesis at which 
it remains in the solid state, it should be called an “ionic 
solid”. Nb-MCM type mesoporous material was synthesized 
using 1-tetradecyl-3-methylimidazolium chloride ([C14MI]
Cl) as SDA and it was reported as an ionic solid [37]. MCM-
48 was synthesized for enzyme immobilization and the SDA 
[C14MI]Cl was also reported as an ionic solid [49].

Ionic liquids have revolutionized research centers and the 
chemical industry in recent years [50, 51]. Its discovery was 
reported by Walden in 1914 [52] while looking for liquid 
molten salts at temperatures at which it would be possible 
to use his equipment without major adaptations. In this 
research, motivated by the relation between the molecular 
size and the conductivity of molten salts, he discovered the 
compound [EtNH3][NO3], which has a boiling tempera-
ture of 12 °C [53]. Since that time, numerous ionic liquids 
have been developed and used in several areas of research, 
which include the synthesis of mesoporous molecular sieves. 
Table 1 presents some ionic liquids reported in the literature 
for the synthesis of mesoporous solids.

These structure-directing agents present an organic cat-
ion, which promotes the physical properties of these sub-
stances, and an anion, which can be organic or inorganic 
and is responsible for controlling chemical properties and 
interactions [57]. In view of this, ILs can be synthesized in 
order to fulfill specific functions and, for this reason, they 
are called designer solvents. Its characteristics are regulated 
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by the selection and combination of cations and anions [58], 
as well as by the processes of synthesis, the most common 
being acid-base neutralization and salt metathesis [59, 60].

These substances remain in the liquid state below 100 °C 
or even at room temperature [51, 61]. This is due to the 
large difference in molecular size between cations and ani-
ons, causing the molecules that make up these substances to 
be weakly bonded to each other. There are two main groups 
of ionic liquids: those composed of the imidazole organic 
molecules (cation of the imidazole compound of formula 
C3H4N2) and pyridinium (cation of the pyridine compound 
of formula C5H5N). The structure of these groups is shown 
in Fig. 4. Several ions can be used to compose the ILs, the 
most common anions being the BF4

−, BF6
−, Br− and Cl−, 

plus larger complexes such as ethyl sulfate, tetrafluoroborate 
or hexafluorophosphate [51, 62].

The complex interactions of Coulomb, van der Waals 
and hydrogen bonds make the physical properties (solubil-
ity, melting point, viscosity, density and hydrophobicity) of 
ILs adaptable and, therefore, these solvents are able to meet 
a wide range of processing requirements [63]. Ionic liquids 
and solids are prominent for their low vapor pressure, which 
provides high thermal stability and good conductivity [64]. 
The ILs derived from the imidazole cation are of interest 
because of the presence of hydrogen bonds, due to their 
high molecular ordering [65, 66] and because they provide a 
structure that, by changing the position of the anionic chains, 
allows the adjustment of physical and chemical properties 
[67, 68].

Another advantage of ILs resulting from the non-detect-
able vapor pressure under normal conditions is that they do 
not contribute to the amount of volatile organic compounds 

Table 1   Ionic liquids reported in the literature for the synthesis of mesoporous materials

Abreviation IUPAC nomenclature Molecular Formula Synthesized material Reference

[C16MIM]Br 1-Hexadecyl-3-methylimidazolium 
bromide

C20H39BrN2 MCM-41 Zhang et al. [54]

[bMIM][Ac] 1-Butyl-3-methylimidazolium acetate C10H18N2O2 MCM-41
SBA-15

Mohamedali et al. [55]

[pMIM][Tf2N] 1-propyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide

C9H13F6N3O4S2 MCM-41
SBA-15

Mohamedali et al. [55]

[C14MI]Cl 1-Tetradecyl-3-methylimidazolium 
chloride

C18H35ClN2 Nb-MCM-41
Nb-MCM-48

Bordin et al. [37]

[C16MI]Cl 1-Hexadecyl-3-methylimidazolium 
chloride

C20H39ClN2 ZSM-5/MCM-48 ZSM-35/MCM-
48 ZSM-55/MCM-41 ZSM-35/
MCM-41

de Aguiar Pedott et al. [56]

CTAB Cetyltrimethylammonium bromide C19H42BrN MCM-41
SBA-16

Renuka et al. [34]

CTAB Cetyltrimethylammonium bromide C19H42BrN MCM-41 Vyshegorodtseva et al. [35]

Fig. 4   Ionic liquids and solids 
with (a) imidazole and (b) 
pyridinium cations. Source: [51]
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(VOCs) in the atmosphere, as well as non-toxicity by inha-
lation in humans and animals [69]. Furthermore, these 
substances are industrially interesting for the amount of 
potentially possible compounds: at least thousands of pure 
compounds, a billion binaries and 1018 ternary mixtures [70]. 
ILs have been used for different purposes, such as: product 
manufacturing (catalysis, medicine, plastics), processes 
(mineral extraction, separation and adsorption, CO2 capture, 
cellulose treatment, biomass processing), electrochemistry 
(batteries, supercapacitors), materials (metals, nanotubes, 
graphene) and transport (lubricants, fuels) [65, 71].

As already seen, the SDA is the determining reagent 
for the formation of the structure of mesoporous materials 
and ILs have proven to be fruitful in this function. Hier-
archical zeolite/MCM materials (MCM-48 and MCM-41) 
were produced using the ionic solid [C16MI]Cl as a struc-
ture directing agent at room temperature with a synthesis 
time of, respectively, 24 h and 2 h, with MCM-41 being 
the material that presented the highest specific surface area 
equal to 855 m2g−1 [56]. Micro-mesoporous MCM-41 was 
synthesized using CTAB and three different ionic liquids as 
co-templates: n-butyl-DABCO bromide ([N-buDabco]Br), 
n-butylpyridinium bromide ([N-bupy]Br) and n-butyl-hexa-
methylenetetramine bromide ([N-buHMTA]Br), the first one 
resulting in the material with the highest specific surface 
area equal to 1035 m2g−1 [72]. The synthesis of the MCM-
41 mesoporous material and the disordered mesoporous 
molecular sieve KIT-1 were described using the ionic liquid 
hexadecyl-4-aza-1-azoniabicyclo[2-2-2]octane bromide (IL-
C16) as a template and, with specific surface areas of 1221 
m2g−1 and 1012 m2g−1, respectively [73].

3 � Functionalization of MCM Type Molecular 
Sieves

The amorphous nature of the pore walls of pure MCMs causes 
them to have relatively low catalytic and sorption activities, 
limiting their extensive applications [74]. The incorporation 
of heteroatoms in the structure of MCMs is a way of con-
trolling the characteristics of these materials and, therefore, 
synthesizing them with previously established properties and 
specific purposes. Depending on the desired application, these 
modified molecular sieves can generate basic or acidic sites 
with specific hydrothermal properties [75, 76].

The structure of MCM-41 in its pure form (silica only) 
has a neutral network [18]. When, for example, an atom of 
aluminum, which has an oxidation state of +3, replaces a 
silica atom with oxidation state +4, a residual negative charge 
that can be neutralized by counter-ions is generated [18]. 
The incorporation of multivalent metal ions (Co, Zn, B, Al, 
Ga, Cr, Fe, Ti) in the structure of these materials results in 
mesoporous catalysts with redox or acid-base properties [77].

The manipulation of the MCM structure with the addition 
of heteroatoms can favor different types of reactions [18]. 
Heteroatom modified (Fe, Ce, Zn, Mg) MCM-41-silica car-
riers were synthesized for Lomefloxacin delivery systems 
by ion-exchange approach and the materials exhibited good 
features such as high specific surface area (510–813 m2/g), 
an ordered pore framework and uniform distribution of het-
eroatoms [78]. Mesoporous molecular sieves MCM-41 and 
Co-MCM-41 were produced by hydrothermal synthesis 
method to denitrogenation from model fuel and diesel oil 
and the pore volumes and surface areas of MCM-41 and 
Co-MCM-41 were, respectively, 0.76, 0.53 m3/g and 986, 
637 m2/g [79].

Ce-MCM-22 were synthesized by hydrothermal method 
and evaluated its enhanced catalytic performance for the 
removal of olefins from aromatic stream [80]. Titanium and 
chromium containing MCM-48 were synthesized by in situ 
modification method and studied its catalytic activity for 
styrene oxidation using H2O2 as oxidant [81]. Al-containing 
pore- expanded MCM-41 was produced from rice husk ash and 
loaded them with polyethyleneimine to produce adsorbents for 
CO2 capture [82]. A series of H-MCM-22 with different Si/Al 
ratios wew synthesized and its performance was evaluated for 
the conversion of methanol to hydrocarbons [83].

Graphene has been subject of several researches due to 
its excellent electronic, biomedical and mechanical proper-
ties [84]. The incorporation of graphene in materials of the 
M41S family results in a graphenesilicate which can be a 
very promising mesoporous material in applications in the 
areas of adsorption and catalysis.

3.1 � Incorporation of Graphene in MCMs

Graphene is an advanced carbon nanomaterial first identi-
fied in the early 1960s, however, it was separated from the 
monolithic system only in 2004 by Novoselov using micro-
computer peeling (Scotch-tape method), which challenged 
the scientific understanding of two-dimensional crystals [85, 
86]. The structure of graphene consists of a single sheet 
of carbon atoms packed in a hexagonal lattice. The atomic 
structure of this material serves as a platform for other car-
bon structures, such as fullerenes, nanotubes and graphite 
itself [87, 88].

The structure of graphene is very stable and the bond 
length between carbon atoms is only 0.142 nm [89]. In addi-
tion, it has a high surface area, with a theoretical value of 
2630 m2g−1 [90]. When an external force is applied, the 
graphene surface compensates for deformation, with no 
rearrangement and misalignment between atoms, keeping 
the structure consistent and stable [91]. Due to these and 
other properties of graphene, this material comprises a wide 
range of applications in the energy field [92, 93], catalysis 
[94], drug delivery systems [95], adsorption and separation 
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of gases [96], green chemistry [97], supercapacitors [98], 
biosensors [99], batteries [100], solar and fuel cells [101, 
102], among others.

The global graphene market consists of three major prod-
ucts which are determined according to the synthesis pro-
cess: graphene nanoflakes (non-oxidized), graphene oxide or 
reduced graphene oxide, and graphene films. These mate-
rials have different characteristics in terms of impurities, 
yield, uniformity of size and thickness, production costs, 
applications, among others [103]. Pure graphene has low 
water solubility, so the main reason for inserting epoxy, 
hydroxyl and carboxyl groups into its structure in order to 
obtain graphene oxide is to make it highly hydrophilic and, 
therefore, to increase the range of applications of the mate-
rial in this sense [104].

From 2022 onwards there are some studies reporting the syn-
thesis of graphenesilicates: a material called MRD-1, a MCM 
topology graphenesilicate [105], MRD-2, a graphenesilicate 
doped with niobium [106], MRD-3, a graphenesilicate doped 
with titanium [107], MRD-4, a graphenesilicate doped with 
titanium zinc [108], MRD-5, a graphenesilicate doped with iron 
[109] and MRD-6, a graphenesilicate doped with aluminum 
[110]. All the cited materials use an ionic solid ([C16MI].Cl) 
as SDA. The advantages of the synthesis method of all these 
materials are that it can be carried out in room temperature 
and the fact that graphene is incorporated in situ into the solid 
structure of the MCM topology makes this process technically 
and commercially attractive. The process for obtaining this new 
graphenesilicate material (MRD-5) is represented in Fig. 5.

4 � Characterization of Solid Materials

In this section, the following methods of characterization 
of solid materials will be discussed: X-ray diffractometry 
(XRD), textual analysis of nitrogen adsorption/desorption, 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM) and thermogravimetry (TGA).

4.1 � X‑ray Diffractometry (XRD)

According to its atomic organization, a solid material can be 
defined as amorphous or crystalline. Crystalline structures 
present periodicity and ordering, a condition that does not 
occur in amorphous materials [111]. Understanding mat-
ter at the atomic level, that is, knowing the arrangement of 
atoms in molecules and crystals, is essential for understand-
ing the chemical, physical-chemical and biological proper-
ties of compounds [112]. For this purpose, it is necessary 
to employ techniques that provide information at the atomic 
resolution level and, even if indirectly, the characteristic 
images of different crystalline solids [113]. Among the exist-
ing techniques for the characterization of crystalline struc-
tures, X-ray diffractometry is among the most relevant [112].

X-rays were discovered in 1895 by Wilhelm Conrad 
Röntgen (1845 – 1923) while studying the fluorescence of 
compounds using cathode ray tubes [114]. In 1912, Max 
von Laue (1879–1960) theoretically predicted and experi-
mentally proved that X-rays were diffracted by crystals 
[115, 116].

Fig. 5   Graphical representation of the mesopore graphenesilicate material MRD-5 synthesis. Source: author
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X-rays are efficient in this type of analysis because they 
have a wavelength compatible with that of electrons and 
with interatomic distances (on the order of 150 pm) and, 
therefore, can be satisfactorily applied in the exploration of 
dimensions with this order of magnitude [117]. X-ray dif-
fractometry became truly relevant in the determination of 
crystalline structures from 1912, when William Henry Bragg 
(1862–1942) and William Lawrence Bragg (1890–1971) 
proposed a simple and efficient method to conduct the tech-
nique, experimentally determining the crystalline lattice of 
KCl and NaCl [118].

When X-rays fall on a solid, they are scattered by the 
electron layers of the atoms which make up the material's 
structure. The phenomenon of diffraction is represented by 
the wave beams reflected by two subsequent planes. When 
there is regular spacing (crystalline lattice) between atoms 
located in different planes of a solid and the incident radia-
tion has a wavelength ( � ) in the order of the spacing between 
the crystalline planes, the waves will be in phase and, there-
fore, will interfere constructively [14]. This phenomenon is 
graphically represented in Fig. 6.

Trigonometrically analyzing the phenomenon represented 
in Fig. 7, in 1913 William Lawrence Bragg and William 
Henry Bragg proposed Bragg's Law (Eq. 1), which is a 
simple equation that relates the wavelength of X-rays, the 
interatomic spacing and the diffraction angle for constructive 
interference. If Bragg's Law is not satisfied, the interference 
will be non-constructive in nature and the diffracted beam 
produced will be of very low intensity [14, 117].

(1)
n� = d

hkl
sen� + d

hkl
sen� = 2d

hkl
sen�

n = 1, 2, 3…

Fig. 6   X-ray diffraction by 
planes of atoms (A–A' and 
B–B'). Source: [14]

Fig. 7   Classification of adsorption isotherms according to IUPAC. 
Source: [119]
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where n is the order of reflection, � is the wavelength 
of X-rays, d

hkl
 is the interplanar spacing depending on the 

Miller indices (h, k e l) and � is the angle of incidence of the 
X-ray waves.

In general, the operation of the equipment used in this 
technique consists of the generation of electrons by the ther-
mionic effect in a tungsten filament, which are accelerated 
towards the anode by a significant difference in potential 
(30 to 60 kV). X-rays are generated at the anode and exit 
the generator tube through the beryllium window, which fil-
ters the continuous spectrum (Bremsstrahlung, in German) 
and therefore causes them to pass through only waves in the 
characteristic X-ray spectrum (defined λ) [120]. The detec-
tion of the diffracted X-rays is done by a radiation detector 
and the response is given in a diffractogram composed of the 
ratio between the angle of incidence/diffraction (2θ) and the 
intensity of the characteristic peak of the solid.

From Bragg's Law (Eq. 1) it is possible to calculate the 
theoretical positioning of the characteristic peaks of crystal-
line solids [121] and relate these data with those obtained in 
the application of X-ray diffractometry.

4.2 � Textural Analysis of Nitrogen Adsorption/
Desorption

The specific area of a solid can be defined by determining 
the amount of an adsorbate, usually a gas, needed to coat 
the surface of an adsorbent with a mono or multilayer [122, 
123]. When a solid comes into contact with a gas or vapor 
in a closed system at constant temperature, the solid physi-
cally or chemically adsorbs the gas and, as an effect, its mass 
increases and the gas pressure decreases until both reach 
constant values. The amount of gas that has been adsorbed 
by the solid can be determined by the decrease in pressure 
from the application of the gas law or by the total mass of 
gas that has been adsorbed [123].

The surface area of solids can be calculated by the method 
of Langmuir or of Brunauer, Emmett and Teller (BET) from 
the isotherms of adsorption/desorption of nitrogen (N2) at 
the boiling point of the gas (77 K). The choice of method 
depends on which type of adsorption layer the pore size of 
the solid supports: BET for multilayers and Langmuir for 
monolayers [122]. Other gases can be used for this purpose, 
such as argon (Ar), carbon dioxide (CO2) and organic vapors 
(dynamic vapor sorption) [124]. In addition to the surface 
area, this analysis also allows determining the pore distribu-
tion of the material using methods based on Kelvin's equa-
tions, which relate pore size to condensation pressure or 
capillary evaporation [125–127].

As already seen, the answer of this analysis is provided 
by the adsorption/desorption isotherms of N2, which relate 
the molar amounts of adsorbed gas according to the variation 

of the relative pressure (P/P0). Adsorption isotherms depend 
on the porosity of the material and, according to IUPAC, are 
classified into six types which are shown in Fig. 7.

The exact shape of the isotherms is strongly influenced 
by the choice of adsorbate [128]. Type I isotherms corre-
spond to microporous solids with low external surfaces, 
and isotherm I (a) is related to microporous solids with 
narrow pores (<1 nm) and isotherm I (b) with larger pores 
(< ~ 2.5 nm). On the other hand, type II isotherms corre-
spond to non-porous or macroporous structures, which nor-
mally present a linear phase and a concave phase up to point 
B (indicated in Fig. 8, II), at which the monolayer is filled. 
Similarly, type III isotherms correspond to non-porous or 
macroporous materials, however, they do not present point B 
on the adsorption curve, that is, the monolayer is not formed 
due to the weak interaction between the solid and the gas, 
generating accumulations of gas in more favorable locations 
of the solid [119].

The type IV isotherm is related to mesoporous materials 
and, in these solids, the pore size strongly influences the 
isotherm formed: isotherm IV (a) is characteristic of sol-
ids which have pore widths greater than the critical, which 
depend on temperature and adsorption system, and isotherm 
IV (b) corresponds to mesoporous systems that have pores 
with widths smaller than system criticism. Type V isotherms 
resemble type III isotherms, which can be attributed to the 
weak interactions between the gas and the solid. Finally, 
type VI isotherms correspond to solids with extremely 
homogeneous structures that present non-porous surfaces, in 
which the different levels are related to successive adsorbed 
layers [119].

The adsorption and desorption curves that compose 
the isotherms usually do not coincide, this is due to the 
difference between the saturation pressures generated by 
the phenomena of condensation and evaporation inside 
the pores. This causes the formation of hysteresis, which 
present patterns that depend on the characteristics of the 
pores of the analyzed solid. Figure 8 presents the IUPAC 
classification for hysteresis phenomena, with each of these 
six types being strongly related to particular character-
istics of the underlying adsorption mechanism and pore 
structure [119].

Hysteresis classified as H1 are related to materials which 
have narrow mesopores, characteristic of silicon-based mate-
rials, such as those of the M41S family. H2-type hysteresis 
corresponds to materials that have a complex pore structure, 
in which pore interconnection effects play an important role 
and are subdivided into: H2 hysteresis (a) related to very 
steep desorption branches, which occur due to blockage or 
percolation of narrow pores and H2 hysteresis (b) in which 
there are also blocks, however, related to larger pores. These 
isotherms occur in ordered mesoporous materials such as 
SBA-16 and KIT-5 silicas [119].
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Type H3 hysteresis corresponds to materials in the form 
of plates with a non-rigid macroporous structure in which 
there is no total pore filling. This hysteresis is normally 
associated with clays. H4-type hysteresis occurs in micro 
and mesoporous aggregates, in which only the microporous 
phase is filled and appears in the analysis of zeolitic struc-
tures and micro-mesoporous coals. Finally, H5 hysteresis is 
uncommon and occur in mesoporous structures with open or 
partially closed pores, characteristic of silica-based materials 
with a hexagonal structure [119].

4.3 � Scanning Electron Microscopy (SEM)

The maximum resolution limit of optical microscopes, 
which illuminate the object of interest with visible light 
or ultraviolet light, is determined by the diffraction effects 
resulting from the wavelength of the light used. Therefore, 
this type of microscope is limited to a magnification of 2000 
times and, above this value, smaller details become imper-
ceptible. In order to increase the resolution of a microscope, 
it is possible to use a light source with a shorter wavelength 
than that presented by visible light. In view of this, the scan-
ning electron microscopy (SEM) technique uses, instead of 
photons as in a conventional optical microscope, an elec-
tron beam, solving the resolution problem caused by the 
white light source. Thus, SEM allows the visualization of 
the morphology of solid materials with resolutions between 
2 and 5 nm for commercial equipment or 1 nm for advanced 
research equipment [129].

In SEM, therefore, a thin electron probe with energy gen-
erally between 1 and 30 keV is generated under vacuum 

[130], pointed at a sample and scanned along a pattern of 
parallel lines. As a result of the impact of the incident elec-
trons, secondary electrons and/or backscattered electrons 
are generated [129] and, from these, serial signals are col-
lected by a detector, which is synchronized with the known 
location of the beam in the sample. The signal strength 
value is used to modulate the corresponding image pixel 
and these are combined in order to form an image with 
dimensions and pixel distribution which depend on the cho-
sen raster pattern [131].

For a good response to be obtained, the sample sub-
mitted to SEM must have a conductive profile due to the 
need for interaction between the electronic beam and the 
sample. If this does not happen, it is possible to make it 
conductive through physical processes such as evaporation 
or sputtering. Furthermore, when ionic layers are depos-
ited in the sample, the level of electron emission can be 
optimized and this will contribute to the construction of 
the image. The most commonly used metal ions for this 
purpose are gold (Au), gold-palladium alloy (Au-Pd) and 
platinum (Pt) [132].

4.4 � Transmission Electron Microscopy (TEM)

Transmission electron microscopy is considered one of 
the most important techniques to obtain direct structural 
information of porous materials at a nanometer scale. The 
difference between SEM and TEM is that while in SEM 
the detectors are positioned on the same side of the sample 
as the incident beam in order to detect scattered secondary 
electrons, in TEM the detectors are positioned behind the 

Fig. 8   Classification of hys-
teresis according to IUPAC. 
Source: [119]
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sample in order to detect transmitted electrons through a 
very thin sample of material (less than 100 nm) [133].

The operation of a conventional transmission electron 
microscope consists of, as already mentioned, irradiating a 
sample of nanometer thickness with a beam of electrons of 
uniform current density, with the electron energy generally 
maintained around 100 keV [134]. The image is a result of 
the diffraction contrast. In this analysis, the sample must be 
oriented so that part of the electron beam is transmitted and 
part is diffracted. The image of the sample is formed simul-
taneously with the passage of the light beam through it and 
only the transmitted electrons are analyzed by the detector 
being translated into a mixed image signal. Magnification of 
the image is obtained by lenses underneath the sample which 
project the image formed by the electrons onto a recording 
device. The magnification is defined by the optical system 
and the resolution for aberrations in lens performance [135].

The hexagonally ordered mesoporous structure of MCM-
41 and the cubic ordered mesoporous structure of MCM-48 
could only be observed and determined by the advent of 
TEM, proving the importance of this analysis and how much 
it can be decisive in a study [136].

4.5 � Thermogravimetry (TG)

Thermogravimetry (TG) or thermogravimetric analysis 
(TGA) is a thermoanalytical technique conducted on a ther-
mobalance which evaluates the variation of the mass of a 
sample as a function of temperature or time, in which the 
temperature is kept constant during the analysis. The results 
of this technique are quantitative and depend on the ther-
mal decomposition of volatiles present in the sample or on 
the incorporation of atoms or molecules from the gases that 
make up the atmosphere conducting the test, respectively 
decreasing or increasing the mass of the analyte [137].

The thermobalance or thermogravimetric analyzer 
is composed of an electronic microbalance, an oven, a 
temperature programmer and a computer which allows 
the coordination of the analysis, so that the sample is 
simultaneously weighed and heated or cooled in a con-
trolled manner and the mass, the time and temperature 
are weighted [138]. The temperature programmer can 
include heating, cooling, isothermal holds, or a combi-
nation of these factors [139]. The test atmosphere deter-
mined by the gas used can be inert, oxidizing or reac-
tive [140] and its moisture content can vary from dry to 
saturated [141].

This analysis is used in order to know parameters related 
to the composition, degree of curing and thermal stability of 
a material, the latter being determined by the specific tem-
perature or time limit to which the material can be subjected 
without significant loss of its properties [142, 143].

5 � Applications

The use of molecular sieves in both research and industry 
has increased exponentially in the last years. As already 
mentioned, mesoporous silicas are regarded as very versatile 
materials and the possibility of precise and easily control its 
pore shapes and sizes makes these materials of great interest 
in many areas of modern science and technology [144, 145].

Many applications of M41S family materials are reported 
in the literature, such as depolymerization [146–149], CO2 
capture [150–154], enzyme immobilization [37, 155–157], 
drug delivery systems [158–161] and catalysis [162–165]. 
The most common applications of the M41S family of mate-
rials are presented below.

5.1 � Catalysis

Catalysts play a crucial role in many chemical reactions and 
new compounds with catalytic properties are needed for 
sustainable chemical production [166, 167]. Among con-
ventional supports such as Al2O3, ZrO2, CeO2, mesoporous 
materials (SBA-15, MCM-41 and SBA-16) are being widely 
investigated and proving to be promising materials for het-
erogeneous catalysis [168].

Pure MCM-41 mesoporous silica with active mesoporous 
sites was applied as a highly efficient and recoverable cata-
lyst for the synthesis of α-aminonitriles and imines. The 
authors highlighted the simple work-up procedure, excel-
lent yields, short reaction times and the non-use of toxic 
solvents [169]. Al-MCM-41 (Si/Al = 30) using CTAB as 
SDA and tetrapropylammonium hydroxide (TPAOH) as 
a co-surfactant additive were synthesized as a catalyst for 
the dehydration of methanol to dimethyl ether (DME). The 
best conversions were 72% and 73% performed by CTAB/
TPAOH of 0.75 and 0.20, respectively [170].

The catalytic activity of different active metals (Li, La, 
Ce, Mg, K) impregnated on MCM-41 was explored for 
transesterification of glycerol into glycerol carbonate and 
5 wt% Li incorporated MCM-41 proved the better catalytic 
activity [171]. MCM-41 modified by transition metal oxides 
(molybdenum, vanadium and tungsten) were synthesized for 
the removal of sulfur compounds in real and model fuels 
by oxidative desulfurization. Mo-MCM-41 and W-MCM-
41 were the most effective, dibenzothiophene was removed 
completely and sulfur removal in gasoline and diesel frac-
tions reached 91 and 63%, respectively. Furthermore, the 
catalysts still had activity in gasoline fraction desulfurization 
even after 5 cycles [172].

Phosphotungstic acid (PTA)/MCM-41 catalyst was 
synthesized for ultrasound-assisted depolymerization of 
lignin and the conversion of the reaction was 94.79% under 
optimum conditions of an ultrasound frequency of 30%, 
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temperature of 300 °C and reaction time of 6 h [173]. MCM-
41 derived from coal fly ash modified with molybdenum 
was studied as a catalyst for the oxidative desulfurization 
of dibenzothiophene (DBT). The authors achieved a 94% of 
DBT removal by optimizing the influencing parameters of 
the process [154].

5.2 � Enzyme Immobilization

Enzymes are biological catalysts with wide applicability in 
many industries like food products, textile, biochemical, bio-
sensors and pharmaceutical due to their high specificity and 
effectiveness when compared with chemical catalysts [174]. 
The mechanical and chemical properties of the support and 
the high selectivity of reactions involving enzymes directly 
influence their fixation onto inorganic materials [175]. In 
recent years many supports such as polymers, mesoporous 
materials, nanofibers, membranes, nanomaterials and cel-
lulose have been studied and improved leading to better 
enzyme/supports interactions [176].

Among the countless possibilities of supports, MCM-41 
has highly suitable structural characteristics for the immo-
bilization of enzymes [19]. The large pores of this mate-
rial allow the bulky molecules of the enzyme to diffuse into 
them. In addition, the silanol groups present on the surface 
of MCM-41 facilitate the binding of the enzyme to the sup-
port via hydrogen bonds. Furthermore, the enzyme inserted 
in a well-defined space prevents its denaturation and can 
increase its stability [177].

Nb-MCM-Type mesoporous materials using MCM-41 
and MCM-48 were synthesized for in situ lipase immobili-
zation and obtained materials with surface area of 954 and 
704 m2/g for Nb-MCM-41 and Nb-MCM-48, respectively. 
Furthermore, the supports enabled a high number of recy-
cles (26 recycles with a residual activity of 49.62% for Nb-
MCM-41 and 16 recycles with a residual activity of 53.01% 
for Nb-MCM-48) in successive esterification reactions and 
excellent storage stability (5 months) [37]. Organosilane-
modified Fe3O4@MCM-41 was prepared and applied as 
support for L-ASNase covalent immobilization. The immo-
bilized enzyme exhibited excellent reusability (56.3% activ-
ity after 12 cycles), higher affinity for substrate than native 
L-ASNase and significant storage time (54% and 26% of the 
initial activity after storage at 4 and 25 °C) [174]. Trypsin 
was adsorbed in pure and functionalized (N-(2-aminoethyl)-
3-aminopropyl and aminopropyl) SBA-15 and the final 
compound was applied as an enzymatic bioreactor for pro-
tein digestion and, 1 min after the protein was added to the 
trypsin-immobilized mesoporous support, fragments of 
myoglobin could already be seen giving a 100% sequence 
coverage [178].

MCM-48 mesoporous support was synthesized for in situ 
Candida antarctica lipase B (CALB) immobilization and it 

exhibited a residual activity above 50% when stored under 
refrigeration for 75 days and it was possible to reuse the 
catalyst for up to 10 cycles with residual activity of approxi-
mately 50% in an esterification reaction using oleic acid and 
ethyl alcohol [49]. CALB was also immobilized in G-MCM-
41 (glutaraldehyde/MCM-41) amino-modified with 3-ami-
nopropyltriethoxysilane and applied as a reaction catalyst in 
the transesterification of soybean oil and phytosterol. The 
immobilization efficiency reached 93%, the residual activ-
ity was 83% after 7 reuses and it exhibited >50% of activity 
after stored for 40 days at 4 °C [179].

5.3 � Bionanotechnology

With the development of nanotechnology, materials science 
increasingly needs to understand the detail of the design of 
some materials at the nanoscale in order to obtain desired 
nanostructures and, therefore, with specific performances. 
In the area of bionanotechnology, there are currently several 
types of nanomedicines successfully used in the treatment of 
numerous diseases, as well as molecular sieves are used in 
drug delivery systems (DDS), which consist of a polymeric 
matrix from which a drug is gradually released under appro-
priate conditions [180, 181].

There are studies reporting the use of mesoporous silica 
in nanodynamic therapies which, activated by infrared light, 
microwaves, ultrasound, X-rays or by an internal chemical/
biological reaction in the tumor microenvironment, generate 
in situ free radicals/reactive oxygen species in order to treat 
deep tumors [182]. Immunotherapy is another resource for 
cancer treatment by stimulating the patient's immune sys-
tem and silica-based mesoporous materials are also being 
applied in vaccines, immune cell recruitment and immu-
nological cell death/combinatorial therapy [183]. Besides 
cancer immunotherapy, mesoporous silica are also used in 
other cancer-related applications such as diagnostic, brain 
targeting, theranostic and gene therapy [180].

Mesoporous silica and metal–organic frameworks 
(MOFs) are also reported as photosensitizers used in pho-
todynamic therapy to produce reactive oxygen species that 
are effective in destroying cells and therefore can be applied 
to treat skin and eye diseases as well as certain types of 
cancer [184]. Silica-based nanovehicles are gaining space 
in photoactivated cancer therapy due to light dosage and 
adjusted therapeutic area, as well as milder side effects 
when compared to monotherapy [185]. Silica nanoparticles 
are also used as theranostic nanoplatforms and they provide 
many advantages when compared to other similar systems 
for precise cancer diagnosis, stimuli-triggered drug deliv-
ery and tissue bio-adhesive materials [179].

Several mixtures of polymers and polymer-based com-
posites, such as bioactive glasses and ceramics, have been 
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used for this purpose. In this case, the drug can be deposited 
by means of direct compression, mechanical mixture matrix/
drug or wet granulation. The disadvantage of these methods 
is that in heterogeneous matrices it is not possible to guar-
antee a homogeneous distribution of the drug through the 
matrix and it can affect the release rate. Therefore, the use of 
chemically homogeneous materials with well-defined poros-
ity in terms of volume and size can solve this problem [186].

Thus, the pore arrangement of molecular sieves makes 
these materials suitable for use in drug delivery systems 
(hosting and further delivering) of a variety of molecules 
of pharmaceutical interest [187]. MCM-41 with different 
groups (amino, chloro and glycidoxy groups) were evaluated 
as a drug delivery system for acetylsalicylic acid and the 
MCM-41/glycidoxy group was the most favorable for this 
purpose [188]. Pure MCM-41 and MCM-41 functionalized 
by 3-aminopropyltriethoxysilane grafting was evaluated for 
Ibuprofen-controlled release and the last one showed the 
best results [189]. MCM-48/hydroxyapatite composite was 
also synthesized for ibuprofen-controlled release and it was 
concluded that the material offers a significant potential for 
controlled drug delivery systems [190].

The potential of MCM-41 and Hollow Mesoporous Silica 
(HMS) were studied as DDS for anticancer drug bicaluta-
mide (BLT) and concluded that both materials increased 
in vitro antitumor activity against prostate adenocarcinoma 
LNCaP cells and provided good safety and more reliable 
drug bioavailability [191]. Ofloxacin@Doxorubicin-Epiru-
bicin functionalized MCM-41 nanocarriers were synthesized 
as synergistic drug delivery tools for cancer related bacterial 
infections and MCM-41 loaded with the epirubicin (antican-
cer drug) and ofloxacin (antibiotics) was the most effective 
formulation [192].

Mesoporous silica nanoparticles are also reported as 
promising nanocarriers for pulmonary drug delivery, over-
coming anatomical, immunological and physiological barri-
ers of the respiratory system and are proving to be an effec-
tive alternative in the treatment of lung cancer and asthma 
[193]. Still in relation to pulmonary diseases, mesoporous 
silica nanoparticles loaded with dexamethasone and capped 
with a peptide to avoid cargo leakage are being studied as an 
alternative treatment for acute lung injury [194]. Regarding 
to capping agents, a study dedicated to evaluate its properties 
in order to integrate pore-capping, drug-loading and tumor-
targeting abilities in mesoporous silica nanoparticle-based 
stimuli-responsive capped drug delivery systems was carried 
out and applied to intracellular pH-Activated targeted cancer 
therapy [195].

Still in order to overcome the adverse reactions, toxicity 
and poor compliance from chemotherapy patients, a study 
was carried out aiming to develop an MSU-type mesoporous 
silica-based nanodevice able to selectively deliver bort-
ezomib to folate receptor overexpressing multiple myeloma 

cells, improving therapeutic efficacy by localized drug deliv-
ery [196]. The inability to establish in vivo structure-activity 
relationships of nanoparticle-based drug delivery systems 
hampers the progress of research in this area, so the number 
of studies on evaluating by imaging and mathematical mode-
ling the influence of surface chemistry, routes of administra-
tion and size of silica nanoparticles on drug biodistribution 
is gradually growing [197].

One of the main incentives for the use of mesoporous 
silica-based materials, especially in biotechnological 
applications, is their degradation in water. Although it has 
already been proven, there is still a lot of study to enhance 
and control silica dissolution in order to overcome the issue 
of bioaccumulation. For this purpose, a study proposed the 
introduction of imine groups into the silica framework and 
it promoted a rapid degradation both in neutral and acid 
aqueous solutions [198].

5.4 � CO2 Capture

Due to the growing world population and the accelerated 
economic development in all sectors, the world's energy con-
sumption is growing proportionately and, considering that 
coal is still one of the main sources of energy in the world, 
CO2 emissions are also increasing. Researchers anticipated 
that in 2050 the amount of CO2 in the atmosphere will be a 
value close to 550 ppm and it may cause irreversible climatic 
disasters as well as a great impact on the global tempera-
ture [151, 199]. Despite all efforts to replace carbon-based 
energy with renewable energy, it is still unrealistic believe in 
a future world without coal burning and, hence, CO2 emis-
sion [150].

The most adopted CO2 capture system in large scale 
industry is liquid amine adsorption, which consists in the 
selective adsorption of CO2 from a gas stream over liquid 
amine solvents, the most common being monoethanola-
mine (MEA) or diethanolamine (DEA) [151]. However, this 
method requires a large amount of heat for CO2 desorption, 
which contributes to more than 50% of the operation costs 
[200]. Therefore, many CO2 capture systems using solid 
sorbents are being studied and demonstrating to present 
several advantages [199]. The most investigated solid sor-
bents include alumina, metal organic frameworks (MOFs), 
zeolites, activated carbons and mesoporous silica [150].

MCM-41 modified with poly(ethyleneimine) (PEI) was 
synthesized for CO2 capture and concluded that because of 
the chemical interaction between CO2 molecules and PEI/
MCM-41, a low regeneration ability of the materials at 
40 °C is presented. Furthermore, PEI/MCM-41 loaded with 
50 wt.% PEI exhibited the best potential for CO2 capture 
due to the highest nitrogen content (17 wt.%) on the surface 
[152]. A hybrid 3-aminopropyltrimethoxysilane (APTS) and 
tetraethylenepentamine (TEPA) modified MCM-41 sorbent 
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were synthesized for CO2 capture and it occurred success-
fully. The best proportion of matrix constituents was 30 wt.% 
APTS and 40 wt.% TEPA with maximum adsorption capac-
ity of 3.50 mmol-CO2/g-sorbent [151].

MCM-41 modified with monoethanolamine (MEA), ben-
zylamine (BZA) and N-(2-aminoethyl)ethanolamine (AEEA) 
were synthesized for CO2 capture. The materials exhibited 
satisfactory capture capacity, which were 102.98  mg/g, 
39.96 mg/g and 64.69 mg/g for MCM-41-40%AEEA, MCM-
41-40%BZA and MCM-41-50%MEA samples, respectively 
[201]. Amine functionalized large-pore MCM-41 and MCM-
41 aluminosilicate (Si/Al = 15) were synthesized as sup-
ports for CO2 capture. The amine/ MCM-41 aluminosilicate 
exhibited higher CO2 capture capacity (more than 63% after 
60 min of adsorption at 25 °C) and faster adsorption kinetics 
(71% faster after two minutes of adsorption at 25 °C) when 
compared with pure MCM-41 [206].

6 � Conclusion

The great potential of silica-based mesoporous matrices, 
functionalized or not, was highlighted in this review paper. 
In recent decades, the literature has reported more and more 
the versatility and applicability of these materials on the 
most different scientific fronts such as adsorption, catalysis, 
CO2 capture, bionanotechnology, enzyme immobilization, 
among others. There are many ways to obtain these molecu-
lar sieves and hydrothermal synthesis has gained relevance 
due to the possibility of using room temperature, short reac-
tion times and cheap and environmentally friendly reagents.

The use of ionic liquids and ionic solids in the synthe-
sis of silica-based mesoporous materials has shown to be 
promising. Its properties such as low vapor pressure, com-
plex interactions between the molecules that compose them, 
non-detectable vapor pressure under normal conditions, the 
presence of an organic cation and an anion make these com-
pounds suitable in a wide range of processing requirements. 
The functionalization of these molecular sieves with gra-
phene is also being explored and is gaining ground in the 
scientific community. Both topics, the use of ionic liquids 
and solids and functionalization with graphene, are not con-
ventional and there is still little about them reported in the 
literature. Therefore, this review is distinguished by focusing 
on these topics.

A challenge to be overcome by future research is the dis-
covery of new ionic liquids and ionic solids which can be 
applied in the synthesis of silica-based mesoporous materi-
als. In addition, there is still much to be explored regarding 
the incorporation of graphene in silica-based mesoporous 
materials and research must be carried out in order to further 
optimize these materials that already have unique structures 
and properties.
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