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Gas adsorption remains an attractive area of research. The hierarchical structure can reduce diffusion lim-
itations and facilitate molecular transport, while acid sites can be used as adsorption sites. These make
zeolites widely used in the field of gas adsorption. How to obtain zeolite adsorbents with better ad-
sorption properties by modulating the hierarchical structure and acid sites is a pressing issue nowadays.
This review highlights the strategies to modulate the hierarchical structure as well as the acid sites; and
then explains how these strategies are achieved. The mechanism of zeolite adsorption on gases is then
described in terms of these two properties. Lastly, the adsorption properties of zeolites for certain gases
under specific conditions are summarised. An outlook of zeolite hierarchical structures and acid site mod-
ulation strategies is given.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Gas adsorption has a wide range of applications in many fields
such as environmental protection and chemical industry. The key
to gas adsorption lies in the adsorbent. The factors that deter-
mine the performance of adsorbent include adsorbent pore struc-
ture (characterized by parameters such as specific surface area,
pore volume, and pore size), and acid sites (characterized by den-
sity, type, and distribution). Zeolite is a porous crystalline mate-
rial consisting of co-angular TO4 tetrahedral units interconnected
to form a framework in which cavities and voids act as pore chan-
nels [1-3]. The composition of most zeolite frameworks is silicon
aluminate. The aluminum makes the framework as a whole elec-
tronegative, and the material in the zeolite channel balances the
framework charge [4-7]. For zeolite as a whole, a series of prop-
erties (pore size, pore volume, specific surface area, etc.) as porous
materials are the focus of attention [8,9], and also the basis for its
application in adsorbent and catalyst support. As for the local pore
structure, acid sites with catalytic effect formed by electrostatic in-
teractions near Al atoms in the framework [10,11] deserve further
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investigation. Pore structure and acid site, respectively, affect the
properties of zeolite as an adsorbent.

The zeolite structure with only one single pore size limits
molecular diffusion and thus affects its adsorption/catalytic perfor-
mance [12-14]. To improve the diffusion environment of molecules
and increase the mass transfer rate, hierarchical zeolite came into
being. Hierarchical zeolite refers to zeolite with a mesoporous or
macroporous network connecting micropores, thus forming multi-
stage pore size. The structure of microporous and mesoporous con-
nected is called hierarchical structure. Hierarchical zeolites have
been shown to have better molecular transport than single pore
size zeolites [15-17], which greatly improves the adsorption and
catalytic behavior of zeolites. However, the kinetic diameters of dif-
ferent adsorbate molecules vary, and different catalytic reactions
have different requirements for diffusion rates, which puts forward
new requirements for hierarchical zeolite: precise design of pore
size distribution based on synthesis to achieve the regulation of
hierarchical structure.

The zeolite acid sites exist in the form of Brensted acid site
(BAS) and Lewis acid site (LAS). There is a close relationship be-
tween BAS and framework aluminum (Alg) [18-20]. BAS form in
zeolites when protons balance the negative framework charge pro-
duced by Al replacing Si at the crystallographically different tetra-
hedral sites (T-sites). LAS is related to extra framework Al (EFAI),
where cations such as A3+, AlO*, AI(OH),*, and Al(OH)2* have
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vacant orbitals that can accommodate electron pairs and can serve
as LAS sites. Former researches have revealed the acid sites in ze-
olites can be attached to the adsorbate molecules in the form of
covalent or secondary bonds, and the adsorption energy is mostly
above —50k]J/mol, which belongs to the conventional chemisorp-
tion in the macroscopic sense [21,22]. Regulating the distribution,
density and type of acidic sites in zeolites is essential to investi-
gate the adsorption mechanism within zeolites and to improve the
adsorption capacity.

Currently, there are more studies on zeolite hierarchical struc-
tures and acid site synthesis techniques, and fewer studies focus-
ing on regulatory strategies. The difference between synthesis and
regulation is that the purpose of synthesis is to obtain hierarchical
structures and acid sites, while regulation is to achieve the design
and adjustment of the parameters related to hierarchical structures
and acid sites on the basis of synthesis. The review focuses on
strategies for the modulation of zeolite hierarchical structures and
acid sites from the perspective of basic synthetic methods. It also
describes how these strategies enable the precise design of pore
sizes and change the distribution, density and type of acid sites.
On this basis, we will discuss the mechanism of zeolite adsorption
on gas molecules from the perspective of hierarchical structure and
acid sites. At the end, the adsorption properties of different zeolite
adsorbents for inorganic and organic gases are listed. An outlook
on the research trends of zeolite hierarchical structure and acid site
modulation strategies is provided in this review.

2. Regulating strategy of a hierarchical structure
2.1. Soft templating dominated

The soft template which can form the hierarchical structure
of zeolite is organic with hydrophilic groups. Surfactants and
macromolecular polymers are the most commonly used two sub-
stances. Surfactants induce the crystallization of zeolite near the
hydrophilic group outside the micelles (Fig. 1A) [23-25]. Zeolites
with an ordered mesoporous hierarchical structure obtained by re-
moving surfactants through calcination. The macromolecular poly-
mer takes advantage of its larger size to directly form disordered
mesopores in the zeolite as a "porogenic agents” [26,27].

In modern times, many unique structures of surfactants have
been used as soft templates for the construction of hierarchical ze-
olites. These unique structures help form hierarchical zeolites in
novel ways. Choi et al. designed a surfactant template with dou-
ble quaternary ammonium groups to induce the formation of hi-
erarchical zeolites (Fig. 1B) [28]. The surfactant has a C22 chain as
the main chain and two C6 quaternary ammonium groups in series
at the tail. The zeolite crystallizes into a sheet on the side of the
micellar layer with quaternary ammonium groups, and the long
enough alkyl hydrophobic chain prevents the zeolite from over-
crystallizing in the b-axis direction, thus forming nano sheet ze-
olite. Subsequently, the alternating structure of zeolite nanosheets
(thickness: 2nm) - surfactant colloidal layer (thickness: 2.8 nm)
was formed by stacking between the colloidal layers. The interlayer
pores with mesopore size were formed after calcination, and the
synthesis of the hierarchical structure was realized. In this study,
the mesopores of zeolite are not formed by surfactant micelles,
but by stacking between zeolite nanosheets. Coincidentally, Zhang
et al. synthesized a surfactant with triphenyl benzene as the cen-
ter and three branches of diquaternary ammonium groups [29].
The soft template forms a surfactant adhesive layer via the mw-m
interaction between phenyl groups, and the diquaternary ammo-
nium groups on both sides of the adhesive layer can induce zeo-
lite crystallization to form nanosheets with intervals (Fig. 1C). The
size of the interlayer gap (2.2-3.0nm) can vary with the length of
branched alkanes (C6 ~ C10), thus forming the hierarchical struc-
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ture of the zeolite. In addition to forming mesopores by stack-
ing nanosheets, zeolite can also crystallize into zeolitic nanotubes
to form mesopores. Korde et al. reported the use of an organic
structure-directing agent (OSDA) in the form of a bola containing a
central biphenyl molecule consisting of a C10 alkyl chain attached
to a quinine terminal group (Fig. 1D) [30]. In the presence of 7 -
bonds, the biphenyl groups form a stable hydrophobic core along
the axial direction of the nanotube. The zeolite crystallizes near the
quaternary ammonium groups (Fig. 1E) and finally forms single-
walled zeolite nanotubes with a diameter of about 3 nm. This work
realizes the transformation of zeolites from two-dimensional to
quasi-one-dimensional with a hierarchical structure. The hydropho-
bic alkyl chains in surfactants with special structures, although not
inducing crystallization via micelles, are able to lamellar zeolite
stacking or convolution to form more general "gaps" rather than
pores in a narrower sense, resulting in hierarchical zeolites.

The key to the formation of hierarchical zeolites from macro-
molecules is to utilize the "porogenic" effect of the macro-
molecules. The Oswald ripening reaction is a small-molecule
polymerization reaction that does not rely on chemical bond
linkages. Zhang et al. designed a simple organic molecule with
benzene as the center and only 7 C atoms on each side of the main
chain. During crystallization, such small simple organic molecules
can aggregate to the surface of amorphous aluminosilicate aggre-
gates through the Ostwald ripening process to form nanoparticles
with mesopore size (20-30nm) (Fig. 1F) [31]. The difference be-
tween this process and the formation of mesopores from organic
polymers is that the organic polymers themselves have mesopore
sizes, while smaller simple organic molecules undergo Ostwald
ripening to form mesopore-sized particles. Chen et al. synthesized
hierarchical zeolite LTA with mesoporosity of 10-50 nm and meso-
porosity peak of 15-20nm by using small molecular amino acids
such as L-carnitine, lysine, and their salt derivatives as templates
[32]. Interestingly, after trying to shield the hydrogen bonds in
amino acids, it was found that there are no mesopores in the
synthesized zeolite. Therefore, it is speculated that amino acids
rely on hydrogen bonding to form mesopore-scale groups (Fig.
1G), thereby acting as porogenic agents. Subsequently, they further
explored the mechanism of the formation of mesopores by amino
acid small molecules through quantum chemical calculation [33].
It is found that amino acid small molecules can be dissociated
into small organic anions such as oxygen anions, nitro anions, and
carbon anions. They can not only form mesopores by hydrogen
bonding into mesoporous groups but also form mesopores by
attacking framework silicon aluminum atoms to obtain hierarchi-
cal zeolites. The feasibility of amino acid as a soft template is
verified by the mechanism. In addition, the soft template as an
amino acid can be completely removed by water washing without
producing any harmful substances, which is cleaner and more
environmentally friendly than most soft templates.

The length of the soft template molecules, the type, number
and position of the functional groups can be key factors influ-
encing the formation of hierarchical structures. This helps zeolite
crystals to crystallize into various structures and form mesopores,
but it is therefore more difficult to achieve precise control of pore
size and distribution. Moreover, the more complex the organic
molecule, the more complicated the synthesis step and the more
harmful substances are produced during calcination and removal.
These are limiting factors for the synthesis of hierarchical zeolites
from soft templates.

2.2. Hard templating dominated
The hard template that can form mesopores in zeolite refers to

the template material with a rigid structure. Carbon materials are
representative of hard templates. Analogously to soft templates, ze-
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Fig. 1. (A) Agglomeration and stacking of surfactants (blue balls represent quaternary ammonium groups, red balls represent long alkyl chains). (B) Crystallization of MFI
nanosheets and different forms of stacking. Reprinted with permission [28]. Copyright 2009, Elsevier. (C) UV-vis absorption spectra of the template and the stacking structure
in the prepared zeolites. Reprinted with permission [29]. Copyright 2019, Wiley. (D) Schematic diagram of the bola form structure-directing agent. Reprinted with permission
[30]. Copyright 2022, AAAS. (E) Schematic diagram of the structure of the single-walled zeolite nanotube. Reprinted with permission [30]. Copyright 2022, AAAS. (F) Mecha-
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2018, Wiley. (G) Proposed mechanism for amino acid-mediated mesoporous LTA formation. Reprinted with permission [32]. Copyright 2016, Royal Society of Chemistry.

olites crystallize around carbon particles, and then the templates
are removed by calcination to get hierarchical zeolites. Madsen
et al. firstly used commercial carbon black (CB) material to syn-
thesize zeolite with a mesoporous hierarchical structure, in which
the pore diameter was about 8 nm [34]. Since then, various car-
bon materials have been successively used in the design of meso-
pores in zeolites [35-37]. Jacobsen et al. investigated the synthe-
sis process of mesoporous zeolites with carbon particles as hard
templates and proposed a hierarchical structure formation mech-
anism: zeolite precursor gels encapsulate carbon particles and ze-
olites crystallize on the outer surface of carbon particles and in
the mesoporous system [38]. The carbon matrix is removed by cal-
cination to obtain hierarchical zeolite with mesopores, as shown
in Fig. 2A [39]. The research of Cho et al. supplemented the ap-
plication conditions of this mechanism [40]. They found that the
pore size and wall thickness of CMK materials can affect the for-
mation of zeolite mesopores. It is mainly reflected in the fact that
the CMK-1 material with a too-small pore size (2.5nm) and too-
thin wall thickness (4nm) is easily damaged by the growing ze-
olite crystals and loses its role as a template. However, CMK-3
with a larger pore size (10nm) and wall thickness (5.1 nm) was
used as a template to successfully generate medium pore zeolite
with an MFI structure. This result indicates the condition for the
carbon material to form mesopores: the rigidity of the template
is not destroyed by the growing zeolite crystals. Based on under-
standing the pore-forming mechanism of carbon materials, schol-
ars have further studied how carbon materials can regulate the

pore structure. Schmidt et al. compared the process of forming
mesopores between carbon nanoparticles and carbon nanotubes
[41]. It is found that carbon nanoparticles tend to form disordered
mesopores in the crystal, while carbon nanotubes tend to form
channels with the mesoporous size that can connect the zeolite
surface (Fig. 2B). It is proposed that the structure of carbon ma-
terials affects the mesoporous morphology and distribution of ze-
olite. Taking advantage of this, Xue et al. synthesized an array of
carbon nanotubes and used them as hard templates to synthesize
zeolite materials with array mesopores (Fig. 2C) [42]. The array of
mesopores at about 10nm was observed under EFSEM (Emission
field scanning electron microscopy), which reflected the regulation
of carbon material hard template on zeolite pore structure.
Although the structure of carbon materials used as hard tem-
plates is different, the regulation of zeolite pore size structure has
a common purpose: using the template to customize mesoporous
and achieve precise regulation. Zhao et al. prepared three kinds
of carbon dots (CDots) with hierarchical sizes: CDots-1 (23 nm),
CDots-2 (6, 9nm), CDots-3 (5, 8, 18 nm) [43]. The ZSM-5 zeolite
synthesized from these hierarchical carbon dots has two typical
characteristics: (1) The mesopore size of the zeolite is very close
to the size of the carbon dots (The pore sizes of the three zeolites
were: 21.8nm; 5.5, 8.5nm; 4.8, 7.4, 17.5nm, as shown in Fig. 2D);
(2) each size of the hierarchical carbon dots can form mesopores
with similar size. Therefore, it shows that the hierarchical carbon
dots can largely determine the zeolite mesopore size and distribu-
tion, which provides an important reference value for the precise
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regulation of the zeolite mesopore. It is foreseeable that the precise
regulation of zeolite hierarchical structure by designing carbon ma-
terials with different characteristics is an important development
direction in the future.

In addition to carbon materials, polystyrene (PS) spheres and
nano CaCO;3 can also be used as hard templates to construct the
hierarchical structure of the zeolite. Xu et al. used polystyrene
spheres (about 580nm in size) modified by anionic surfactants
as templates to obtain ZSM-5 zeolite with macroporous structure
through a hydrothermal synthesis calcination process [44]. The ze-
olite framework surrounding the macropore was observed under
the electron microscope, which proved that the PS sphere as the
template formed the macropore after calcination. Zhu et al. pre-
pared a hydrophilic nano-CaCO5; with a hydroxyl group on its sur-
face through fatty acid modification [45]. These highly active hy-
droxyl groups can cause strong interaction between silica gel and
CaCOs. Finally, zeolite with a mesoporous hierarchical structure
was obtained by washing CaCO5 with acetic acid. In recent years,
there have also been studies on the formation of zeolite hierarchi-
cal structures using biomass materials as hard templates. Manikan-
dan et al. extracted corn stem pith from corn agricultural waste as
a template, and used high temperature to split the cellulose poly-
mer in the stem pith into nano cellulose molecules [46]. Mean-
while, the zeolite precursor encapsulated outside was crystallized
to obtain zeolite with a mesoporous MFI structure (Fig. 2E). Zhang
et al. synthesized zeolite with a mesoporous hierarchical structure
by using a carbon-based hard template formed in situ from solu-
ble starch [47]. They studied the influence of starch content on the
mesopore distribution of zeolite and found that there was a pos-
itive correlation between the mesopore diameter and the amount
of starch. It was speculated that the reason was that the particle
size of the accumulated starch carbide could affect the pore size.

In addition, biomass materials such as sucrose and chitin can also
be used for the formation and regulation of the mesoporous hierar-
chical structure of zeolite [48-50]. Despite the lower cost of these
non-carbon hard template materials, the synthesis and control pro-
cesses are not yet mature enough compared to carbon material
synthesis processes. In addition, some non-carbon hard template
materials (PS spheres, CaCOs3) require surface modification for bet-
ter integration into silica gel mixing systems. Otherwise, they will
be discharged during the zeolite crystallization process, resulting
in the inability to obtain layered zeolites. These have become con-
straints to the development of zeolites.

2.3. Atomic removal

The silicon and aluminum atoms in the zeolite can be stripped
from the framework with a stripping agent to form larger pore
sizes, resulting in graded zeolites. The mesopore of zeolite formed
by atomic removal is affected by many factors, including the type
of remover, the silicon-aluminum ratio of zeolite, and the zeo-
lite structure. Groen et al. found that when using NaOH to de-
siliconize zeolite, the silicon atom in the zeolite with high sili-
con aluminum ratio was easily removed by NaOH, resulting in ex-
cessive destruction of zeolite framework (Fig. 3A) [51]. And zeo-
lites with lower Si/Al ratio (Si/Al=25-50) did not show this phe-
nomenon, and mesoporous hierarchical structure was successfully
formed. This is due to the fact that zeolites with a low Si/Al ra-
tio contain more Al, which exists in the form of negatively charged
AlO4~ tetrahedra. These negatively charged AlO4~ tetrahedra pre-
vent OH~ from attacking the surrounding silicon atoms due to
the repulsion of homogeneity. Abello et al. compared the differ-
ence between organic hydroxides (tetrapropylammonium hydrox-
ide, TPAOH, and tetrabutylammonium hydroxide, TBAOH. The or-
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ganic bases in the following text refer specifically to these two or-
ganic alkalis.) and NaOH in removing silicon atoms from ZSM-5 ze-
olite, and concluded that organic alkali has two advantages: (1) In
contrast to the rapid dissolution of the framework silicon in NaOH,
the organic alkali is less reactive to silicon, which makes the de-
silication process easier to regulate; (2) The zeolite treated by or-
ganic alkali can directly produce mesoporous zeolite in the form of
proton after calcination, while the zeolite obtained by NaOH needs
to be ion-exchanged with ammonium salt to obtain mesoporous
zeolite in the form of a proton [52]. The main method of desili-
cation is alkali treatment, while dealumination can be achieved by
calcination steam or acid treatment. Otomo et al. used calcination
and steaming to remove Al atoms from zeolite, and observed the
change of coordination number of EFAl by NMR, which proved the
effectiveness of the two methods [53]. In addition, steam dealu-
mination is more efficient than calcination, because the presence
of H,O at high temperature and pressure can facilitate the hy-
drolysis of Si-O-Al bonds. Sheng et al. conducted steam treatment

distribution obtained after treatment of zeolites with different TPAOH/ (TPAOH + NaOH)
permission [58]. Copyright 2019, American Chemical Society.

on HZSM-5 zeolite at different temperatures, and found that the
mesopore volume of HZSM-5 zeolite after steam treatment is 0.12
cm3/g, while the mesopore volume of zeolite without steam treat-
ment is only 0.07 cm3/g [54]. Del Campo et al. also found that the
shape of the zeolite can greatly affect the formation of mesopores
[55]. They used the desilication method to form the mesoporous
hierarchical structure of the zeolite and found that this method
worked well for the rod-shaped ZSM-22 zeolite, but only crys-
talline fragments were obtained by treating the needle-shaped ze-
olite in the same way. It is demonstrated that the alkali causes se-
rious damage to the zeolite structure, and the zeolite framework
has been disintegrated before the mesopores are formed. These re-
sults indicate the condition for atomic removal to form hierarchical
zeolite is that the framework stability of zeolite is not destroyed by
the removal agent. In addition, the concentration of the removal
agent has also been proven to affect the generation of mesopores
in zeolites. The more the concentration of the remover, the larger
the pore volume of the zeolite formed. For example, ZSM-22 ze-
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olite treated with 1.5 wt% HF has a mesopore volume of 0.295
cm?3/g, whereas the sample obtained by treating the same parent
with 0.7 wt% HF has a mesopore volume of only 0.146 cm3/g [56].

Atom removal is often restricted by the silicon-aluminum ra-
tio of zeolite. This method is not universal, and the destruction
of the stability of the framework by the remover cannot be ig-
nored. Given the shortcomings of these atom removal methods,
scholars have carried out improved research. Wan et al. treated ze-
olite with a mixed alkali of NaOH and tetrapropylammonium hy-
droxide (TPAOH), and found that TPA (+) can be adsorbed near
some silicon atoms to provide protection, avoiding excessive de-
struction of the framework (Fig. 3B) [57]. Xu et al. took advantage
of the protection of organic quaternary ammonium ions on the ze-
olite framework [58]. The regulation of the average pore size of the
zeolite was realized by adjusting the percentage of TPAOH in the
alkali mixture (the average pore sizes of zeolite corresponding to a
percentage of TPAOH of 1, 0.75, 0.25, and 0 were 7.9, 13.71, 17.02,
and 20.50 nm, respectively, as shown in Figs. 3C and F). This study
is of great significance for the design of controllable mesoporous
zeolites by atomic removal. Qin et al. obtained single-crystal hier-
archical zeolite in the form of House of cards by etching ZSM-5
zeolite with NH4F solution [59]. NH4F can etch Si and Al at the
same time at a similar rate. Since it is sensitive to structural stress
and defect concentration areas, fluoride can preferentially attack
the unstable defect areas in the crystal and avoid indiscriminate
attacks on the framework atoms, thus maintaining the stability of
the zeolite framework to a certain extent. The obtained hierarchi-
cal zeolite shows a pore size distribution of 10nm to 100 nm (Figs.
3D and E). Without the preparation of a complex template, atom
removal can skip the synthesis step and directly process the fin-
ished zeolite on the market to obtain the hierarchical zeolite. The
number and diameter of mesopores formed by different concentra-
tions and types of reagents are different, so the formation of hier-
archical structures can be regulated by variation of reagent types
and concentrations. However, the effect of the removal agent on
the stability of the zeolite framework remains a limiting factor for
atomic removal. Future research on the preparation of hierarchi-
cal zeolite by the atomic removal is likely to continue to focus on
maintaining the stability of the zeolite framework and enhancing
the universality of the method.

2.4. Crystal seeds dominated

Crystal seed is an additive in crystallization reaction. The main
functions of crystal seed in the synthesis of zeolite include: in-
creasing the crystallization rate; suppresses the growth of un-
wanted crystalline phases. In addition, the content of crystal seed
in the zeolite precursor gel will significantly affect the crystalliza-
tion rate (it is generally believed that the higher the content, the
faster the crystallization rate). According to traditional studies, the
function of crystal seeds is limited to the synthesis of microporous
zeolites. However, recent studies have shown that crystal seeds
may be able to induce branching growth of crystals to obtain ze-
olites with hierarchical structures. Jain et al. successfully synthe-
sized columnar zeolites with a thickness of about 30 nm by us-
ing self-synthesized MEL zeolite seeds and grew "house of cards"-
shaped nanosheets in the center of the sheets (Fig. S1A in Support-
ing information) [60]. N, adsorption results showed the presence
of mesopores and macropores in the intersecting nanosheet struc-
tures. The N, adsorption results showed the presence of mesopores
and macropores in the intersecting nanosheet structures. Related
studies speculate that the MEL-type crystal species used may pro-
mote the branching growth of the crystals [61-63].

Dai et al. induced the growth of finned zeolite on the surface of
ZSM-11 and ZSM-5 crystal seeds by the one-pot method [64]. The
simulated mass transfer experiment results of benzene molecules
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showed that the mass transfer performance of the second-grown
finned ZSM-5 zeolite was stronger than that of conventional ZSM-
5 zeolite. Although there is no obvious evidence of mesopores in
the finned zeolite (Fig. S1B in Supporting information), new gaps
can be formed by inducing the secondary growth of the fins on the
seed surface, which provides a new idea for obtaining hierarchical
structure. The study of Liu et al. showed that zeolite seeds can also
act as a pore-forming agent, through the dual role of external in-
duction of zeolite crystallization and internal pore-forming to form
hierarchical zeolite with internal mesopores [65]. The original zeo-
lite seeds first formed hexagonal small ZSM-5 crystals in the alu-
minosilicate gel, and then dissolved through the Ostwald ripening
to form hexagonal intracrystalline mesopores with a pore size of
more than 20 nm (Fig. S1C in Supporting information). The zeolites
synthesised by crystal seeds require almost no organic templating
agents and are environmentally friendly. The hierarchical zeolite
framework formed by crystal seed domination is complete and the
zeolite is highly stable. As a consequence of these advantages, the
crystal seed-led strategy is expected to become the main way of
synthesising and regulating the hierarchical structure of zeolites in
the future.

3. Regulating strategy of acidity in zeolites
3.1. In situ synthesis regulating strategies

In-situ synthesis regulating refers to influencing the hydrother-
mal synthesis process by changing the type of raw materials,
adding order, doping ions, etc., so that the acid sites in the ob-
tained zeolite can be regulated.

Aluminum in zeolites is closely related to acidic sites [66-68],
and each Al atom implies a BAS, thus regulating Alr also regu-
lates the BAS. Raw materials influence the distribution of the Alg
through their properties and the extent that atoms are aggregated
in the gel. For example, a higher degree of networking of silicon
atoms in tetraethoxysilane (TEOS) affects the binding of aluminum
atoms in the framework, resulting in a greater distribution of BAS
at zeolite pore crossings [69]. The mixing order of the gel also af-
fects the distribution of Alg. The mixing sequence of "aluminum
before silicon" (mixed aluminum source and TPAOH) resulted in a
higher degree of aluminum agglomeration in the zeolite precursor
gels as compared to "aluminum before silicon" (mixed aluminum
source and TPAOH), which resulted in a more concentrated dis-
tribution of the BAS by arranging the Alz more in the form of
"aluminum pairs" rather than "individual aluminum atoms" (Fig.
4A) [70]. From the perspective of the aluminum feedstock, alu-
minum hydroxide (AH) and sodium aluminate (SA) tend to form
the tetra-coordinated aluminum species Al(OH),~ in the gel, which
is more likely to form a series of identically-coordinated [Al-O-
(Si-0),-Al] aluminum pairs in the framework; whereas aluminum
chloride (AC), aluminum sulfate (AS), and aluminum nitrate (AN)
tend to form the hexa-coordinated aluminum species [Al(H,0)]*
(Fig. 4B), and this aluminum substance completes its crystalliza-
tion before being fully transformed into the tetra-coordinated alu-
minum, leading to more dispersion of zeolites with BAS [71].

Organic structure-directing agents (OSDAs) mostly affect the
Alg distribution and thus the BAS distribution through their own
size. Molecules such as pyrrolidine, hexamethyleneimine, and 1,4-
diazabicyclooctane are larger than tetramethylammonium, and
when used as organic structural directing agents, they preferen-
tially occupy the larger 12-magnetic resonances, which leads to a
greater clustering of aluminum atoms in the smaller 8-magnetic
resonances. In addition, OSDA may alter the intrinsic topological
stability of Al at different crystallographic points (the effect of
OSDA on Al is shown in Fig. 4C, characterized by 2’Al NMR, the
resonance at ~55ppm is assigned to Al atoms in tetrahedral co-
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Fig. 4. (A) Schematic diagram of single Al atom and Al pair. Reprinted with permission [70]. Copyright 2014, Elsevier. (B) Raman spectra of silica-aluminum mixtures of ZSM-
5 zeolites with different aluminum sources. Reprinted with permission [71]. Copyright 2022, Elsevier. (C) 2’ Al MAS NMR spectra of FER samples calcined in the presence of
different OSDA species. Reprinted with permission [72]. Copyright 2011, American Chemical Society. (D) Schematic diagram of the molecular structure of TMA, Pyr and HMI
containing amino groups. Reprinted with permission [72]. Copyright 2011, American Chemical Society. (E) Effect of Na*, K+, and TMAda* on aluminum distribution. Reprinted
with permission [73]. Copyright 2020, American Chemical Society. (F) Crystallization mechanism of ZSM-11 zeolite mixed with different halogen anions. Reprinted with
permission [74]. Copyright 2022, Elsevier. (G) Different distributions of BAS(I) and LAS(Il) for H-MCM-22 zeolites with different boron contents. Reprinted with permission
[76]. Copyright 2016, American Chemical Society. (H) FT-IR test results of pyridine after desorption of fresh zeolite and fresh Ag/zeolite catalysts at different temperatures.

Reprinted with permission [78]. Copyright 2018, American Chemical Society.

ordination, and the resonance at ~0ppm is assigned to Al atoms
in octahedral coordination) [72], thus affecting the distribution
of BAS. Furthermore, some amine OSDA (Fig. 4D), which have a
stronger effect on AlO,~ than the tetraalkyl quaternary ammonium
cation, leading to a stronger BAS. The specific position and rela-
tive orientation of the cyclic amine molecules can also lead to a
tendency for aluminum to be distributed at specific crystallization
points, thus varying the BAS distribution.

In contrast to the effect of the feedstock on the overall crystal-
lization environment, ions affect the arrangement of Alg by chang-
ing the local charge density. For example, TMAda(+) induces the
formation of 12-membered rings (12 MR) with a single aluminum

in the AlO,~ tetrahedra, and Na*t induces the formation of 8 MR
aluminum pairs adjacent to it. While K*, due to its larger size,
tends to compete with TMAda(+), reducing the proportion of alu-
minum pairs in the product (Fig. 4E) [73]. Yuan et al. elucidated
the effect of charge interactions on the distribution of Alg from the
anionic point of view [74]. They synthesized ZSM-11 zeolites (Z11-
Cl, Z11-Br, Z11-I) with the same silica-aluminum ratios by adding
NaCl, NaBr, and Nal, respectively, to the raw materials. The total
BAS densities were similar, but the outer surface BAS density of
Z11-Cl was twice as much as the latter two. NMR analysis showed
that CI= has the highest hydration enthalpy (—369kJ/mol) com-
pared to Br~ (—336kJ/mol) and I~ (—298 kJ/mol), and thus accel-
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erates the nucleation and crystallization process of zeolites. During
this process, the aluminum atoms on the outside of the entire gel
system are too late to enter the central crystallization zone, and
therefore more distributed on the outer surface of the zeolite (Fig.
4F), thus increasing the BAS density on the outer surface of the ze-
olite. In addition, there are interactions between the two variables,
cation and OSDA, which together affect the acid site distribution.
Bickel et al. synthesized MEL zeolites by using Na* and TBA* to-
gether as structure-directing agents and compared them with zeo-
lites synthesized with pure TBA* [75]. Na™ was found to compete
with TBA* for channel intersections, thus affecting the crystalliza-
tion position of Al, resulting in less Al pairs and more dispersed
BAS in the product.

When doping elements are added to zeolite synthesis precur-
sors, the resulting zeolitic acid sites are related to the properties of
the elements themselves. For example, Chen et al. substituted the B
element for some of the Al elements in the zeolite framework [76].
MCM zeolites doped with different amounts of B were analyzed
and found to have different BAS and LAS distributions, achieving
the modulation of both acidic sites simultaneously (Fig. 4G). Zhao
et al. used NH4F to homocrystallize the F element in place of some
of the oxygen elements, and the higher electronegativity of the
F atoms induced the acidicity of the silyl alcohol groups in their
neighboring positions [77]. Other doping modes include Ag in ze-
olites as Ag™ or Ag,0O nanoparticles [78], where Ag,0 can be re-
tained in zeolite mesopores and affect the strength of the BAS by
acting on Al (Fig. 4H), and La as trivalent cations in zeolite micro-
pores, where simulations have shown that La3+ significantly alters
the free energy distribution in its surroundings [79], thereby en-
hancing the surrounding BAS.

3.2. Post-synthetic processing regulating strategies

The post-synthetic processing strategy involves reprocessing the
finished zeolite, which has been crystallized, in order to change the
density, distribution and type of acid sites in the zeolite. Reagent
treatment is a common post-synthesis treatment strategy. Acidic
reagents (with the exception of fluorinated acids) are able to re-
move Alg, resulting in a decrease in the density of BAS associ-
ated with it; on the other hand, when the acid dissociates in-
sufficient H* it is unable to attack the Alg, but it can undergo a
substitution reaction with cations (e.g., Na™) in the zeolite cavi-
ties to form a new BAS [80,81]. whereas most of the aluminum-
containing reagents are thought to significantly increase or en-
hance the acid sites in zeolites. Xie et al. modified Beta zeolite us-
ing NaAlO, solution and found that the modified Beta zeolite had
more BAS and LAS, presumably due to the fact that AI(OH);~ sub-
stances formed in the solution can undergo a holocrystalline sub-
stitution with silica tetrahedra (Figs. 5A and B) [82], thus increas-
ing the BAS density, while the aluminum that is not doped into the
framework stays in the zeolite pores to form LAS. He et al. modi-
fied ZSM-5 zeolite by impregnation with AI(NO3)3 (1.95 wt%) [83].
The NH3-TPD and FT-IR results of the obtained samples showed
that: (1) The 400 °C peak shifted to the high-temperature band, in-
dicating an increase in acidity; (2) The proportion of strong acid
in BAS increased (before modification: 61.4%; after modification:
76.8%), and the LAS increased (before modification: 255 pmol/g;
after modification: 284 pmol/g) (Figs. 5C-E). AI3* entered into the
zeolite pores to form EFAl substances, which were converted to
LAS. Also, these EFAI substances interact with AIF to change the
surrounding charge distribution and enhance the strength of BAS.

The ability of metal cations to undergo substitution reactions
with H* on the zeolite framework is driven by differences in the
strength of cation binding to the negatively charged zeolite frame-
work. Metal cations of different sizes enter zeolite pores of differ-
ent sizes. Wang et al. showed that ions such as Co2t, Ni?*+, Cu?t,
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and FeZ+ of smaller sizes preferentially enter the 8 MR of filamen-
tary zeolites for proton exchange [84], while Zn2t of larger sizes
can only enter the 12 MR for proton exchange (Figs. 5F and G).
These result in a decrease of BAS in the zeolite. In addition, the
remaining BAS concentration is located differently within the ze-
olite due to the different locations of the substitution, indirectly
regulating the location of the BAS. In most cases, the metal cation
exchanges with H* representing the BAS and at the same time re-
duces the density of BAS in the zeolite. When the zeolite is treated
by a combination of metal ion exchange and vaporization, it is pos-
sible to increase the BAS. Liu et al. used three substances, ZnCl,,
Zn(NOs3),, and Zn(Ac),, respectively, to ion exchange with NaY
zeolite followed by vapor modification [85]. The results showed
that only the BAS of the ZnCl,-treated zeolite increased from 326
umol/g to 360 pmol/g before modification, while the strong BAS in-
creased from 74 pmol/g to 88 pmol/g. Subsequent characterization
of the tests showed that the binding of the ZnCl*™ species to the
framework aluminum left aluminum atoms close to the Zn doping
sites unaffected by the vapor phase stripping while the framework
aluminum away from Zn underwent a stripping-recrystallization
process, and this reforming of aluminum atoms resulted in an in-
crease in acid density. In addition, ZnCl* enhanced the BAS sites
around it, similar to the enhancement of BAS by some EFAI (e.g.,
Al(OH), ™). This research work inspired us to use a combination of
regulating strategies for acid site density modification of zeolites.
The integrated strategy of metal ion exchange and other modifica-
tion methods can achieve a measured increase or decrease in acid
site density and is expected to be the next generation of zeolite
acid site regulation methods.

Changes of the acid sites in zeolites include increases and de-
creases for acid site density, conversion of BAS to LAS, and trans-
fer of acid sites. We also hope to achieve some means of pre-
cisely regulating this process so that the zeolite has the catalytic
properties we most desire for adsorption. SiCly is a reagent for
achieving homo-crystalline substitution of silica-aluminum atoms
in zeolite crystals, allowing the replacement of Si atoms in place
of Alg atoms, releasing AlCls. Liu et al. treated mordenite (MOR)
with SiCl4 under low pressure, and SiCl4 entered 12 MR to isomor-
phically replace framework aluminum atoms, forming AlCl3 with
smaller size [86]; AICl3 can enter the smaller 8 MR and react with
the siloxane defects therein, reintegrating aluminum atoms into
the framework, realizing the directional transfer of Alg from 12 MR
to 8 MR (Fig. 5H), thus changing the position of BAS directionally.
This study provides a reference for the research on up-to-down
precise regulation of BAS position.

3.3. Adsorbate regulation

For BAS and LAS in zeolites, both after pyridine adsorption ex-
hibit wave number distributions in FT-IR around 1540 cm~! and
1450 cm~! [87-90], which is the main method for identifying and
calculating BAS and LAS in zeolites and their densities. Acid sites
that have adsorbed pyridine or other probe molecules lose their
original catalytic efficacy and show a macroscopic decrease in acid
density, just as the addition of an alkaline reagent to an acid so-
lution decreases its acidity. He et al. measured a BAS density of
0.2 mmol/g in 12 MR of H-MOR zeolite adsorbed with supersatu-
rated pyridine using 'H MAS NMR [91], which is only 20% of that
of the original H-MOR sample; and the pyridine molecules failed
to enter 8 MR to coordinate with the BAS therein due to pore
size limitations (Fig. S2A in Supporting information). This study fo-
cuses on the role of pyridine molecules in regulating the density
of acid sites. The role of the adsorbate molecule itself in regulating
the position of the acid site has received little attention. A recent
study has shown that the pyridine molecule is capable of indirect
BAS position regulation [92]. FT-IR characterization of MOR zeo-
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lites after adsorption of pyridine showed a decrease in the amount
of BAS in 12 MR and an increase in 8 MR. Whereas the NMR re-
sults showed the disappearance of the signal symbolizing the oc-
tahedral coordination of Al species and the enhancement of the
signal symbolizing Si(OAIl)(OSi)s. Together, the two characterization
results explain the mechanism by which pyridine dynamically reg-
ulates the BAS: the entry of pyridine into 12 MR decreases the den-
sity of the BAS, while the potential resistance effect or change in
charge distribution produced by pyridine, although it is unable to
enter 8 MR, induces the octahedral-liganded Al species in 8 MR to
re-frame and form the BAS (Fig. S2B in Supporting information).
The result of this change is macroscopically reflected in the trans-
fer of BAS from 12 MR to 8 MR in mordenite.

In addition to driving forces in the physical sense (spatial site
resistance, electric field forces), some polar molecules change the
type of acidic sites adsorbed by altering the chemical bonding. Li
et al. used 13C-labeled acetone as a probe molecule, and observed
the adsorption peaks of LAS on acetone by using 13C CP MAS NMR
in conjunction with the results of high-resolution SXRD and NPD-
refined crystallographic modeling [93]. It is believed that acetone
adsorption induces a transition from BAS-type adsorption to FLP-
type adsorption (frustrated Lewis electron pair, FLP). The mecha-
nism is that the molecular polarity breaks the Al-O bond on the
BAS, and the C=0 of acetone binds to the backbone LAS in the
form of Lewis base (LBS), which is manifested as a conversion of
the adsorbed acetone BAS site to the FLP site (Fig. S2C in Support-

ing information). They also found that the change of FLP free en-
ergy was logarithmically correlated with polarity by further explo-
ration. The higher the polarity, the lower the recombination energy
required to induce the FLP state from the BAS state. This study
is a pioneering finding that adsorbate molecules, especially polar
molecules, induce the formation of FLP from BAS by breaking the
Al-O bond, which leads to a change in the type of acid site. In-
vestigating the effect of adsorbents on the change of acid sites in
zeolites can study the mechanism of acid site transfer and trans-
formation at the molecular level, and provide more new ideas for
regulating the distribution and type of acid sites.

4. Mechanism of gas adsorption by zeolites
4.1. Facilitating transmission mechanisms — Hierarchical structure

The small pore size (<0.8 nm) and cavity diameter (<1.5nm) of
zeolites limit the transport rate of gas molecules and hinder their
adsorption. Compared to the size of zeolite micropores (<2 nm),
mesopores (2-50nm) allow faster migration of guest molecules in
the main framework [94,95]. Tang et al. compared the dynamic ad-
sorption process of toluene on conventional ZSM-5 zeolite (CZ) and
hierarchical ZSM-5 zeolite (HZ) [96]. The results of diffusion rate
simulation showed that the migration rate of toluene in HZ was
1.37 times higher than that in CZ. In addition, after five adsorption-
desorption cycles, the adsorption capacity of HZ for toluene was
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still close to 100% (compared to the first adsorption capacity) (Fig.
S3A in Supporting information), whereas the adsorption capacity
of CZ was only 82%. This study demonstrated the advantages of hi-
erarchical zeolite in terms of molecular transport rate and cycling
performance.

The hierarchical structure promotes mass transfer. However, it
is not the case that a larger pore size (or pore volume) facilitates
molecular mass transfer. Panda et al. conducted CO, adsorption
tests (Fig. S3B in Supporting information) using 4A hierarchical ze-
olites with different mesoporous pore sizes (4.7, 5.5, and 6.0nm)
[97]; the adsorption capacities measured at 0°C and 1bar were
3.77, 3.41, and 2.72 mmol/g, respectively. The decrease in adsorp-
tion capacity with increasing pore size may be attributed to the
fact that the pore size of the zeolite is too large to adsorb small
molecules into the zeolite, which leads to a decrease in adsorption
capacity.

The interconnected mesopores act as a facilitator of mass trans-
fer and improve the adsorption or catalytic performance. Milina
et al. first introduced the concept of "mesopore quality” and de-
scribed it based on the connectivity of the pore network within the
zeolite (Fig. S3C in Supporting information) [13]. In this study, the
pore structure of alkali-modified hierarchical ZSM-5 zeolite was
characterized (Fig. S3D in Supporting information), and the results
of the characterization by scanning transmission secondary elec-
tron imaging combined with positron annihilation lifetime spec-
troscopy (PALS) revealed that zeolites with mesopores connected
to the outer surface were found to be used for a longer period
of time for the MTH reaction. It would be important to classify
different types of mesopores to study molecular transport in ze-
olite pores. Kenvin et al. developed a differential hysteresis scan-
ning (DHS) based on high-resolution argon adsorption coupled
with nonlocal density flooding theory (NLDFT) for distinguishing
between various types of mesopores in octahedral zeolites [98].
As shown in Fig. S3E (Supporting information), mesopores can be
categorized into pyramidal (pyr), constricted (con), and occluded
(oc) based on the relative relationship between mesopore diameter
and window diameter. Subsequent PALS tests showed that pyrami-
dal and contracted mesopores favored diffusion within the zeolite,
whereas occluded mesopores did not improve transport properties.
This approach has important applications in the study of pore con-
nectivity and clogging. Hierarchical structure can be understood
as a relative concept, and a hierarchical pore structure with con-
nectivity relative to adsorbent molecules can effectively promote
transport, improve the contact efficiency of molecules with adsorp-
tion sites, and increase the adsorption capacity.

4.2. Forces between zeolitic acid sites and adsorbate molecules

Under van der Waals forces, molecules with a smaller molecu-
lar dynamics diameter than the zeolite pore diameter are adsorbed
onto the surface of zeolite pore channels, cavities. In addition, the
cavities where the cations are trapped have a high local polarity
and can be used as adsorption sites for some polar molecules [99-
101]. When classified by the relative magnitude of the bond en-
ergy, the adsorption mechanisms of zeolites on gases can be clas-
sified into three categories as follows:

(1) Secondary key role. Secondary bonds include hydrogen
bonds and weaker intermolecular forces. Gas molecules such
as N, and CHy4, which have an overall polarity of 0 and a
low local polarity, are adsorbed in the cavity of the zeolite
by the weak intermolecular force of "adsorbate-adsorbate-
adsorbent” (Fig. S4A in Supporting information) [102]. And
the inner adsorbate is capable of secondary bonding to
the outer adsorbate together with the adsorbent (the in-
ner wall of the zeolite pore channel), which is consistent
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with the description of physical adsorption in most mod-
els [103]. In addition, BAS in zeolite pore channels can
be connected to oxygen-containing molecules (NOy, alde-
hydes, small molecules of carboxylic acids) in the form
of hydrogen bonds (Fig. S4B in Supporting information)
[104], and this force also falls under the category of sec-
ondary bonds. Molecular adsorption energies dominated
by secondary bonding are in the range of approximately
—15Kk]J/mol to —30k]/mol (Fig. S4A) [102];

Covalent bonding. The abundant off-frame cations in the ze-
olite pore channel are Lewis acids with empty orbitals that
can admit electron pairs. Gas molecules that have bare lone
pairs of electrons can form ligand covalent bonds with them
[105]. The molecular adsorption energy dominated by cova-
lent bonding is in the range of approximately —50k]/mol to
—60 kJ/mol;

Covalent bonding combined with secondary bonding. Refers
to the hydrogen bonding-assisted, covalent bond-forming
adsorption process. For example, in the adsorption of NOy
by Fe-ZSM-5 and Co-ZSM-5 containing BAS, the BAS assists
in the coordination of the adsorbate molecules with the
transition metal cations (Fig. S4C in Supporting information)
[106]. This type of mixing force has higher molecular ad-
sorption energy than that dominated by covalent bonding
forces alone (Fig. S4D in Supporting information).
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The regulation of acid sites actually changes the strength, num-
ber and distribution of covalent and secondary bonding forces
within the zeolite. A change in the strength of the acid sites im-
plies a change in the bonding energy of the ligand covalent bonds
between the adsorbed molecules and the zeolite, which in turn af-
fects the adsorption energy and the temperature required for des-
orption. An increase in acid site density indicates an increase in
the number of bonding sites (both secondary and covalent) in the
zeolite, thus increasing the adsorption capacity. The distribution of
bonding sites, on the other hand, affects the accessibility of acid
sites, which can influence the performance of some adsorption or
catalytic reactions.

5. Application of gas adsorption

Common inorganic adsorbates include CO,, CO, N, and NOy.
Most of these molecular kinetic diameters are below 0.4nm. The
mechanism for the adsorption of non-polar gas molecules such
as N, by zeolites is dominated by secondary bonds, but there is
also ligand covalent bond-dominated adsorption of N, due to the
presence of naked lone pair electrons outside the molecule, which
tend to bind to empty orbitals (LAS) [107-109]. Although polar
molecules such as CO and NOy are more likely to be bound by LAS
in the zeolite pore channel, they are inherently concentrated as ad-
sorbate molecules with small molecular diameters and can there-
fore also aggregate in the zeolite cavity in the form of "adsorbate-
adsorbate-adsorbent”. The mechanism of adsorption of most inor-
ganic small molecules on zeolites can be summarised as follows:
predominantly secondary bonds (van der Waals forces), and some
ligand covalent bonds. The adsorption capacity of gas on zeolite
is influenced not only by the nature of the adsorbate itself but
also by external conditions such as temperature and air pressure,
so that the adsorption data obtained under suitable operating con-
ditions are more informative for a given adsorbate. The adsorption
properties of some zeolites for inorganic gases and the correspond-
ing working conditions are shown in Table S1 (Supporting informa-
tion).

Unlike conventional inorganic gases, volatile organic com-
pounds (VOCs) are generally highly toxic and can cause irreversible
damage to human health, as well as harming ecosystems through
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diffusion into the environment [110-113]. VOCs have a high polar-
ity and a large molecular dynamics diameter. Many VOCs contain
functional groups such as benzene rings and halogenated atoms
in their molecules. The combination of these factors makes the
mechanism by which VOCs molecules are adsorbed by zeolites
more complex, and is a mixture of covalent and secondary bond-
ing. In addition, water molecules compete for sorbents for VOCs
molecules and many industrial emissions of VOCs exhaust gases
carry a certain level of humidity, thus Table S2 (Supporting infor-
mation) also focuses on the adsorption of VOCs by zeolite adsor-
bents at a certain level of humidity to evaluate the hydrophobicity
of the zeolite.

6. Summary and outlook

Disadvantages and advantages coexist in the regulating meth-
ods of hierarchical structures. The hard template method is eas-
ier to achieve precise regulation, and the soft template method
can assist zeolites to form special hierarchical structures, but the
templating agent methods in general all have the disadvantages of
high cost and easy to cause pollution. Atomic removal methods are
simple to operate, but tend to destroy the zeolite framework. The
crystalline species can produce hierarchical structure by inducing
crystallization through similar basic structural units, or form meso-
pores as template agent without removal, which can circumvent
the above problems to a certain extent and has good development
prospects, but there is still a need to research methods that can
regulate hierarchical structure more precisely.

The regulating effect of the in situ synthesis method depends
on the charge environment formed by the raw material during the
crystallization process, which affects the distribution of acid sites
through electrical repulsion, spatial site resistance, and other ef-
fects. The regulating effect of the post-synthesis method depends
on the reagent, and changing the type and concentration of the
reagent is more inclined to achieve the regulation of the acid site
density. The regulating effect of adsorbed molecules on the acid
sites depends on what kind of reaction takes place during the
adsorption process. Simple substitution reactions only lead to a
decrease in acid site density. It is noteworthy that some polar
molecules (e.g., acetone) can induce the conversion of the acid site
type, which may be a future direction for the regulation of the acid
site type.

Structure determines function and function determines the ap-
plication. The porous structure of zeolites and their internal acid
sites determine their adsorption capacity, resulting in a wide range
of applications in many areas. With the rapid development of zeo-
lite hierarchical structure and acid site modulation strategies, it is
reasonable to expect the creation of strategies that can modulate
these two fundamental properties of zeolites at will, for applica-
tions in gas adsorption.
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