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Tailoring Bransted acid sites (BASs) and Lewis acid sites (LASs) in zeolites has become a feasible method to
improve the efficiency of the adsorptive removal of dyes. Generally, in conventional approaches, textural
properties, such as pore size, pore volume, and surface area, are tuned to achieve superior adsorption
performances. However, these factors alone cannot guarantee robust interactions or selectivity across
a broad range of dye molecules. The experimental evidences from the kinetic and isothermic data
presented in this review show that adsorption is primarily influenced by the density and accessibility of
acid sites. Generally, to introduce acid sites into zeolites, conventional methods, such as dealumination,
acid treatment, and tuning the Si/Al ratio, are employed. However, these methods result in non-uniform
distributions of acid sites, loss of crystallinity, and collapse of the framework structure under harsh
treatment conditions. Modern techniques, such as atomic-layer deposition (ALD), vapor-phase
metalation, and templated crystallization, can be used to overcome these limitations. This review
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effective performance in selective dye adsorption, paving the way for future developments.

1. Introduction

Zeolites are ordered microporous crystalline aluminosilicates
that have gained significant interest in the fields of catalysis,
separation process, and adsorption technologies. Due to their
chemical and thermal stability, large surface area, and tunable
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pore structure, these materials offer potential solutions for the
sequestration of hazardous dye pollutants from industrial
wastewater.” The discharge of dye waste into the environment
affects aquatic systems, plants, and human health because the
synthetic origin and stable aromatic structure of the dyes
inhibit their biodegradation. To overcome these issues, the
adsorption technique is widely used to mitigate dye effluent
pollution. This approach is cost-effective compared with coag-
ulation, precipitation, membrane filtration, and
photodegradation.**®

Traditionally, research on zeolite-based adsorbents has
focused on textural modifications, such as increasing their pore
size, pore volume, and surface area, to improve adsorption
capability.” Although these modifications enhance accessibility
and diffusion, they do not guarantee selectivity or specificity for
each type of dye. Moreover, they often facilitate physisorption,
which is an unstable and reversible process. For example, the
larger pore and surface area of SBA-15 (Santa Barbara
Amorphous-15 is a 2D material with hexagonal pore structure
with a size of 2-30 nm) and MCF (Mesocellular Silica Foam is
a cage-like pore structure with a size of 20-50 nm) show lower
adsorption capacity compared to the smaller pore MCM-41 and
MCM-48 (Mobil Composition of Matter-41 has a uniform
hexagonal structure pore with a size of 2-50 nm and Mobil
Composition of Matter-48 has 3D cubic structure whose diffu-
sion strength is higher compared to MCM-41), owing to the
denser acid-site of the material rather than porosity.® These
examples suggest the disadvantages of depending only on
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textural optimization of zeolites rather than acid site
engineering.

This has triggered a paradigm shift towards chemically
driven adsorption, in which Brensted (BAS) and Lewis acid sites
(LAS) of zeolites play a crucial role in improving the selective
adsorption of dye molecules. Typically, BASs are associated with
bridging hydroxy groups that facilitate proton transfer,
hydrogen bonding, and ion-exchange with dye molecules. On
the other hand, LAS which is produced by coordinatively
unsaturated metal centers and framework defects that allow
strong interaction with electron-rich groups present in the dye
molecules. These acid sites promote chemical interactions with
dye molecules, which result in greater selectivity, a quasi-
irreversible and stable process, and offers a larger adsorption
capacity than physisorption.®** Hence, researchers should shift
their primary goal from optimizing textural properties of
zeolites to acidity engineering.

Various treatments have been employed to optimize the
properties of zeolites, including dealumination, acid treatment,
and metal incorporation.” ¢ Nevertheless, these methods often
suffer from inadequate control over the distribution of acid
sites, instability in the grafted groups, and crystallinity loss after
harsh treatments.”>"” Ferrarelli et al.*® reported that the non-
uniform extraction of Al can often led to a heterogeneous
redistribution of acid sites. Tanirbergenova et al.* observed that
strong mineral acids reduced the crystallinity and collapsed the
framework structure of zeolites. A study by Wang et al.** showed
that metal encapsulation through grafting, impregnation, or
ion exchange often lacks precise control over the placement of
metals and speciation. Furthermore, Meng Liu et al.** stated
that grafted non-noble-metal or extra-framework metal species
may migrate, agglomerate, or leach under harsh reaction
conditions, which could affect the stability of the material.
These limitations have motivated the switch to modern tech-
niques, such as atomic-layer deposition, vapor-phase meta-
lation, templated crystallization, and confinement-controlled
metal anchoring, which can be used to generate acid-site-rich
zeolites without losing crystallinity or chemical structure.

Although numerous publications regarding the adsorption
of dye molecules by zeolites exist, most of them predominantly
concentrate on the textural modifications of zeolites for
adsorption performance without acknowledging their limita-
tions. However, to the best of our knowledge, only a few articles
are available that describe how BASs and LASs in zeolites
influence the adsorption process. To address this gap, this
review focuses on the necessity of introducing BASs and LASs in
zeolites for robust and superior adsorption performance. Based
on this review, we have proposed a perspective on how acid sites
bind through interaction sites of dye molecules. In addition, we
have compared the kinetic and isothermic data from existing
works to provide experimental support. Furthermore, this
review emphasizes modern synthetic strategies for the future
development of zeolites to produce stable acid-site-rich zeolites
with uniform distribution of all species, without compromising
their crystallinity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2. Mechanistic insights into acid site
engineering and dye—adsorbent
interactions

2.1 BASs and LASs as key drivers for dye adsorption

The nature of the interaction between the dye molecules and the
adsorbent strongly relies on the BAS/LAS of the framework rather
than on the pore, and textural characteristics of zeolites.”*>*
Typically, LASs interact with the dye molecule by accepting
electron pairs, while BASs do so by donating a proton to the dye
molecule. This leads to the formation of a strong chemical bond
between the adsorbent and adsorbate by means of complexation,
coordination, deprotonation, and protonation (chemisorption),
which determines selectivity (BASs/LASs select dye molecules
based on the density and strength of acid sites) and specificity
(BASs/LASs specifically select a functional group present in the
dye molecule for stronger interaction) for the dye molecules.”

Generally, dye adsorption occurs at both the internal and
external acid sites of the adsorbent. Initially, the dye molecules
interact with the surface acid sites by means of film diffusion.
Then it reaches the internal acid sites through the interconnected
pore channels of the adsorbent via intraparticle diffusion. BASs
and LASs select the dye based on the functional groups present in
the molecule. The adsorption on LASs and BASs is chemisorption
(AH > 40 k] mol ). Physisorption depends on surface area and is
independent of BAS/LAS. In contrast, the adsorption of dye over
material lacking sufficient acid sites or without acid sites are
primarily governed by weaker physisorption (AH = <40 k] mol ).
Stronger interactions by chemisorbed dye molecules improve the
resistance to desorption in an aqueous environment. But the
regeneration of a chemisorbed dye can be achieved by mild heat
or chemical treatment. This is the main advantage of chem-
isorbed dyes on the acid sites of zeolites. In the case of phys-
isorption, the zeolite may release the dye molecule slowly in an
aqueous environment. Regeneration of the adsorbent can be
done by mild heating or chemical.”*?

Selective functional groups on the zeolite surface enable the
effective adsorption of particular dyes.”” This selectivity allows
customized adsorption of specific dyes due to the comple-
mentary chemical structure and properties of the adsorbent-
absorbate interface. In contrast, the textural and pore charac-
teristics of the zeolite may not provide the same degree of
selectivity and specificity for the adsorption process. Moreover,
the chemical reaction between BASs/LASs and dye molecules
forms a new chemical species that binds with the zeolite
surface. This may increase the overall stability of the adsorption
process compared to physisorption.

2.2 Interaction sites in dye molecules as a key stimulant for
dye adsorption

The chemical nature of the functional group in the dye mole-
cule strongly influences its capability to adsorb onto solid-acid
adsorbents. These functional groups are known as interaction
sites, and they provide points of attachment to the surface of the
zeolite that control the selectivity, type of interaction, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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strength of adsorption. Common interaction sites in dye
molecules are cationic centers, anionic centers, electron-rich
donor atoms, m-conjugated atoms, and H-bonding moieties.
These sites also influence the adsorption process through
proton-exchange, ionic bonding, coordination bonding, elec-
trostatic interactions, and H-bonding, as shown in Fig. 1.

Cationic centers in dye molecules can include protonated
amines or quaternary ammonium groups, which primarily
interact with the BASs of zeolites via a proton-exchange mech-
anism. In addition, electrostatic interactions can also occur. For
example, adsorption of methylene blue,***** and Victoria
Blue*™* onto zeolites, and the adsorption of methylene blue
and methyl violet on MXenes® have shown these types of
interactions. Anionic centers such as sulphonate (-SO3;™) or
carboxylate (-COO™) groups in dye molecules can be attracted to
positively charged sites or metal centers of the zeolite. Studies
have shown that anionic dyes like metanil yellow,”** Congo
red, methyl red, methyl orange, and orange G>° interact
primarily with the adsorbents through ionic interactions.
Furthermore, electron-rich donors include the nitrogen of azo
groups or the oxygen of carbonyl groups, coordinating with the
LASs of the zeolite, which forms an inner-sphere complex.
Compared to physical interactions, these interactions are more
potent and selective. Some studies have suggested that
adsorption through these interaction sites of the dye molecules
has a stronger affinity towards the LAS, which results in a high
adsorption capacity and a faster rate.”*>*** Some recent reviews
highlighted that m-7 stacking or m-cation interactions take
place between the aromatic ring of the dye molecule and
electron-deficient regions of the adsorbent, which promotes
stronger affinity towards planar dyes.>*' Adsorption of dye
molecules with hydroxy (-OH) and (-NH) groups is likely to
form hydrogen bonds with surface hydroxy groups and adsor-
bed water molecules and stabilize the adsorbed dyes.**>*%

Hence, the efficacy of the interaction sites present in the dye
molecules relies on the number of interaction sites, the spatial
arrangement, and accessibility. Furthermore, steric hindrance
from a bulky substituent on the dye molecule can restrict the
interaction at the adsorbent-adsorbate interface. Moreover,
altering the pH and ionic strength of the dye solution leads to
protonation of the functional group in the dye molecule.*® This
conversion has a substantial impact on the interactions of BASs
and LASs. Therefore, the binding strength, selectivity, and
stability of the adsorbent-adsorbate complex are collectively
impacted by the chemical interactions rather than physical
interactions. Consequently, these interaction sites are also
a crucial factor for the effective removal of dyes. The various
interaction types between dye functional groups and common
adsorbent sites are summarized in Table 1, illustrating the
complexity of dye removal mechanisms.

3. Experimental evidence for acid
site-controlled adsorption processes

Numerous studies have demonstrated that the textural and pore
characteristics of zeolites play key roles in promoting molecular

RSC Adv, 2026, 16, 21519-21529 | 21521
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Fig.1 Schematic representation of dye adsorption of an M"*-modified zeolite, showing interactions of anionic dyes with LAS and metal centers,
cationic dyes with BAS through hydrogen bonding and proton exchange and t—1t interaction between zeolite framework and aromatic rings of

the dyes.

Table 1 Representative interaction sites in dye molecules and their corresponding adsorbent sites, highlighting the interaction mechanisms

involved in the adsorption processes

Interaction site Dye functional group Adsorbent site

Interaction type

Cationic center -N'R;, heteroaromatic BASs (-OH, H" sites)

cations
Azo nitrogen -N=N-
Carbonyl -C=0
oxygen
Sulfonate -SO;~
Carboxylate -COO0™
Aromatic rings -CgHs, ~CeH,—
Hydroxyl -OH

diffusion control while the acid sites influence the adsorption
affinity and adsorption capacity.*** According to hierarchical and
modified zeolites, the enhanced accessibility of dye molecules to
the acid sites significantly increases the adsorption capacity and
selectivity.'** Extensive studies on HY-zeolites (hydrogen form
of Y-zeolite, a faujasite-type zeolite, with a 3D pore structure) with
different Si/Al ratios have demonstrated robust adsorption of dyes
because of their high BAS density. For example, the adsorption of
methylene blue by HY (16.6) and other related HY-zeolites
exhibited an adsorption capacity of =93 mg g~ at low concen-
tration (which is close to that of commercial bentonite). This value

21522 | RSC Adv, 2026, 16, 21519-21529

LASs (extra-framework Al or metal centers)
LASs (extra-framework Al or metal centers)

Proton exchange®® and electrostatic attraction®

Coordination and inner-sphere complexation®®
Coordination and inner-sphere complexation®®

Positively charged sites and exposed metal centers Ionic interaction and coordination®”
Positively charged sites or exposed metal centers Ionic interaction and coordination
m-deficient regions and graphitic surfaces
Surface hydroxyls and adsorbed water molecules Hydrogen bonding®®

38,39

m-7 stacking and m-cation interaction®**°

matches the number of protonic sites, as determined by pyridine
FT-IR analysis. This adsorption followed the Langmuir isotherm,
which suggested that site-limited monolayer adsorption occurred
rather than multilayer pore filling. In the case of kinetics, it obeyed
pseudo-second-order kinetics, which indicated that the adsorp-
tion is an acid-site-controlled process® rather than a purely
textural diffusion control.”®

Another study proved that the controlled acid treatment of
HY-zeolite (protonation/dealumination) is likely to increase the
relative contribution of protonic BAS. Equilibrium was reached
for the removal of mesosulfuron methyl by bare HY-zeolite at 15

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hours, while acid-treated HY-zeolite removed it within 10
minutes. This strongly indicates that grafting BASs on the
zeolite by acid treatment improves the adsorption capacity and
adsorption affinity towards dye molecules. This is attributed to
the creation of protonic sites in the framework, which facilitates
ion exchange and electrostatic interactions. On the other hand,
surface area primarily improves accessibility rather than
adsorption affinity.”® Rulan Xu et al. also stated that protonated
zeolite shows stronger adsorption for ionic and polar molecules
because of the presence of more BASs in the zeolite, which
facilitates the electrostatic and acid-base interactions.> Since
most dyes have ionic/polar functional groups, this can
strengthen the interaction between the acid site and dye
molecule, resulting in improved adsorption capacity.

Another study deals with the comparison of immobilization
and acid treatment using clinoptilite incorporated in a poly-
butylene adipate (PBAT) electrospun membrane for methylene
blue removal, showing that the adsorption capacity of powdered
zeolite increases from ~3.3 mg g~ " to ~4.6 mg g~ " after 6 M HCI
treatment, while that of the PBAT-zeolite membrane increases
from ~8.26 mg g ' to 12.2 mg g .** Conversely, a high BET
surface area zeolite, such as NaX zeolite (sodium aluminosili-
cate with 12-membered-ring pore structure) (=375 mg g 1),
achieved a high removal percentage for methylene blue under
optimized conditions. Nevertheless, the factors such as pH,
exchangeable cation/protonation site, and acid/proton avail-
ability are strong regulators for the uptake and selectivity i.e.,
even though the textural advantages assist the adsorption, the
chemical state of exchangeable cationic and protonic sites
dictates whether such textural benefits are actually adsorbed
under particular optimized conditions.

The adsorption capacity, as presented in Table 2, shows that
higher pore size and surface area do not correlate exclusively with
the adsorption capacity. Although the intraparticle diffusion and
accessibility of dye molecules are regulated by the textural char-
acteristics of the zeolite, the adsorption affinity and capacity are
primarily determined by the accessibility, density, and strength of
the BASs and LASs. The adsorption of methylene blue by HY-
zeolite,”® modified ZSM-5 (NZVI/SuZSM) (nanoscale zero-valent
iron)*® and NaX-zeolite®® shows that the adsorption capacity for
HY-zeolites is higher than those of ZSM-5 and NaX-zeolite. This is
attributed to the typical nature of the abundant acid sites in the
HY-zeolite®” and its larger surface area. This indicated that the
adsorption of methylene blue over the HY-zeolite is surface- and
acid-site dependent adsorption. On the other hand, ZSM-5 also
generally has stronger acid sites, but the moderate adsorption
capacity is attributed to the intrinsic micropore channels, which
restrict the diffusion of dye molecules into the internal acid sites,
showing that the adsorption is acid-site dependent.*® In the case
of NaX-zeolite, the lower adsorption capacity is due to the pres-
ence of charge-compensating Na' ions, which reduces the BASs
and weakens the interaction with the dye molecule, in addition to
its lower surface area.” This evidence indicates that the materials
with a large number of acid sites will improve adsorption effi-
ciency even though they have lower surface areas or pore volumes.

Materials with higher numbers of BAS/LAS, such as HY-
zeolite®® and Fe-ZSM-5 (ref. 60) (Zeolite Socony Mobil-5 is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a highly siliceous aluminosilicate belonging to the pentasil
family with 10-membered rings), exhibited improved adsorp-
tion even with moderate or low porosity. Murat Akgil et al.
demonstrated that desilication increased the mesoporosity of
the zeolite, which promoted the adsorption performance of
methylene blue. Moreover, this desilication increases BASs by
decreasing the Si/Al ratio and also produces more extra-
framework aluminium, which can act as LAS.**

In addition, steric effects around large dye molecules also
influence the adsorption capacity. For example, clinoptilolite
(surface area 86.85 m> g ' and pore volume 11.5 cm® g %)
possesses a lower adsorption capacity (35.32 mg g ') for acid
black 1 (anionic dye).* This is because clinoptilolite has limited
interaction with the larger acid black 1 dye molecule.

The higher pore sizes of clinoptilite (210 nm) and NaP1 (sodium
aluminosilicate with an 8-membered-ring pore structure) (70 nm)
achieve adsorption capacities of 35.32 mg g ' and 28.44 mg g ',
respectively.® Even though these materials have larger pore sizes,
the adsorption capacity is relatively low since both materials have
moderately low numbers of acid sites. Moreover, these larger pore
structures reduce molecular sieving ability because the pore
diameter becomes much larger than the molecular size of the dye
molecule, leading to weaker pore-wall interaction and reduced
confinement of dye molecules. This shows that the adsorption
capacity is influenced by both pore/surface characteristics and the
number of acid sites present in the material.

These evidences revealed that zeolites with comparable
textural characteristics and increased density of acid sites
demonstrated a significantly better performance for dye
adsorption through stable chemical interactions. This sug-
gested that superior adsorption performance depends on
a synergistic combination of accessible pore architecture and
the strength of the acid sites present in the material, rather than
textural properties alone.

Although this review mainly focuses on dye pollutants, the
grafting of BAS/LAS active sites can be widely used in all types of
ionic and polar contaminants, including pharmaceuticals,
phenolic compounds, perfluorinated sulfonates, heavy metal
complexes, antibiotics, and organic acids.®** For example,
perfluorinated sulfonates have negatively charged sulfonate
groups, which can enable them to interact with LASs in a similar
way to sulfonate-containing dye molecules.®**® Hence, in addi-
tion to dye removal, the structure-property relationships
covered in this review establish a fundamental mechanistic
framework for fabricating zeolite-based adsorbents for the
removal of a variety of environmental contaminants.

4. Synthetic routes for generating
BASs and LASs in zeolites

4.1 Traditional methods for fabricating zeolites with BASs
and LASs for selective dye adsorption

Selective dye adsorption over zeolites is strongly dependent on
the distribution, strength, and accessibility of BASs and LASs.
Typically, BASs are generated from bridging hydroxyl groups
(Si-O-Al) through isomorphous substitution of Si with Al. LASs

RSC Adv, 2026, 16, 21519-21529 | 21523
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Table 2 Adsorption performance (adsorption capacity, kinetic and isotherm models, and textural parameters) of zeolites and related porous
adsorbents toward organic dyes. Acid site characteristics are qualitatively inferred from material type, framework chemistry (e.g., Si/Al ratio,
cation exchange, surface modification), or reported synthesis modifications. Direct acidity measurements were not always provided in the
original studies. n.r. = not reported®

Pore Surface Pore

Dye Adsorption capacity  Kinetics Isotherm  size area volume

Material used studied  (qmax, Mg g ") followed followed (nm) (m”g ') (cm® g™") Acid sites/acidity Reference

Zeolite Y Methyl 20.62 Pseudo- Langmuir 30.53 445.36  0.60 Moderate Brgnsted acidity 69
orange second order

Zeolite Y Eosin 52.91 Pseudo- Langmuir 30.53 445.36  0.60 Moderate Bronsted acidity 69
yellow second order

NaX zeolite Methylene 24.39 Pseudo- Langmuir nr 375 0.12 Low Brensted acidity 56
blue second order

Clinoptilolite Acid black 35.32 Pseudo- Freundlich 210 86.85  11.15 Low Brgnsted acidity 59
1 second order

NaP1 zeolite Acid black 28.44 Pseudo- Langmuir 70 18.33  80.23 Moderate Bronsted acidity 59
1 second order

HY-zeolite (2.9) Methylene 186 Pseudo- Langmuir nr 659 0.36 High Bronsted and Lewis 28
blue second order acidity

HY-zeolite (16.6)  Methylene 441 Pseudo- Langmuir nr 631 0.35 High Bronsted and Lewis 28
blue second order acidity

HY-zeolite (30.0)  Methylene 252 Pseudo- Langmuir nr 691 0.39 High Bronsted and Lewis 28
blue second order acidity

Fe-ZSM-5 zeolite ~ Basic 251.87 Pseudo- Langmuir 1.93 399 0.0964 High Bronsted acidity + Fe 60
fuchsin second order sites

Modified ZSM-5 Methylene 86.70 Pseudo- Langmuir 2.1 182 0.48 Bronsted + surface redox 55

(NZVI/SuZSM) blue second order sites

Surfactant- Crystal 5.06 Pseudo- Freundlich 21.26 12.67 0.067  Cetylpyridinium chloride 70

modified zeolite violet second order on zeolite mimics Lewis-

type surface interactions

“ Most of the articles mainly focused on dye adsorption behaviour, isotherm, kinetics and structural/textural analysis of the zeolites rather than
acidity engineering. Hence, acidity values in this table are qualitative assignments inferred from the material type, framework chemistry (e.g.,
Si/Al ratio, cation exchange form), and reported synthesis/modification routes. In cases where the original articles did not provide direct acidity
measurements (e.g., pyridine-FTIR, NH-TPD, *'P NMR), acidity is interpreted based on well-established structure-acidity relationships in

zeolites and mesoporous materials.

are produced by extra-framework Al species.”»”> Hence, strate-
gically tailoring these acid sites for improved selectivity towards
the adsorption of various dye molecules is crucial, as illustrated
in Fig. 2.

One of the extensively used methods to increase the
concentration of acid sites is by tuning the Si/Al ratio in the
framework. A low Si/Al ratio in the framework is favorable for
cationic dyes, such as methylene blue, since it produces more
BASs in the framework. This results in interactions between the
dye molecule and BASs through a proton-exchange mecha-
nism.”® On the other hand, a high Si/Al ratio lowers the acidity
and increases the hydrophobicity of the material.” Hence, this
kind of material is suitable for hydrophobic dyes such as mal-
achite green. Other than basic compositional control, deal-
umination is an effective approach to generate extra framework
Al species, which act as LASs. Mild acid treatment can also
generate additional BAS in the framework by replacing extra-
framework cations such as Na*, K*, ca®*, ... with H'. While
strong acid treatment creates defect sites that act as LAS. This
type of material favors better adsorption toward azo-based dye
molecules.>*” Post-synthetic functionalization is an alternative
route for engineering acid sites by grafting sulphuric acid. This
will produce a strong BAS, which is very suitable for basic dyes.”

21524 | RSC Adv, 2026, 16, 21519-21529

Conversely, grafting metal oxide” onto the framework and
isomorphous substitution of transition-metal ions*~>*
ates LAS, which is very advantageous for anionic dyes.
Additionally, polyhedral coordination of aluminosilicate
species also produces BASs and LASs in the framework.**>* For
example, Alrq) creates a negative charge in the framework,
which is neutralized by the proton of (Si-O-Al) hydroxyl groups.
These protons act as a BAS, while Alpp) and Al create extra-
framework Al species that act as a LAS. Hence, the thoughtful
selection of the synthesis method, composition of the
precursor, and reaction conditions is crucial to strategically
increase the density of acid sites in the framework for the
effective adsorption of different types of dye molecules. Table 3
summarizes the key approaches for tuning the distribution and
strength of acid sites in the aluminosilicate framework.
However, these traditional methods offer a non-uniform
distribution of acid sites, resulting in unstable frameworks,
pore clogging, crystallinity loss, and inconsistent acid site
distribution. Moreover, these classical approaches cannot
independently control acid sites, hydrophobicity, and defect
density. To overcome these limitations, modern strategies, such
as atomic-layer deposition, vapor-phase metalation, templated
crystallization, solid-state ion-exchange, and defect engineering

gener-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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influence of polyhedral coordination is also indicated.

techniques, are highly recommended. These sophisticated
approaches improve reproducibility and homogeneity, and
generate more precise BAS/LAS environments for selective dye
adsorption.

4.2 Modern synthetic strategies to strengthen the density of
BAS and LAS in zeolites without affecting framework structure
or crystallinity

Increasing the density of BAS and LAS in zeolites without losing
their crystallinity and structural integrity is the major challenge

© 2026 The Author(s). Published by the Royal Society of Chemistry

in the development of an effective adsorbent. Hence, modern
strategies are used to improve acid-site density and accessibility
with atomic-scale precision while avoiding harsh treatment.
Atomic-layer deposition (ALD) is one of the most controlled
methods for integrating LASs into zeolites while maintaining
crystallinity. This technique proceeds through self-limiting
surface reactions to deposit metal or metal oxide species on
the internal or external surface of the zeolite with angstrom-
level precision. When ALD is optimized, it introduces highly
dispersed species based on Zr, Ti, Sn, or Fe that act as LAS,

RSC Adv, 2026, 16, 21519-21529 | 21525
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Table 3 Strategies for tailoring BASs and LASs in aluminosilicates to improve selective dye adsorption®

Strategy Effect on acid sites Interaction with dye molecules References

Si/Al ratio tuning Low Si/Al ratio produces higher BAS BASs protonate cationic dyes via 28 and 77

Dealumination (acid treatment)

Post-synthetic functionalization

Isomorphous substitution
(transition metals)

Polyhedral coordination of Al
species

density; whereas high Si/Al ratio
generates lower acidity and higher
hydrophobicity

Mild acid treatment generates BASs
by H' exchange; severe acid
treatment removes Al from the
framework and forms extra-
framework Al, which forms LAS
Sulfonic acid grafting produces
strong BAS, while metal oxide
grafting (TiO,, Fe,03, and CeO,)
produces strong LAS

Introduces LASs via framework/
extra-framework transition metals
(Fe, Co, Ni, La)

Al in tetrahedral (Al*) sites creates
BASs via bridging OH groups;
octahedral/pentahedral Al
generates extra-framework species

proton-exchange, whereas
hydrophobic zeolites favour the
adsorption of dyes with bulky
aromatic rings

BASs favour the adsorption of
cationic/azo dyes via protonation;
LASs improve interaction with
electron-donating groups in azo
dyes

BASs promote the adsorption of
basic dyes via protonation, and LASs
enable m-m/electron donor-
acceptor interactions with azo dyes
LASs coordinate with anionic dyes
via electron pair donation and ion-
dipole interactions

BASs protonate the cationic dyes;
LASs bind anionic/azo dyes through
coordination with sulfonate or azo
groups

12, 14-16 and 78

31 and 75

22-24 and 79

22-24

and forms LAS

“ Most of the articles focused on dye adsorption behaviour, isotherm, kinetics and structural/textural analysis of the zeolites, rather than acidity
engineering. Based on the literature, these strategies are anticipated to impact dye adsorption through the acid sites present on the zeolite
framework, although direct dye adsorption experiments were not reported in some cases.

without aggregating into particles that block the pores or
collapse the porous structure. For instance, Yang et al
demonstrated that this technique can be used to deposit oxide
species onto the porous support to create well-dispersed LASs
without collapsing the structure.®

Vapor-phase metalation broadens this idea by employing
metal halides or volatile organometallic precursors, which
diffuse into the pores of the zeolite without being exposed to
liquid-phase hydrolysis, since it causes dealumination. This
technique allows the metal to penetrate deeper into pores to
form a hierarchical framework or mesoporous structure. This
results in uniform, spatially distributed LASs with higher crys-
tallinity. Valeryia Kasneryk et al. demonstrated a zeolite formed
by using this approach with stable crystalline layers and crystal
structure.®

Templated crystallization offers a bottom-up approach to
customize both acidity and accessibility, specifically by
surfactant-templated and organometallic-mediated
synthesis.®”®  Surfactant-templated  synthesis  creates
a lamellar structure with mesopores that offers a higher
percentage of crystallinity of acid sites on the external surface of
the zeolite.** On the other hand, the organosilane-mediated
method allows the transport of heteroatoms into the devel-
oping framework, which leads to the formation of BASs and
LASs during crystallization. These approaches are extremely
useful for dye adsorption, since the molecular size of the
adsorbate frequently limits access to traditional micropores.*”
Recent studies have shown that these approaches maintain the
structural order even after extended catalytic cycling. This
indicates that these methods can develop hierarchical zeolites

21526 | RSC Adv, 2026, 16, 21519-21529

with accessibility, diffusion routes, increased acid sites, and
crystallinity.®®

Isomorphous or controlled heteroatom substitution is one of
the most efficient methods for producing LASs in internal layers
of the zeolite. Incorporating Sn**, Zr**, Ti**, or Ga®* into the
tetrahedral framework yields clearly distinct LASs with
a homogeneous electronic environment and high resistance to
leaching.® Sn-beta and Ti-beta zeolites synthesized by this
method have significant LASs without losing their crystallinity
due to framework substitution.*® Modern synthesis approaches
prioritize precursor hydrolysis and condensation kinetics over
phase segregation. For example, Hongwei Zhang stated that
paired Sn sites in the framework create stronger LAS in Sn-beta.
Because the acidity of such zeolites is intrinsic and stable under
aqueous condition during dye adsorption.*®

In parallel, solid-state ion exchange (SSIE) is one of the most
useful techniques to generate BASs in zeolites without
damaging the framework. To produce bridging Si-O-Al, this
technique substitutes Na" or K" with NH,", followed by calci-
nation under controlled conditions.”® Unlike liquid-phase
strong-acid treatments, SSIE suppresses framework hydrolysis
to avoid loss of crystallinity and preserves the Al coordination
environment. According to recent studies, the SSIE technique
provides H-form of zeolites, which have superior BAS density,
minimal pore collapse, and outstanding structural retention.’?

On the other hand, defect engineering is an advanced
method for maximizing acidity and maintaining the framework
structure. Framework defects, such as silanol nest and vacancy
sites, can act as anchoring sites for controlled metal introduc-
tion. Effective methods to control these defects are fluoride-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mediated crystallization, controlled hydrolysis recondensation,
and targeted silylation; each method provides a unique way for
structural retention.

Fluoride-mediated synthesis is one of the best bottom-up
approaches to minimize framework defects from the begin-
ning. Fluoride anions act as a mineralizer that temporarily
coordinates to the silicate oligomer, reducing the condensation
barriers that favor the formation of a fully condensed Si-O-Si
network with minimal defects.®® For instance, Muhammad Ali
Shah showed that the crystallization time of a zeolite is reduced
significantly upon increasing fluoride incorporation, and
decreased defects in the (Si-O™) group.®*

Controlled hydrolysis-recondensation is an effective top-
down approach for modifying the pristine framework after
synthesis, such as relocating aluminium, creating silanol nests,
and removing extra-framework species. Si-O-Si or Si-O-Al can
undergo hydrolysis under steaming or mild acid or base treat-
ment, yielding silanol groups and vacancies, followed by
recondensation, which might repair defects (restoring Si-O-Si)
or reorganize the local framework (relocate Al).** The balance
between repairing and defect generation is influenced by pH,
temperature, time, and water activity. Systematic post-synthetic
treatments, such as mild acid treatment or steaming followed
by controlled drying or resiliconization, have been employed to
repair defects in the framework. This also preserves crystal-
linity, porosity, and thermal stability and prevents structural
collapse.

Targeted silylation is another route to maintain the crystal-
linity and crystal structure using organosilicon reagents such as
chlorosilane. This reagent selectively caps silanol (Si-OH) sites
to produce (Si-O-SiR;3) links, which will effectively passivate the
defects.”*® Silanol nest engineering is also the best technique
for controlled acid-site creation and metal anchoring. This
method is based on combining all the above strategies, specif-
ically controlled hydrolysis-recondensation (for controlled
density of silanol nests), followed by silylation (to passivate
defects) and subsequent metal deposition to produce well-
separated LAS while also retaining the BAS framework and
structural reliability. In a recent study, a self-pillared Zr-zeolite
with strong LAS, which was synthesized by combining
controlled Zr-grafting followed by HNO; treatment, was sub-
jected to selective deboration to obtain silanol nests, directing
the migration of surface Zr species into framework-confined
sites.”®

5. Conclusions and suggestions

This review highlighted the paradigm shifts in the adsorption
process by addressing the key role of BAS and LAS in the zeolite
over traditional textural properties. The adsorption of dye
molecules is governed by multiple factors, including density,
strength and accessibility of acid sites, as well as by the steric
hindrance of the dye molecules and the experimental adsorp-
tion conditions. Materials lacking acid sites undergo weaker
physisorption, where the adsorption is largely dependent on
surface area/pore features. In the case of materials having
sufficient acid sites, the adsorption is controlled by the strength

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and density of the acid sites. But the adsorption of dye mole-
cules follows the same transport and diffusion mechanism in
both cases. Hence, the existence and accessibility of BASs/LASs
are crucial for determining adsorption affinity, selectivity and
equilibrium capacity, even though the textural properties facil-
itate molecular transport. Additionally, this review critically
analyzed both traditional and modern methods for tuning acid
sites in the zeolites. Traditional zeolites often affect the crys-
tallinity, framework structure, and homogeneous distribution
of acid sites. However, advanced modern methods provide
atomic-scale precision to promote the acid-site density and
accessibility while preserving structural integrity and
crystallinity.

Hence, this review concludes that the most promising
approach for creating high-performance adsorbents is the
strategic tailoring of the framework by introducing acid sites
and optimizing the pore structure to achieve superior adsorp-
tion performance. Based on these observations, this review
suggests that the fabrication of integrated zeolite-based
composites with customized acid/active sites and comparable
pore architecture can enhance the interactions with functional
groups present on dye molecules. Moreover, these types of
adsorbents can be applicable for the removal of all kinds of
environmental contaminants.
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