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Intercalation compounds represent a unique class of materials that can be anisotropic (1D and 2D-based
topology) or isotropic (3D) through their guest/host superlattice repetitive organisation. Intercalation
refers to the reversible introduction of guest species with variable natures into a crystalline host lattice.
Different host lattice structures have been used for the preparation of intercalation compounds, and
many examples are produced by exploiting the flexibility and the ability of 2D-based hosts to accommo-
date different guest species, ranging from ions to complex molecules. This reaction is then carried out to
allow systematic control and fine tuning of the final properties of the derived compounds, thus allowing
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them to be used for various applications. This review mainly focuses on the recent applications of interca-
lation layered compounds (ILCs) based on layered clays, zirconium phosphates, layered double hydroxides
and graphene as heterogeneous catalysts, for environmental and health purposes, aiming at collecting
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and discussing how intercalation processes can be exploited for the selected applications.

1. Introduction

Intercalation is a way to specifically tune the structure, compo-
sition, and physico-chemical properties of materials by exploit-
ing interactions between a host matrix (generally a 2D-layered
material) and guest species of various chemical natures.
Intercalation materials thus represent a broad class of com-
pounds generated by the reversible insertion of guest species,
which can range from ions to organic species, into a layered
host matrix that can have either an amorphous or crystalline
structure. As a result of the intercalation procedure, the struc-
ture of the host normally remains unmodified, or it is only
slightly modified in the guest-host complex. The intercalation
reaction can be chemically or thermally reversible, and it can
be carried out using different approaches including insertion
and introduction or topotactic exchange of atomic or mole-
cular species inside the host matrix, thus allowing a controlled
and systematic tuning of the physico-chemical properties.

As a general feature, intercalation layered compounds
(ILCs) prepared by the different methods described in the first
part of this perspective paper are a class of very flexible com-
pounds because the appropriate choice of host and guest
species results in the possibility of tuning their final pro-
perties, thus spreading their potential application to numer-
ous technological fields.

These materials can be suitable for many applications, for
instance as catalysts, sorbents, electrochromic displays, elec-
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trodes for secondary batteries (Li-ion batteries), components
for fuel cells and drug delivery systems. The different intercala-
tion approaches can be indeed used for: (i) modifying the cata-
lytic, optic, electronic and magnetic performances of different
host structures through the introduction of specific functional-
ities; (ii) thermally stabilising and protecting the guest species
from light and oxygen; (iii) developing multifunctional carriers
for specific applications.

In this review, representative examples from the state of the
art of the last 8 years (since 2015) of the application of interca-
lation materials in the fields of catalysis, environment, health
and polymeric composites are reported.

This perspective is especially focused on selected cationic
and anionic layered materials as host matrices for the prepa-
ration of intercalation compounds.

Emphasis is placed on the use cationic layered materials
such as clays, of both natural and synthetic origin (Fig. 1), and
zirconium phosphates (ZrP). Layered double hydroxides
(LDHs) are considered for the class of anionic layered
materials (Fig. 2). Some recent examples of ILCs derived from
graphene are also reported.

Framework
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Fig. 1 Schematic view of different clay structures: T-O-T (A), T-O (B)

structures and tubular-like structure (C* is adapted with permission
from ref. 1, Copyright 2020 MDPI).
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Fig. 2 Schematic view of a-ZrP, y-ZrP and LDHs structures.

The number of scientific manuscripts reporting solids
based on clays, ZrP, LDH for the applications of interest (e.g
heterogeneous catalysis, environment and health) in the last
decade deserves great attention. The amount of papers dealing
with the use of selected matrices for the different applications
is reported in the histograms of Fig. 3.

In the following sections, the contributions of the selected
solids in the different applications are reported, with the focus
of attention on ILCs prepared by using clays, ZrP, LDHs and
graphene.

1.1 Catalytic applications of intercalation compounds

In this section particular emphasis will be placed on the
description of recent applications of intercalation compounds
based on clays, ZrP and LDHs for heterogeneous catalysis.
1.1.1 Clay-based catalysts. Modified cationic clays (e.g
acid-treated clays) have been used in oil cracking reactions

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Histograms reporting the amount of publications/year for clays,
LDHs and ZrP for the selected applications. Data are obtained from
SCOPUS database.

since the 1930s. Their use for catalytic purposes has been par-
tially substituted by zeolites and porous materials since the
1960s. However, modification processes such as acid acti-
vation, ion exchange, pillaring procedures, preparation of com-
posites and hybrids or hierarchical structuring of clays allowed
the preparation of different families of intercalation com-
pounds, proposed as heterogeneous catalysts."

Clay-based catalysts have been used in the conversion of
crude oil to biodiesel, and they are employed as catalysts for
several reactions such as esterification, addition, transesterifi-
cation, oxidation, hydrogenation, epoxidation, alkylation, poly-
merisation, allylation, diazotisation, acylation, rearrangement,
isomerisation, cyclisation condensation, organic synthesis
etc.>* It was pointed out that catalysts derived from layered sili-
cate are regenerable, low cost, and active not only for produ-
cing biodiesel but also for other chemical processes such as
oxidation reactions, water treatment and photovoltaic appli-
cations. These solids showed efficient catalytic potential, allow-
ing a high yield of FAMEs (fatty acid methyl esters) at less
harsh reaction conditions, and they were proved to be easily
recoverable, highly reusable and thus highly sustainable.”

This journal is © The Royal Society of Chemistry 2024
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Among clays, halloysite nanotube (HNT)-based hetero-
geneous catalysts deserve additional comments. Composite
and hybrid materials obtained by the surface modification of
halloysite, a natural clay with tubular morphology, are much
proposed in the literature. It was observed that the synergy
between halloysite and different modifying species (i.e. poly-
mers, dendrimers, porphyrin, metal organic frameworks
(MOFs), ionic liquids) allows an increase in the performance
of the final hybrid/composite. However, the use of halloysite-
based hybrids/composites also has some disadvantages due to
the time-consuming multistep production processes, often
involving (toxic) solvents/reagents for the large-scale pro-
duction of these materials.” Modified halloysites have been
also proposed for environmental and catalytic applications.
For this latter application, the presence of metal nanoparticles
(NPs) is essential to impart catalytic performance. Besides
methods allowing the introduction of NPs on the outer surface
of halloysite, the methods to embed metallic NPs of small size
in the inner part of HNTs have been recently reviewed.® These
methods have the advantage of increasing the resistance of
NPs to cleavage and agglomeration of the embedded metallic
NPs, thus improving the catalytic activity of the obtained solid.

Jiang et al. prepared Pd/HNTs by exploiting a modification
of the hydrophobicity of halloysite by impregnating the solid
with CTAB species (see Fig. 4). The proposed method allowed
the authors to obtain uniformly dispersed palladium particles
(ca. 2 nm), with a suitable ratio of Pd*>*/Pd** species and appro-
priate surface acidity: this solid showed improved catalytic
activity with respect to the catalyst prepared without adding
CTAB.”

For methane combustion, high-performance halloysite-sup-
ported palladium catalysts have been also proposed through
appropriate pre-treatments of the support.®

Cu-Ni-containing halloysite solids prepared by ligand-
assisted reduction of Cu** and Ni** cations followed by anneal-
ing have been also tested for the purification of vehicle
exhaust gases through catalysed processes.” For this process,
catalysts based on confinement of Cu-Ni species, Pd, and Ag
(particle size below 3 nm) have been proposed. It was shown
that the nano-confinement allows an increase in the stability

Cnltmed \

_2t600°C 600°C Impregnation ukmmon

Sup il

'"‘h CT” Pd/ HNTs

modified with CTAB

HNTs

Pd(NO,), solution Q PdO

Fig. 4 Schematic diagram of the preparation method of Pd/HNTSs cata-
lyst. Adapted with permission from ref. 7, Copyright 2020, American
Chemical Society.
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of embedded NPs, reducing detachment and sintering, and
improving the catalytic reaction kinetics.®

Modification of the clay’s chemical composition was also
proposed to introduce catalytic active sites into the clay frame-
work, thus leading to active materials for the catalytic
decomposition and/or simultaneous detection of toxic mole-
cules, e.g. chemical warfare agents.'®*? In this case, the syner-
gistic presence of proton sites (normally introduced by ion
exchange in acidic aqueous solutions) and metal centres
(either present naturally in clays or introduced by modifying
the preparation steps of the support) are beneficial for the
catalytic performances of the final material.

Thermally stable pillared clays (or pillared interlayered
clays, PILCs) derive from the intercalation of inorganic polyca-
tions in the clay interlayer space. The clay pillaring procedure
allowed the preparation of solids mainly based on transition
metal species, with great interest in the catalytic purposes par-
ticularly required in advanced oxidation processes and chemi-
cal transformations. The pillaring procedure allows the intro-
duction of specific catalytic species on the clay’s surface and
this, together with the improvement in specific surface area
and thermal stability, makes these solids suitable for different
catalytic reactions (e.g. nitration of chlorobenzene, catalytic
combustion of acetone, methyl-ethyl-ketone), oxidation and
isomerisation reactions and as Fenton-like systems for the
degradation of organic pollutants in wastewaters."® Clays pil-
lared with TiO, (Ti-PILC) are characterised by surface acidity
higher than other pillared clays, such as Al or Zn-PILC."* The
origins of Brgnsted and Lewis acid sites in Ti-PILC have been
studied.' The photocatalytic degradation of organic species
(i.e. organic dyes, herbicides and aromatic amines, phenolic
compounds, emerging contaminants) over PILCs with TiO,
species has been recently reviewed, with particular emphasis
on photocatalysts based on kaolinite, palygorskite, montmoril-
lonite and halloysite."

Very recently, the use of PILCs for the catalytic reduction of
NOx with hydrocarbons at low temperature was reviewed.'®
Special interest was paid to metal-supported PILCs, and the
catalytic performances of different samples together with the
possible reaction mechanisms in relation to the different
active sites, metal loading and reaction conditions were
reported. It was underlined that Ag- and Cu-based PILC dis-
played good performances for NOx conversion in the presence
of short hydrocarbons (HC) at low temperature. Nevertheless,
additional studies are needed to better clarify the HC-SCR reac-
tion mechanisms in the presence of metal-modified PILC cata-
lysts. Major challenges are represented by the preparation of
stable metal-modified PILC catalysts for NOx reduction in the
presence of H,0 and SO,."°

Moreover, TiO,/clay heterostructures for the remediation of
water polluted by organic species have been recently pro-
posed.’” In this respect, particular emphasis was placed on the
use of phyllosilicates as supports (e.g. montmorillonite, sepio-
lite, palygorskite, vermiculite, saponite). The introduction of
pillars in the clays’ galleries results in a stable porosity leading
to heterostructured materials with high specific surface area
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(SSA) characterised by the presence of micro- and mesopores.
The pore architecture and the high SSA have a positive effect
on the photocatalytic activity of TiO,/clay materials. Moreover,
long-chain hydrophobic cationic surfactants can be exploited
to tune the porosity of TiO,-based clays and to produce porous
clay heterostructures (PCHs) and delaminated porous clay
heterostructures (DCPHs).'®>°

These composite materials have been proposed for over-
coming the problems related to practical and environmental
issues linked to the use of nanosized TiO, powders. Different
clays such as kaolinite, hectorite, saponite, montmorillonite,
palygorskite, halloysite and imogolite have been proposed as
support materials for TiO, nanoparticles, thus obtaining
solids with high photocatalytic efficiency and easy separation
from treated water. The different examples reported in the lit-
erature suggested that the combination of clay support charac-
terised by high specific surface areas and adsorption capacity
improves the photocatalytic activity of TiO, nanoparticles and
thus the decomposition capacity for organic pollutants. It was
pointed out that the anchoring of TiO, on the clay’s surface is
useful to reduce the TiO, agglomeration, thus leading to more
active surface sites."

A schematic representation of the formation of PILC and
PCH starting from intercalation processes is reported in Fig. 5.

1.2 Catalytic applications of zirconium phosphate (ZrP)

ZrP can be also considered as a promising material for cata-
Iytic applications. ZrP shows very interesting physical and
chemical properties, such as high ion-exchange capacity, good
chemical and thermal stability, and easy functionalisation.
The presence of acidic P-OH groups on the layers makes this
solid an efficient catalyst in acid-catalyzed reactions. The
acidity and the hydrophobicity of the ZrP surface can be modu-
lated by totally or partially replacing the phosphate groups
with other phosphonate groups. The modification of the ZrP
surface has also been achieved by exploiting the reactivity of
the surface hydroxyl groups with organofunctional silanes that

allowed the immobilisation of catalytically active
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Fig. 5 Schematic view of the intercalation processes leading to the for-
mation of porous clay heterostructures (PCH) and pillared interlayer
clays (PILC).
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nanoparticles.””*> Moreover, several catalysts have been pre-
pared considering the ion-exchange capacity of ZrP.
Intercalation compounds containing metal ions or metal com-
plexes have shown good performance as catalysts for convert-
ing biomass-derived molecules into added-value products
such as oxygenated fuels and fine chemicals. In particular,
ZrP-Ru(m) and Ni/ZrP (Fig. 6A) showed high catalytic activity
towards the oxidation of 5-hydroxymethylfurfural (HMF) under
mild conditions.”*** ZrP intercalated with Ru(i) complex ([(p-
cymene)Ru(phen)Cl]Cl) showed higher catalytic performance
in selective hydrogenation, with molecular H,, of the C=O
group of furfural and of other carbonyl compounds into the
corresponding alcohols. Experimental study and DFT calcu-
lation gave evidence that the catalytic performance can be
attributed to the interaction of -POH groups of ZrP and Ru
complex, leading to Ru-O-P active species.”> Cu/ZrP catalyst
enabled the direct oxidation of phenol, also derived from
lignin depolymerisation, to cis,cis-smuconic acid that can be
further converted into high-added-value chemicals.>®
Composite ZrP/silver-based materials are obtained by
exploiting the intercalation properties of ZrP and then used as
catalysts for the degradation of organic pollutants. Silver-
exchanged ZrP treated with halogenidric acids gave rise to ZrP/
AgX (X = Cl and Br) composites able to catalyze the photode-
gradation of rhodamine B (RhB). The action of ZrP as a source
of silver ions led to a reduction of AgCl particle growth and
aggregation, thus increasing the number of catalytic active
sites. In addition, the -POH groups of ZrP promote the chemi-
sorption of the RhB and then its degradation.>””*® A composite
ZrP-polydopamine (ZrP@PDA) was prepared by polymerization
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Fig. 6 Schematic illustration of preparation steps of the catalysts: (A)
Ni/ZrP adapted with permission from ref. 24, Copyright 2018 American
Chemical Society; (B) ZrP@PDA/AuNP or ZrP@PDA/AuUNP, adapted with
permission from ref. 30, Copyright 2020 MDPI; (C) ZrP-PdNPs, adapted
with permission from ref. 31, Copyright 2022 Taiwan Institute of
Chemical Engineers; (D) Pt/ZrP. Adapted with permission from ref. 36,
Copyright 2023 John Wiley and sons.
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of dopamine in the aqueous dispersion of exfoliated ZrP. The
catechol groups of PDA reduced the noble metal ions, such as
silver or gold, generating metallic NPs on the ZrP@PDA
surface. These composites showed very interesting catalytic
activity towards the reduction of 4-nitrophenol to 4-amino-
phenol (Fig. 6B).>>*° The exfoliation/restacking method was
exploited to immobilise Pd precursor (Pd(NH;),Cl,) on o-ZrP
nanosheets. The treatment with a reducing agent gave rise to
Pd NPs, with an average diameter of 5.17 nm, immobilised on
ZrP nanosheets (Fig. 6C). The composite showed good per-
formance as a heterogeneous catalyst for the Heck reaction.*'

Due to ZrP’s electrochemical inertness it has been studied
as a support for transition metals for the electrocatalysis of the
oxygen evolution reaction (OER) in alkaline media.*” Ions Fe**,
Fe*', Co®", and Ni*" were intercalated or adsorbed on o-ZrP
material. The systems display interesting activity for the OER,
requiring between 0.5-0.7 V of overpotential to reach 10 mA
cm > (the benchmark for OER catalyst activity). It was found
that the OER occurs especially on the external surfaces of the
nanoparticles, thus the catalytic activity increases upon the
exfoliation of ZrP materials.>®> Moreover, the OER activity
depends on the loading and coverage of cobalt and nickel on
ZrPs with different morphologies.** More recently, mixtures of
nickel-iron were confined in ZrP; the hydrated confined
environment of the layered structure stabilised Fe-rich compo-
sitions, yielding highly active OER catalysts.*”

Carbon-free electrocatalysts for the oxygen reduction reac-
tion in polymer electrolyte membrane fuel cells were prepared
by growing Pt nanoparticles on ZrP, which is a solid-state
proton conductor (Fig. 6D). The Pt/ZrP composites showed
high durability and superior performance with respect to com-
mercially available platinum-supported carbon catalysts.>®

1.3 Catalytic applications of LDHs

A recent review underlines the versatility of LDHs as anion-
exchange frameworks as well as considering their ability to
face today’s societal issues, such as their high biocompatibility
combined with their relatively low impact in terms of bio-
degradation.?” LDHs are used in photocatalysis, electrocataly-
sis, CO, handling, biomass conversion, lowering the anthropo-
genic effects on the environment as scavenger for pollutants
for water and soil treatments, and as additives for polymer and
for polymer coatings.

The importance of the use of catalysts with reduced size
(nano-catalysts) is covered in an interesting review focused on
biomass conversion including reduction, oxidation or reform-
ing reactions.?® The tunability of the chemical composition of
LDHs, associated with the flexibility to accommodate inter-
leaved guests and a developed surface that can provide
exposed and well-dispersed active species (for example metals
or nanoparticles in an atomic-level uniform distribution) make
LDH-based materials suitable and efficient nano-catalysts.

This is exemplified by de(hydrogenative) transformations
and catalytic hydrogenations using transition metals in
LDHs,* and more specifically Ni-based LDH to catalytically
convert bio-ethanol to butanol.*’ In the latter case, the aldol-
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condensation to use biomass and produce butanol was opti-
mised from a supported Cu/NiAlOx material in a time-on-
stream of 110 h at 280 °C reaching appropriate performance in
terms of ethanol conversion, butanol selectivity and catalyst
stability. Adapted cation composition as well as particle size
can stabilise LDHs even in an acidic medium. For instance,
LiAl, LDH-based sheets prepared by a urea method were
covered with NHC-heterocyclic carbene gold anionic com-
plexes for a reaction of hydration of alkynes.*' Another study
reports LDH of Mg,Al composition covered this time by silver
NP for the alkylation of nitriles, oxindoles and other carboxylic
acid derivatives with alcohols.*? In this study NP and the LDH
support are co-acting in the cyclisation of N[2-(hydroxymethyl)
phenyl]-2-phenylacetamides to yield 3-arylquinolin-2(1H): NP
in the dehydrogenation and hydrogenation steps, while the
LDH support catalyses the condensation step.

LDHs are also studied as photocatalysts; a recent review
covers the latest advances in that domain®*? as well as electroca-
talysts, mostly for the water-splitting to produce green hydro-
gen as well as other compound families such as transition
metal chalcogenides.** As far as water electrolysis is con-
cerned, they should possess electrocatalytic activity associated
with long-term stability. LDHs rank well for developing such
sustainable and clean energy, as discussed in critical
reviews*>*® where the relationships between structural defects
and electrocatalytic performances are scrutinised, as for Ce-
doped NiFe LDH-based material dispersed onto carbon
paper?” or NiFe heterostructure nanorods*® for the OER. Other
interesting articles mainly focus on LDHs and the possibility
for seawater electrolysis, since they are stable in alkaline elec-
trolyte suitable for seawater oxidation at the anode through the
OER and not that of chloride ions.*® However, NiFe LDHs-
based electrocatalysts for the OER suffer from instability upon
cycling, mostly due to the leaching of Fe active sites migrating
out of the structure to form ferrihydrite by-product after repeti-
tive potential cycling.>°

Among 2D carbon-based materials, iron- and nitrogen-
doped graphene appear as promising platinum-free materials
for the oxygen reduction reaction (ORR),>' and g-C;N, and
other doped graphenic materials (i.e. single or double doping
with N, B, S and P) for ORR, hydrogen evolution (HER), and
reports of OER rivalling that of noble metals and transition
metal-based catalysts have been reviewed by Chen et al.>”

The examples described above are summarised in Table 1.
Wherever possible, the catalytic performances of ILCs are com-
pared with those of reference materials (e.g. non-hybridised
systems, non-intercalated heterogeneous catalysts).

2. Environmental applications of
intercalation materials

This section is devoted to the description of the most represen-
tative examples of intercalation compounds based on clays,

ZrP and LDHs for the removal of environmental contaminants.
An overview of the most significant examples of these
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materials for environmental applications is also reported in
Table 2.

2.1 Environmental applications of clays

Clay minerals have been largely studied in the last few decades
as solid adsorbents to remove heavy metals with high toxicity
(i.e. cadmium, copper, lead, zinc, chromium(vi) but also
mercury, cobalt, manganese, chromium(m)), organic dyes and
other pollutants (i.e. antibiotics, per- and polyfluoroalkyl sub-
stances, organic species...) from aqueous solutions and indus-
trial wastewaters.>®™” Natural clays are used because of their
non-toxic nature, low cost, wide availability, and high adsorp-
tion capabilities. Examples of clay modifications to allow the
detection of specific anions are also given.>®

Natural clays are very often modified by using thermal treat-
ments, acid washing, pillaring strategies, or through the inter-
calation of organic species in the galleries, aiming at improv-
ing adsorption properties. Materials such as clay nanosheets,
nanotubes, nanorods and clay-supported nanoparticles are
reported.>® In this respect, interesting recent approaches are
linked to clay exfoliation processes to obtain low-dimensional
clays (with 1D or 2D morphology). This method is used to fully
expose adsorption sites and to increase the specific surface
area of the adsorbents.®*®*

Moreover, coupling agents and/or polymers are used to
create nano-clay-based composites with a porous structure
allowing exploitation of the exposed adsorption sites and/or
introduction of functional groups aiming at increasing the
affinity to heavy metals and toxic dyes.>®

Clays have been also proposed as supports for nano-
particles of metals and metal oxides (i.e. iron and copper
oxides, TiO,, ZnO, Al,0;), thus obtaining more effective
adsorbing agents. As an example, the presence of Fe;O, on hal-
loysite nanotubes has been proposed for treating the excess of
phosphate in water media: it was reported that the supported
metal species improves the clay surface charge density thus
leading better phosphate control.®” The presence of the clay
seems to improve the adsorption capacity of the pristine Fe,O3
species towards arsenite species.®?

Supported metal oxide species are also useful for the degra-
dation of toxic species. The case of nanoparticle-sized zero-
valent iron (normally named nZVI or nFe0) deserves special
attention in wastewater and groundwater remediation because
of its ability in the degradation and removal of different
metals (i.e. As, Cr(vi)), Pb and other toxic pollutants.®* ®°

The combination of nZVI and clay support is a positive
strategy to avoid the aggregation of metal species, thus allow-
ing the development of effective systems for water remediation.
The use of these composite systems was systematically
reviewed in 2017.%”

The preparation and use of several types of clay-based com-
posite materials for contaminant remediation (with emphasis
on heavy metals, nitrate, selenate, dyes, nitroaromatic com-
pounds, polybrominated diphenyl ethers and chlorinated com-
pounds) are also reported. Data related to an extended use of
the type of nanocomposites for the removal of chlorinated

This journal is © The Royal Society of Chemistry 2024
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volatile organic compounds from soils are also discussed, and
it was shown that concentration of pollutant species is strongly
reduced.®® Nevertheless, further studies to clarify the mecha-
nism of degradation of various contaminants on nZVI/clay
composites (i.e. adsorption, oxidation, reduction and precipi-
tation processes) are still needed to optimise the preparation
and application conditions of these materials.

Intercalation of natural clays with surfactants (i.e. quatern-
ary ammonium cations (QACs)) aiming at improving the
adsorption capacity for water pollutants has been also
reviewed.®® Introduction of QACs allows modification of the
hydrophobicity of the clay surface and expansion of the inter-
layer space of 2D materials. Different types of surfactants have
been already proposed for this use (i.e. organic surfactants
with benzyl, phenyl, tetramethylammonium (TMA), trimethyl-
phenylammonium (TMPA), hexadecyltrimethylammonium
(HDTMA), cetyltrimethylammonium (CTMA)).”® The use of
Gemini surfactants, characterised by the presence of both aro-
matic rings and alkyl chain, was also reported for the remedia-
tion of water containing pollutants such as bisphenol, p-nitro-
phenol and triclosan.”"”?

Very recently, the removal of methylene blue from aqueous
solutions has been carried out by using Fe;O,-multiwalled
carbon nanotubes-bentonite composite material.”?

The anion exchange capacity of clays can be exploited by
using physical (i.e. thermo-activation processes) and chemical
modifications devoted to modifying the interlayer properties of
these materials. Chemical activation includes metal or surfac-
tant impregnation and amine grafting. All these methods
have, as a general scope, the enrichment of the clay’s surface
with positive charges that can be exploitable to interact with
anions. The results of these modification methods on nitrate
removal have been recently reviewed.”* Clay modification for
the removal of anionic dyes was also recently discussed.”>”®

Magnetic and mechano-chemical modifications of clays
have also been proposed for improving the recovery of clays
after toxic dye adsorption and/or to improve their adsorption
capacity.”” In the same review, the influence of different
physico-chemical properties of modified clays (ie. surface
area, particle dimensions, morphology, electrical charges, zeta
potential, charge density and swelling properties) on the
adsorption of synthetic dyes while varying several parameters
such as pH, ionic strength, dye concentration, contact time,
and temperature, were reported.

Clays treated in acid media and then modified with poly-
mers, surfactants (both anionic and cationic) or materials
derived from the combination of clays with magnetic species
and polymers and intercalated surfactants and polymers have
been proposed for the recovery of heavy metals and inorganic
ions, organic dyes, antibiotics, phenolic compounds.”® %

Polymer-amended bentonites for application as barriers to
limit the contaminants’ diffusion in solids have been recently
reviewed, with particular emphasis on the different types of
modification and application fields.®*

These composite materials have generally excellent imper-
meability properties that are related to the formation of

This journal is © The Royal Society of Chemistry 2024
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(MoS,)>~ was intercalated in MgAl-NO,

via ion exchange reaction
Self-assembly of LDH, FAS, followed by

o-ZrP nanoparticles and C3;N, colloid
was dispersed in deionised water and
ultrasonicated. The mixture was stirred
Exfoliated ZrP was acid treated mixed
with BMIMCI under ultrasonication
Coprecipitation at low supersaturation
of LDH in the presence of CMC
CuZnAl-LDH decomposed to CuZn
oxide/CuZn aluminate pre-catalyst.
Electrochemical reduction to generates
spray-coating with PDMS layer
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Removal efficiency 99.5%
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specific bentonite/polymer intercalated and exfoliated struc-
tures. Their applicability as a barrier can be exploited in the
presence of inorganic salts, heavy metal species and organic
contaminants.

Biochar (BC)/clay composites have been also proposed for
the adsorption of both inorganic (i.e. heavy metals such as Cs,
Cr(vi), Zn, nitrates, NH,"...) and organic contaminants (i.e.
dyes, antibiotics, herbicides...) in soil and water.?>

BCs are very often produced through low-cost methods and
have the potential capability for the removal of environmental
contaminants. The combination of BC with clay mineral has
been therefore proposed in the literature to improve the SSA
and thus the adsorption efficiency of BC. These composites
can be obtained essentially by using pre-treatment® or post-
treatment methods.®* From reports in the literature it emerges
that the synergic combination of clays and BC allows low-cost
materials with better capacities for water and soil remediation
with respect to the parent constituents to be obtained, because
of improved specific surface area and high porosity, chemical,
thermal and mechanical stability.

The synthesis steps together with physico-chemical pro-
perties, data related to toxicity, and the regeneration ability of
various types of modified clay for environmental purposes
have been recently reviewed.”®

The use of pillared clays for environmental applications
also deserves some comment.

Among the different pillaring agents, inorganic ligands
such as hydroxo and chloro ligands, metal complex ions with
organic ligands and polyhydroxy cations (such as AlCl;-6H,0,
ZrOCl,-8H,0) metal ions, metal complexes or neutral particles
(such as silica sol particles) are reported. The presence of
metal oxide pillars (formed upon the calcination step) in the
interlamellar space of clays results in a modification of the
thermal and hydrothermal stability of the clays. The use of pil-
lared clays for environmental applications has been recently
reviewed.®> Applications include the removal of heavy metals
from wastewaters,® the adsorption of VOCs and gases such as
methane, ethane, benzene, CO, coming from industrial activi-
ties,®” and catalytic applications.

Aerogels derived from clays, characterised by a porous
microstructure, have been proposed in the last decade for their
interesting thermal retardant and adsorption properties that
are associated with low toxicity, low cost, and unique structural
properties. In particular, montmorillonite (MMT)-based aero-
gels have been studied to improve their adsorption properties
by modifying their preparation method (Fig. 7). A concise
review on the possible use of MMT-aerogels for environmental
remediation recently appeared in the literature.®®

2.2 Environmental applications of ZrP

Due to the presence of hydroxyl groups with acid properties,
ZrP shows a high ion exchange capacity, metal ion selectivity
and fast kinetics. Its ability to withstand heat, ionizing radi-
ation, acidic media and an oxidizing environment makes it a
very promising material for sorption of radioactive and heavy
metal cations.’>*° Special attention has been paid to the

Dalton Trans., 2024, 53,14551-14581 | 14563
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Fig. 7 Schematic view of the mechanism of the pore structure for-
mation of the MMT-chitosan aerogels. Reproduced with permission
from ref. 88, Copyright 2023 Elsevier.

removal of Cs* and Sr** cations (because °°Sr and '*’Cs are
present in high-level liquid nuclear waste) and highly toxic
Pb>", Hg*" and Cd>" ions. With the increasing use of rare earth
elements in industry in recent times, the need to remove them
from contaminated water is also increasing.

The ion exchange capacity of ZrP nanoparticles was found
to increase with decreasing particle size.”" Recently, there were
some attempts to affect Sr”" adsorption by changing particle
morphology (nanoflowers®® or spheres®®) or by surface modifi-
cation with SO;H groups.”® Another approach is based on the
use of ZrP derivatives with greater gallery height, such as y-ZrP
(for Cs* and rare earths),”°® a-K,Zr(PO,), (for Sr**),°” a-Na,Zr
(PO,),'H,O (for heavy metal cations)®® and o-(NH,),Zr
(PO4),-H,0 (for Pb*>" and Cu**).°° The sorption capacity of ZrP
can be enhanced by its combination with organic molecules
with high metal affinity. For example, intercalation of 4-amino-
benzo-18-crown-6, which has a strong complexing ability for
Sr**, into o-ZrP leads to a composite with excellent stability
under acid and radioactive conditions and an adsorption
capacity exceeding other similar zirconium adsorbents.'*
Melamine zirconium phosphate,'®" synthesized by the
addition of zirconium tetrachloride to melamine phosphate
solution, was tested for adsorption of Pb>", Hg>" and Cu®". The
sorption ability of y-ZrP towards rare earth metals can be sig-
nificantly enhanced by intercalation of p-aminoazobenzene.'*>
Clearfield’s group reported the enhanced ability of mixed zir-
conium phenylenediphosphonate-phosphate to take up Nd
and Tb cations, where the selectivity for Nd** depends on the
amount of phosphate.'®**%*

Graphene oxide-zirconium phosphate nanocomposite, pre-
pared by dropwise addition of zirconium chloride to a soni-
cated graphene oxide suspension, with the subsequent
addition of NaH,PO,, was tested for the removal of Pb*", Cd**
193 pe;0,@ZrP nanocomposite, prepared in a
similar way, was efficiently used for Hg>" removal from solu-
tion."®® An important benefit of this adsorbent is its simple
separation by magnetic power.

and Cu®" cations.

14564 | Dalton Trans., 2024, 53, 14551-1458]1

View Article Online

Dalton Transactions

The abovementioned adsorbents based on ZrP were tested
for metal exchange in batch experiments at a laboratory scale,
but these materials are not suitable for column operation on a
large scale. To overcome this problem, composites with
various polymers were tested. a-ZrP and y-ZrP encapsulated
into mesoporous polystyrene'®” or zirconium phosphate-modi-
fied polyvinyl alcohol-poly(vinylenedifluoride) membrane'®®
demonstrate promising sorption performance for Pb*".
Amorphous ZrP nanoparticles exhibit promising adsorption
capacity and selectivity for Dy and Nd cations.'®® Recently, bio-
composites of ZrP with cellulose,'*° chitosan,""" and gelatin'*?
were used for the sorption of heavy metals. Another elegant
way to make ZrP suitable for large-scale application is the
preparation of ZrP monoliths combining micro- and
mesopores.'?

All the abovementioned examples describe ZrP as a cation
adsorbent, but o-ZrP nanoflakes were also used as a fluoride
scavenger. Preferable fluoride adsorption was ascribed to the
formation of Zr-F complexes.'**

Another relevant source of environmental pollution is
organic dyes. Organic dyes may have a positive charge or a
group that can be protonated and intercalated by zirconium
phosphate, but ZrP can also act as a support for species with
photocatalytic properties such as titania, silver nanoparticles
or graphene oxide and carbon nitrides.’® Rhodamine B was
successfully decomposed using zirconium phosphate/silver/
silver halide*” or an a-ZrP carbon nitride composite’*® under
ultraviolet light. A ZrP-gelatin nanocomposite was able to
decompose methylene blue and Fast green under solar
light.'*? A ZrP-chitosan nanocomposite was used for the sorp-
tion of several types of organic dye (copper phthalocynanine
dye - reactive blue-21, azo dye reactive red 141, and xanthene
dye-rhodamine-6G), and can also serve as a catalyst for the
hydrogen peroxide degradation of these dyes.”*

Co-assembled ZrP nanosheet/1-n-butyl-3-methyl-
imidazolium chloride hybrids could serve as highly efficient
CO, absorbents.*®

2.3 Environmental applications of LDHs

As has been known for decades, ion exchange compounds
present properties to trap or release species according to their
affinity. Such chemical speciation is often imposed by the
charge of the species present. However, the uptake of ions
incompatible with the exchanger is possible, as shown by an
elegant approach which circumvents the problem of charge
compatibility by first intercalating a complexing guest species
MoS,>” into LDH with respect to ions of opposite charge such
as Co*", Ni**, Zn*" < Cd*" <« Pb** < Cu** < Hg>* < Ag”, ranked
by their selectivity of removal by the hybrid LDH."” Due to its
high adsorption capacity, LDH/MoS,>~ is very well positioned
for the remediation of water polluted by heavy metals. The
interlayer species of LDHs may be useful for the adsorption of
contaminants. This is the case of carboxymethylcellulose
(CMC) as an interlayer anion to sorb parabens.''®
Interestingly, the hybrid CMC LDH can be regenerated at least
five times without any pronounced loss of efficiency. LDHs can

This journal is © The Royal Society of Chemistry 2024
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photocatalytically degrade pollutants such as dyes and nitro-
compounds, as recently reviewed.''® Specifically Fenton,
photoFenton, and electro-Fenton reactions are of great interest
in advanced oxidation processes to decontaminate wastewater,
and LDH-based frameworks including FeMn as cation in their
composition compare well with other materials such as spinel-
type, perovskite-type or MOF."?°

In addition to wastewater treatment and the role played by
LDH as a scavenger, some new trends are appearing concern-
ing CO, photocatalytic reduction'*' and capture for limiting
anthropogenic pollution.?*

To face the new challenge of carbon neutrality, one possi-
bility is to decompose CO, electrocatalytically, as this also
addresses the energy domain by producing a renewable
fuel.' A template based on Cu-Zn-Al LDH is used to form
Cu-Zn oxide/Cu-Zn aluminate, uniformly dispersed thanks to
the cation dispersion within the LDH pristine precursor. The
optimised composition is found to reach a faradaic efficiency
of 88.5% for the conversion of CO, to C,, products.
Membranes composed of LDH nanosheets self-assembled
with formamidine sulfinic acid and formed with poly(di-
methylsiloxane) are reported to perform effectively for selective
CO, separation."*

The shaping of graphene and the complementary plasma-
assisted oxidation of material open the way to novel devices as
efficient membranes for water treatment, thanks to the opti-
mised diffusion pathway and hydrophilic feature improving
the capillary effect for effective water infiltration. This can
clearly be considered more as water insertion rather than a
true intercalation reaction.'?

Concerning water cleaning, metal/g-C3N, can display
enhanced photocatalytic activity thanks to plasmonic effects in
the heterostructure with noble metals such as gold and/or
platinum. These catalysts can be used for the degradation of
antibiotic residues and other pharmaceutical contaminants
that induce negative environmental effects,’*® but this once
again consists more of surface reactions than intercalation.

3. Applications of intercalation
materials for health purposes

Intercalation compounds are being increasingly studied for
their possible application in the health domain. Once their
biocompatibility has been verified, it is indeed possible to con-
sider inorganic structures that can provide solutions for the
release of active ingredients, for antimicrobial or bone recon-
struction activity, or even more generally for theranostic appli-
cations, as reviewed recently,'>”!?®

Representative applications of intercalation compounds
based on clays, ZrP and LDHs for health purposes are

described below, and then summarised in Table 3.

3.1 Applications of clays in the health domain

Nanoclays are attracting increasing interest for their enhanced
therapeutic effects. Indeed, their biocompatibility, the bacter-
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iostatic or bactericidal activity exhibited by some clays,'*® and
their high surface area, adsorption capacity, ability to serve as
carrier for therapeutics and to release drugs in a controlled
manner make them ideal candidates for applications in bio-
medical engineering,"° tissue engineering and regenerative
medicine,”' wound healing,"** drug delivery systems,'** bio-
imaging"** and 3D bio inks for use in medical purposes.’*® It
is worthy to note that attention has also been paid to commer-
cially available clays such as LAPONITE® in the field of health,
as reviewed by Tomas et al.,"*® owing to their purity but above
all due to their high aspect ratio derived from their 25 nm
disk-shaped particles. The most promising use of clays and
clay-based nanocomposites is in the field of drug delivery
systems,"*”'*! including antimicrobial,'**!** antibiotic,'**'*4
and anti-cancer'*® as well as theranostic'**'*” and antihista-
mine treatments."*®

Montmorillonite (MMT) clay has been frequently utilised as
a drug vehicle due to its high specific surface area, excellent
cation exchange capacity and biocompatibility. To avoid floccu-
lation of MMT under physiological conditions the surface has
to be modified. For example, PEGylated chitosan (PEG-CS)
adducts can be used to modify the clay surface, thus leading to
a good dispersion in a serum-containing environment (Fig. 8)
as well as resulting in interesting drug carriers."*

Examples of the uses of PCHs derived from MMT clays for
drug delivery applications are also reported. PCHs prepared using
montmorillonite as starting material are interesting supports for
methotrexate (MTX) encapsulation due to the superior drug
encapsulation efficiency (EE) with respect to MMT parent clay (EE
values higher than 97% for PHCs compared with EE = 45% for
MMT clay)."** It was also observed that PCH hosts can influence
drug release in relation to their pore architecture. The drug is
released in a proportion higher than 70%, whereas from MMT
parent clay only 9.7% of MTX is released."**

Halloysite is one of clay minerals showing maximum
efficiency as a nano drug carrier, and demonstrates exceptional
biocompatibility and low cytotoxicity when tested for use in
cell cultures and tissues.'***>° Moreover, thanks to its size, the
inner lumen can accommodate molecules of interest, while
small drug molecules can be filled into the wall interlayer
spaces and molecules can be either adsorbed or covalently
bonded on the outer surface. As different interactions can
occur, an initial drug burst can start from the outer surface
and be followed by a sustained release of the drug from the
inner surface (lumen) owing to a slower leakage.

Drugs can be loaded into HNTs from saturated drug solu-
tions or a melt of low water-soluble drugs. Pan et al.’>* loaded
vancomycin, a drug used for serious Gram-positive bacterial
infections, into the internal cavity of halloysite by using
different mass ratios of vancomycin and halloysite via soni-
cation and vacuuming, obtaining a solid with high antibacter-
ial activity against S. aureus and B. streptococcus. The use of
HNTs allowed the preparation of a local antibiotic delivery
system without the need for a particularly energy-consuming
process, thus allowing the controlled release of molecules ben-
eficial for targeted applications.

Dalton Trans., 2024, 53,14551-14581 | 14565


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00757c

View Article Online

Dalton Transactions

Perspective

soTIsoueIay) S91B[2YD dpIuI
/9T — pue YN onsoudeiq a3ueyoxs uone) .mocoE.ﬂwmermw 10)-pD sajruodes
soTsoueIay)
991 — pue YW onsoudeiq J3ueyoxs uonen saxa[dwod-po sayruodeg
(sDIANH) STI29 TeI[eyIopud SoUO( pUE S[25S9A POO[q
[edr[Iquin uewny ‘(SDSINE) Jo uonerauadai urdnoo a3
GOT  S[[99 WIS [EWAYOUISIW MOLIEW dUOG as1ear 03 pjogess payurd-qg uoIsnpug SUTWIEXOIJI SINH
uonejuedwil [eIUdP 10}
sypazduld  MIIdS A F-[V9-1L 93 10J 3uneod 23uods [ouazeydsoyd
91 spuowto.fydiod ‘1709 “g ‘snainp °§ W[JOIqIIUE PUE [B1I9}0BqIIUY uondiospe pue uoisnouy QULIBUI pUE UI[[IDIXOWY (AxouaydAxoqres)siqlAjod-sINH
19T UOIIEIIULIIP OTUIZ02IS0 0714 UL Burreaurduos ansst auog poyzow 3uIpeo] WNNoeA UILIed] SINH
96T S[[92 I90ueDd d113sed asnow DA A1aa1[9p 3niqg uoneudarduy XO0a SLNH
¥ST — Zuieay punop SISOIUAS [93041D [OWAYL SINH
Ayanoe durwnnoea arejns g urxAwijod
€GT DSOULSNIID J PUE Sna.np S [elqoIdTnue ‘SUISSaIp PUNoO ‘uonesruos ‘uorsiadsip [ed1sAyd pue urexojoxdin SINH
$1220203d2.438 g
pUE sn2.71p °S U0 ATATIOR [eLI1oeqNIUY
(£101%010240 durwnnoea
1ST 1199 04714 u1) SaUI] [[99 09-TH WIISAS ATIAT[Op 3nIp [ed0T ‘uoneoTuos ‘uorsIadsip [ed1sAyd urAwooueA SINH
Aesse Jurpeay
punom pue [er1a}deqiue oa1d uf urreay
snany S pue (vsourdn.on punom ‘30339 [er1a3oeqrUR
9T d) DSOULSNIID SDUOWOPNIS] ‘100 " ‘Aderayy orwreudporoyd uoIe[e2Ia)ul ‘93UBYIXd UOT IDd.L I9ZNISUasooyd Aed LININ-o4
(S0-9ad) uesoyo
SPT QuT[ [[90 [erayda S[[ed ID-dINVIL A12A110p 8nag uoneudarduy (x0q) umwignioxoq PIR[ADAd [IIM PIaIpouw LN
snauny
48 'S) snany sn20020]Aydvis vcwh 1709 10014 [elIo)RqIIUY 93ueyoxa uog uroexorjoidip ske[o 9310w
urAwoau
eVT (1709 ") 1700 DIYOLIYIST A1ATIO® [BLI0BqTIUY ssa001d uone[EIIAIUT pUE UDIWEIUID x1yew apnoeiAjod ur Ae[d LINIA
BLISORq 9PLIO[YD0IPAY
48 aane3ou-ureln pue aanisod-wern 199JJ0 [elIO)RAIIUY ssao01d a3ueyoxs uor aurAoenal, Kepd LINN
W9)ISAS ATOAT[Op WII0}-3UO[ B SB
pue swalsAs a[qeloa[ur se ajqelrordxa
A[renuajod Aeppoueu pue druoinjd (8n1p opowr (LA
9T U0 paseq [930IpAY 2ARISUIS-OWLIIYL, W)SAS ATAT[Op NI ssaoo1d uone[eoraur e se) (gIA) an[q SUIAYIDIN uo wniuowweAy[e) Ae[o-ouediQ
JjuswWEedn
I20Ued 10§ ployy [eonnaosewreyd Aderaypowrayd Ke[d LININ U0
6€T ul X.LIN/SHDJ JO asn [enuajod ‘swalsAs A19A1[op X1 uone[nsdeousa XL (XLIN) 97eXo110I0IN Paseq $a1n3onNso1lay Ae[d snoiod
uonisodap 1o4e] Aq 104®] B
p1a d9eJIns [ewosodI] 93 uo Apoa1rp
pa[quuasse a1am ‘00TS @IdeIpng
8cT WISAS ATIAI[ap pajadiel-uojoD s1at1red Juises[ar-3niq pue Aeppourure ‘sa14[onoa[24[0d aprwosapng sawosodI[ UT SAB[D PaljIpoW-ouruy
SUWIAISAS
A19AT[9P 3NIp UI pUE S[[9D IdULD ‘uonoeal adueydxs puedi|
dunodrey se suonesridde ur Sursrword B p1a paonponur st xo[dwod nyg 2y,
*sa10ads
BUUIJUE U JONPOIIUT 0] SIATIBALIOP
aul| auIpriAdia) yamm uonedyIpow (sueowAozuaqrp
PET 190 eToH Ym urdewtorq 10§ pajsag, suonyeorjdde Surdewrrorg Ioyuny pue Sunjeid (4d  INAAH) YO%H)E(Nga)nd sAe[o SILNH pue 23nys103ATed
‘199 waIsAs [eordoforg uoneorddy sar10ads sarads aAnoy jensqns/[e119eN

9ATIOE 313 9oNPOIUI 0} AINPAI0IJ

payiodal Jou ale SMaIARJ Ul paulejuod eyep ay] “sasodind yyesy Joj susydeib pue sHQT ‘d4Z ‘sAejd uo paseq spunodwod uolejedlaiul Jo sajdwexa aAleyuasaldal 3o ¢ dlqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd 9S:TO:T 9202/E/G UO papeojumod 7¢O 8Une 8T U0 paus!idnd 801y ss300y usdO

This journal is © The Royal Society of Chemistry 2024

14566 | Dalton Trans., 2024, 53, 14551-1458]1


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00757c

View Article Online

Perspective

Dalton Transactions

(poaowx s399ysoueU
S6T 7702 ' S3UNBOD 99€INS [BIOIIWNUY  SISWWNH) UOIIBI[0JXS/UOTIR[EIISIUT apxo auaydein apxo auaydein
(osavw)
76T S[[90 WIS paAlIap asodipe asno sproyeas aysodwodoueN anbruyoa Suruurdsonosrg Ha1 (auojoejoideo-3)Ajod/HAT- VSN
S[99 I90U®d IseaIq UewWInyY L-IDN Adeiomy ‘poyprouwr
88T ‘S[[90 SNOIDUEI-UOU 676T  190UBD 10§ WAISAS A1oATop Sniq  ymoid nys wz pue uoneyrdoard-op xXoa speaq HAT-10A nD-S[v
SDSINY jJo Aoeded uonenuaidyip
0112309150 (SDSIATY) S[[99 [BWONS uoneraua3ar (areeyIydaraausifing)
[BWAYOUISIW UBWINY UO A)TOIX0J0IAD onssn pue uonuaaaid UOTISNIIXD A0d/(ayeTRT d21219PIX0USIAY D)
¥8T psoursn.tap d ‘sipruiaplds 'S UOTIFUI dUO( 0] SPIOJFeIS A€ Jow ‘Surpus[g-}[ow ‘uone[edIalul  urexojoidid ‘unIweIuIn Ajod/HQT 10 J1Z-0
€81 — uonesrdde eoidog, Uuone[edIaul ‘UOTIBI[0JXT auregeD diz-o
3ni1p Aroyewrurepyur
78T — -Ijue Jo A12A1[9p 3nIq uondiospe ‘uonerjoxg JeudJWIOIY diz-»
sipruapida snaioso)fydois s1031qIy Ul
18T Snany °g saj1sodwod wyyoIqnuy 3unsed JULAJOS ‘Uone[BdIU] dwnd xn[ge yioN (p1oe 211004]3-00-0pnIoe])A[0d/d1Z-0
auly [[99 (91u23091S0 BUWOIIES) Z-SOBS
08T 700 g [eIqoIWRIUY 23ueyoxs uone) 8y diz-o
saul| [[99 (¥¥STOLON)
foounern] uewny pue (dQnH) s3urssaip punom
6LT S[[99 IS€[qOIqIj [BWIop UeWINY IAH W[JOIqIIUE pUB [BIOIIWNUY 3unsed JU2A[OS ‘Uone[edINU] QUIPIXaYIO[YD 9so[N[[AI[AYIoWAX0qIed/JIZ-0
8/T 1190 190UeD ISed1q TET-AIN-VAN Adeioyy orureudpoloyd 23ueyoxs uoneD an[q QUAYIOIN diz-o
Aderoyy xordwod
pue Zurdewr [eonndo anowny DY3UTWEBPOYI-ULSOIYD
LLT S[[99 £6TMHH PUe BToH ‘67SV 10§ 3nIp 190URIIIUE ISAT[O( UONB[EDIdUT ‘UOTIBI[OJXH  -PIOk 9)B[0] [[0BINOION[I-S dI1Z-0/"Ofod
9T
pue sdnip
S/T SauI [[29 190UBD ISeAIq TET-AIN-VAN I20ouednUE JO AIDAT[OP 3nig uondiospy urunoaImny diz
VLT €0d 190Ued
pue aeysoid uewiny ‘S[[90 VOT-ADIN ‘Saul] sdnip
€LT [[99 190ued T€7 GIN-VAN PUe Z-IDN I90uednUR Jo A12AT[p 3nidg Uuone[esIa)ul xX0oa diz
uondiosar suoq 3uniqryur pue
uonesiferaurw auoq Junowoid
TLT (£9-DN) BWO01BS0)SO UOQ UBRWNH Jo a1qeded A1aa1jop 3niqg a3ueyoxe onoejodol ‘UonRI[OIXT 9JeUOIPUIY dz-+
ureIq Juapol ur oaza ul
pauutogiad sem TN ‘(44H) sIse[qoiqy I dnsoulerp
up[saIoj uewny pue ([[AYIDAL8N) pue (HW) erwrayiadAy
69T S[[99 BWIOISE[qOI[3 UBWNH onoudew pasi[eso] UOIJORAI IIONIYDS Yotad @ALINOAVT - YO
syqqer Surreaq-1nouny I dnsouderp
ur oaza Uz paurioyrad sem TN ‘Oul| pUE S[[90 BWOUIDIBIOUIPE poyrowr Sunjeid
1199 (¢odaH) ewourorecouspe oneday  onedoy uewny ut suoneordde Zurdnos a3 YIm paurquiod opIxo
89T uewny pue (zOT) dnedoy uewny [eo180]01q pue Jurdewiorg ssao01d ewroloIpAy dois-ouQ  uoil ‘xodurod aprueyjue SINH®"Ofod
‘199 wsAs [eordoorg uonedrddy sar0ads sa10ads aAnoy )ensqns/[e11NeN

9ATIOR 31[) 9ONPOIUT 03 AINPII0IJ

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd 9S:TO:T 9202/E/G UO papeojumod 7¢O 8Une 8T U0 paus!idnd 801y ss300y usdO

(‘pauoD) ¢ aqel

Dalton Trans., 2024, 53,14551-14581 | 14567

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00757c

Open Access Article. Published on 18 June 2024. Downloaded on 5/3/2026 1:01:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

PEG-CS/MMT-4 nanosheets
SA 2

ARV AN W AN AU AN e,
\\V\)’N&W\,’WY\’[ s4am \ ';\\
N A T o Sy ;.'q‘
7 AIKIIRGAGNAS
17
S\ PEG-CS/MMT-8 nanosheets

el | \SIDABKASIGIRAON L.,

\\MWWWWV [s51am (/ (
MMT nanoclays WS . A F i _\/ ______

TINRASTIRESTIS o

PEG-CS/MMT-12 n; lmnhu';‘

Fig. 8 Microstructures of PEG-CS/MMT nanosheets with various
PEG-CS/MMT. Reproduced with permission from ref. 145, Copyright
2022 Elsevier.

Norfloxacin, an anti-microbial agent, was loaded within
HNT and then embedded with chitosan to prepare bio-nano-
composite films."*

Antimicrobial gelatin-based elastomer nanocomposite
membranes loaded with ciprofloxacin and polymyxin B
sulfate-loaded halloysite nanotubes were formed for wound
dressing applications.” A combination of ciprofloxacin
(characterised by a broad-spectrum antimicrobial activity inhi-
biting both Gram-negative and Gram-positive bacteria) and
polymyxin B-sulfate, with a narrow spectrum of activity mainly
against Gram-negative bacteria, aimed at having a co-operative
anti-infection effect. It was reported that HTNs play a dual role
of enhancing the matrix tensile strength and slowing down the
release rate of highly dissoluble drugs.

Recently, the formation of a hybrid system based on bio-
compatible poly 2-hydroxyethyl methacrylate (pHEMA) and
thymol-loaded halloysite was reported for application as porta-
ble wound dressing to protect injured skin;'** the antibacter-
ial, antifungal and anti-inflammatory properties of thymol
make this compound interesting for the development of
devices for tissue repair. Also in this case, HTNs were exploited
to entrap the thymol in the lumen to ensure a sustained
release of the drug.

Doxorubicin (DOX) is widely used as a chemotherapeutic
drug, owing to its effectiveness in combating numerous types of
cancers. However, as some serious side effects have been wit-
nessed, DOX delivery vectors based on different hosts were devel-
oped, as recently reported." In this regard DOX was, for
example, loaded into HNTs and then encapsulated by soybean
phospholipid (LIP) to form HNTs/DOX/LIP."*® The optimal DOX
loading efficiency was higher than 22%. A pH-responsive release
property with fast drug release under acidic conditions (pH = 5.4)
was evidenced by in vitro drug release testing, and in vivo experi-
mental results revealed that such compounds exhibit a signifi-
cantly higher inhibitory efficacy on the growth of mouse gastric
cancer cells than free DOX at the same drug concentration.
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The development of chitosan/halloysite/graphitic-carbon
nitride compounds for quercetin targeted delivery was per-
formed to overcome the weak hydrophilicity, chemical instabil-
ity and low bioavailability of quercetin which, however, pre-
sents anti-inflammatory, antiviral and mainly anticancer
effects. The combination of carbon nitride (g-C3;N,), which is
similar in structure to graphene, has a low biological toxicity
and can be metabolised in biological systems,'®” with HNT
and chitosan to form hydrogels, followed by a loading of quer-
cetin using a water-in-oil-in-water emulsification process to
attain quercetin sustained-release, leads to a remarkable
encapsulation loading and loading efficiency (up to 86%) and
the formation of a pH-responsive behaviour that minimizes
the side effects of quercetin by controlling its burst release at
neutral conditions. These new nanocomposites also revealed a
significantly higher cytotoxicity against breast cancer cells in
comparison with quercetin as a free drug.

The reported examples suggested that clays can be exploited
as nano containers for applications in drug delivery, anti-
microbial materials, self-healing polymeric composites, and
regenerative medicine that entail time-extended functions.

In the field of tissue engineering, which aims to develop
biological substitutes that replace and restore structural and
functional properties of tissues, HNTs are also arguably the
most promising candidates, as besides all their already-men-
tioned properties, their unique structure can significantly
increase the mechanical and chemical stability of tissue engin-
eering scaffolds."*®'%° Applications for bone tissues,'®! carti-
lage repair,"®® implants,'®® dental fillings,’®* and tissue
scaffolds'®® underline all the advantages of HNTSs. As interest-
ing results, in the field of orthopedic implants, Dharmaraj
et al.'®® mentioned the antibacterial, anti-cancer and osteosar-
coma cell growth-impediment properties of composites pre-
pared by electrodeposition of strontium-halloysite nanotubes
(Sr-HNT)/lanthanum cerium-substituted hydroxyapatite com-
posite coatings on titanium used as implant materials. In
addition, an anti-corrosion effect of this new type of coating
was also revealed. A 3D-printed scaffold with a sequential
delivery platform was also formed starting from deferoxamine-
loaded HTNs, bone morphogenetic protein-2 and poly(t-
lactide-co-glycolide)/b-tricalcium phosphate solution with the
aim of realizing the coupling regeneration of blood vessels and
bones.'®® These new composites promote cell-scaffold inter-
actions by enabling cell adhesion, spreading, and differen-
tiation in vitro, and also enhance subcutaneous ectopic bone
formation in vivo via the synergistic effect of deferoxamine and
bone morphogenetic protein-2, therefore paving the way for
new treatments for bone defects.

The inherent properties of clay minerals, such as fluo-
rescence and paramagnetism, enable their utilisation in bio-
medical imaging techniques. Functionalised clay nano-
particles have been developed as contrast agents for magnetic
resonance imaging (MRI), providing improved imaging resolu-
tion and targeting capabilities. Paramagnetic clays have been
obtained by introducing, in the interlayer space of saponite
clays, Gd**-complexes by a classical ion exchange reaction. It

This journal is © The Royal Society of Chemistry 2024
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was pointed out that the interactions of the complexes with
the saponite layers have a certain influence on both the local
rotational dynamics and exchange process of water molecules
between the internal Gd** coordination sphere and the
bulk.'®®*'®” Clay-based lanthanide polymer nanocomposites
were for example formed,"*® starting from polyethyleneimine
and a lanthanide complex attached onto the surface of halloy-
site or palygorskite, leading to nanocomposites exhibiting
both intense red emission under visible light excitation, long
luminescent lifetime as well as high quantum yields, and
improved photoluminescence stability. The photoluminescent
and magnetic properties of multifunctional halloysite nano-
tube Fe;0,@HNT-polyethyleneimine-Tip-Eu(dibenzoyl-
methane); were also reported,'®® one interesting feature being
that these composites displayed superparamagnetic behaviour
and also worked as a magnetic resonance imaging (MRI) con-
trast agent in vitro and in vivo. The Schikorr reaction, which
involves the oxidation of layered Fe(OH),, was used to prepare
superparamagnetic Fe;0, - LAPONITE®."®

3.2 ZrP-based compounds for health applications

The discovery that ZrP is harmless to the body, since it is
highly hemocompatible, not toxic, and not associated with any
metabolic function, has paved the way for using these com-
pounds in the nanomedicine field."”° The insertion into ZrP of
molecules of biological interest can occur via ion-exchange
reactions between the acid protons of the solid and the mole-
cular cations, intercalation of basic molecules and topotactic
exchange of phosphate by phosphonate groups. This last strat-
egy is mainly applied in y-ZrP. In this context, the alendronate,
a gem-bisphosphonate used to treat bone diseases, was
immobilised in y-ZrP by topotactic exchange to obtain a drug
delivery system."”* When the biological molecules are particu-
larly bulky a preintercalation step in alpha type is mandatory
to enlarge the interlayer region; a strategy to avoid this step is
the use of 6-ZrP, a hydrated form of a-ZrP with six water mole-
cules per formula unit. Otherwise, one-pot intercalation can
be achievable by starting from a gel of nanometric o-ZrP in
ethanol or propanol.”?> The alcohol present in the interlayer
region keeps the layers far enough apart to promote the inter-
calation of bulky species.

Particular attention has been paid to delivering chemother-
apeutic drugs loaded in nanocarriers, to target cancer cells
and minimize drug side-effects. DOX, one of the most used
anticancer drugs, is highly toxic to cancer cells and to normal
tissue, causing several adverse effects. To overcome these draw-
backs, DOX was intercalated into 6-ZrP to obtain a compound
(DOX@ZrP) with a drug loading of 34.9 wt%. Two-dimensional
*Ip NMR studies showed that DOX is intercalated as a neutral
molecule and interacts with the ZrP layers by hydrogen bonds
among protonated phosphate groups and the amine and -OH
groups of DOX, involving also hydration water molecules. The
release of DOX from DOX®@ZrP in simulated body fluid at pH
7.42 is prolonged, extending to 11-14 days. Cellular studies
showed that DOX@ZrP samples were favoured for cellular
uptake and cytotoxicity in MCF-7 and MDA-MB 231 cancer cell
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lines compared with free DOX. In vitro studies in MCF-7 and
MCF-10A cells showed that ZrP nanoparticles are able to
promote the uptake of DOX@ZrP by endocytosis, especially in
cancerous cells."””® The biocompatibility of DOX@ZrP was
improved by surface functionalisation with monomethyl-poly
(ethylene glycol)-monophosphate, and cytotoxicity towards
human prostate cancer PC3 cells was about 20% higher than
free DOX."7*

Kalita et al. prepared nanometric zirconium pyrophosphate,
having the dimension of about 48 nm, by a sonochemical
method in the presence of cetyltrimethylammonium bromide
as surfactant followed by calcination at 700 °C. The nano-
particles were used to immobilise curcumin ((1E,6E)-1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), a model
drug with anti-inflammatory, antioxidant and anti-tumour pro-
perties. The loading of the drug in the composite (ZP-CUR)
was 11.5 wt%. The in vitro drug release from ZP-CUR was pH
sensitive and was higher at pH 5 than pH 7.4, making the com-
posite suitable for delivering and releasing the drug in the
acidic intracellular environment of tumour cells. The cyto-
toxicity studies of free curcumin and of ZP-CUR, performed on
MDA-MB-231 breast cancer cell lines, showed an enhancement
of the cytotoxic effect of the formulate curcumin as compared
with the native form.'”®

Antitumour drugs lack specificity for tumour cells, thus
exhibiting high cytotoxicity also for normal cells. The use of
magnetic nanoparticles (Fe;O,), anchored to the nanocarrier,
allows, through an external magnetic field, the delivery and
anchoring of the drug in a specific site, enhancing the drug
activity. In this context, Kalita et al. extended their work with
curcumin-loaded amorphous zirconium phosphate as the
shell for magnetite core nanocarriers.'’® The release profile
and cytotoxicity in MDA-MB-231 cell lines was comparable to
those of ZP-CUR previously described.

To improve targeted drug delivery to tumour cells, nano-
carriers conjugated with folate seem to be a promising strategy
since the cancer cells over-express folate receptors. Magnetite
nanoparticles and 5-fluorouracil (5-FU) were intercalated in
o-ZrP preintercalated with butylamine. The compound
obtained was covered with a folate acid-chitosan-rhodamine6G
(FA-CHI-R6G) complex to obtain the system 5-FU/Fe;0,/
a-ZrP@FA-CHI-R6G (Fig. 9). The presence of R6G, which acts
as a fluorescent probe, suggests the nanocomposite as a prom-
ising material for bioimaging. Moreover, the nanocomposite
has no cytotoxic effects on A549 cells, interacts with FA-posi-
tive HeLa cells while the FA-negative HEK293 cells show little
uptake of the nanomaterials, and shows a sustainable 5-FU
release."”

An alternative to the use of chemotherapeutic drugs for
cancer treatment is photodynamic therapy (PDT), which is
based on photoactivation of a photosensitizer able to form
cytotoxic reactive oxygen species. The photosensitizers, as the
antitumour drugs, have nonspecific interactions that also
cause damage to normal cells.

The photosensitizer methylene blue (MB) was intercalated
in o-ZrP by cation exchange with the acid protons. The ZrP-MB
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Fig. 9 Schematic representation of the 5-FU/Fez0,4/
a-ZrP@QCHI-FA-R6G nanocomposites. Reproduced with permission
from ref. 177, Copyright 2015 American Chemical Society.

nanoparticles were able to deliver MB to MDA-MB-231 breast
cancer cells and to reduce the toxicity of pure MB in a dark
experiment. PDT efficacy on ZrP-MB-treated MDA-MB-231 cells
was enhanced upon MB intercalation. The nanoparticles
protect the MB from the reduction to “leuco-methylene blue”
in biological systems that generally limits the clinical use of
MB, and release it preferentially in cancer cells due to their
acidic microenvironment."”®

Several active molecules were intercalated starting from the
gel of nanometric a-ZrP in ethanol. Chlorhexidine (CLX), a
broad spectrum antimicrobial agent, was intercalated starting
from the gel of nanometric a-ZrP, reaching a drug loading
50 wt%. ZrP(CLX) was used as a filler of sodium carboxy-
methylcellulose to prepare films as potential wound dressings.
The films showed antimicrobial and antibiofilm activity.
Moreover, in vitro cytotoxicity tests of the films in HDF human
dermal fibroblast cells (HuDe) and human keratinocyte cell
lines (NCTC2544) showed reduced cytotoxicity of CLX due to
its prolonged release, which maintains a low CLX concen-
tration."”® Silver NPs were immobilised on o-ZrP via the H'/Ag"
ion-exchange process followed by thermal treatment. The Ag-
enriched oZrP showed antimicrobial activity against
Escherichia coli.'®°

The intercalation properties of the gel of nanometric a-ZrP
in ethanol were exploited to intercalate potent in-house
S. aureus NorA efflux pump inhibitors. The intercalation com-
pounds were used as fillers of poly(lactide-co-glycolic acid).
The composites showed an antibiofilm activity comparable to
that of film containing ZrP intercalated with thioridazine, a
NorA and biofilm inhibitor."®*

An alternative way to promote the interactions between the
o-ZrP surface and biomolecules is the use of a gel of zirconium
phosphate obtained by exfoliation with propylamine and
regenerated with HCL. The gel was able to immobilise the anti-
inflammatory drug bromfenac (BFS)'®> and caffeine,'®® a
central nervous system stimulant. The compound ZrP-BFS
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showed a BFS release profile that was pH dependent; a com-
plete release of BFS was obtained at pH 7.

Finally, a ZrP-gentamicin intercalation compound was used
as a filler of a thermoplastic polymer and the composite was
processed via high-temperature melt extrusion into 3D
scaffolds. The antibiotic, released in a sustained manner,
maintained its activity against Gram+ and Gram-— bacteria,
and the scaffolds were not cytotoxic towards hMSCs cells and
did not prevent their osteogenic differentiation.'®*

3.3 Applications of LDHs for health purposes

LDHs are also studied today for their possible biomedical
applications.'® Their trapping and release ability is important
regarding the delivery of drugs or bioactive molecules as well
as their ease of handling and scale-up.'®® Accommodation of
bioactive molecules within the LDH host structure leads to bio-
active hybrid materials that can be efficient in administration
and associated with low cytotoxicity, this triggered by the pH
of human fluids to precisely target a site. They may be of use
for delivering cosmeceutical, natural or synthetic bio-
molecules. When considering the formed bio-hybrid compo-
site, it may be considered as a win-win partnership, the host
LDH protecting the bioactive molecule from aggressive media
while the guest maintains the layered structure until its
ingress out of the LDH cargo. Due to their biocompatibility,
LDHs are also studied in terms of clinical translation of their
bio-activity and bio-reactivity concerning orthopaedic diseases
and other bone tumours.*®’

LDH-supported MOFs loaded in alginate beads, a pH-sensi-
tive biopolymer extracted from seaweed,'®® have been prepared
to control the release of DOX for cancer therapy. In vitro cyto-
toxicity in MCF-7 cells (human breast cancer cells) showed that
the loaded beads have a higher cytotoxic effect than the free
DOX. The higher DOX activity may be due to the presence of
the Alg coating and the controlled DOX release into cancer
cells. Other reviews report the combination of organic polymer
with LDH as well.'® From in vivo assays it is demonstrated
that such bio-hybrid composites containing bioactive guests
are of interest in pharmaceutical and medical applications,
and that review more specifically focused on drug delivery and
tissue engineering regarding skin and bone therapies. For the
latter, it is observed that LDH composites can be safely inte-
grated into living matter as well as being stimuli-responsive
when exposed to collagen. Of course, other naturally occurring
clay minerals such as montmorillonite and halloysite may also
be combined with biocompatible polymers to carry the active
ingredient of interest in drug delivery or in tissue engineer-
ing.’® In the latter case, the bio-hybrid composites are found
to induce cell adhesion and proliferation, helping in regenerat-
ing skin damage. It is indeed a set of 2D materials which can
be considered as bio-platforms in theranostics (therapeutic
and diagnostic) when endowed with bio-functionalities,'! as
found in the critical and cutting-edge review discussing the
current challenges and their future research directions regard-
ing such applications in human health.

This journal is © The Royal Society of Chemistry 2024
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Chemotherapeutic and gene-therapeutic functions for
hetero-structured layered nanohybrids using clays (in general)
have been recently reviewed, underlining the possibility of
drug-clay nanohybrids being relevant for drug administration
and release.'®?

Similarly, another review reports such carriers for gene-
LDH focusing on intercellular gene uptake mechanisms and
their intracellular ingress, but also with imaging and targeting
functions.'*?

Other health domains may be relevant, such as tissue and
bone engineering, where LDH dispersed into fibers of poly(e-
caprolactone) (PCL) by the electrospinning technique are
studied to mimic tissue-engineering scaffolds.’®* The study
reports the viability, proliferation, and adipogenic differen-
tiation of mouse adipose-derived stem cells and shows that
LDH-enriched electrospun PCL scaffolds with high porosity
increase cell adhesion and proliferation, suitable for appli-
cation in soft tissue regeneration.

More specifically for bone healing, 3D additive-manufac-
tured scaffolds made with biodegradable polymers and LDH
intercalated with ciprofloxacin have been designed to present
possible antibiotic release for antimicrobial activity to prevent
infection in the case of an open bone fracture or in implant
surgery. Incorporation of LDH-ciprofloxacin into the scaffolds
did not affect the viability of human mesenchymal stromal
cells (hMSCs) or prevent their osteogenic differentiation.’®* An
intercalation/exfoliation  procedure following Hummers’
method led to the synthesis of graphene oxide (GO).
Consecutively to this intercalation process, the so-obtained
materials exhibited a size-dependency of GO antimicrobial
activity. The defect quantity is correlated to the size/specific
surface area of the GO, giving guidelines for future develop-
ment of graphene-based antimicrobial surface coatings."*>

Tunable surface properties, transparency, electronic capa-
bilities, biocompatibility and outstanding flexible mechanical
properties make graphene a promising material for biomedical
applications such as biomedical electronic devices or
implants. However, the material generally called “graphene”
is, in fact, a large variety of carbon-based materials. Following
these considerations, graphene-based materials used for bio-
medical applications must be regarded while paying particular
attention to the characterisations defining them.
Consequently, some “rules” must be established concerning
the synthesis considerations and the possible biomedical
applications depending on the characteristics of graphene. If
graphene can be obtained by the CVD procedure, intercalation
using Hummers’ method can lead to GO and then reduced
graphene oxide (RGO) interesting for health purposes.*®®

4. Applications of intercalation
materials in polymer science

Clays and graphene have been extensively studied as fillers of
polymeric composite, and the research has been summarised
in several reviews and thematic books. Therefore, to avoid
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redundancy, discussion of the main aspects related to poly-
meric composites based on these layered materials is
entrusted to the most recent reviews and books.'?” 2%

Here, the latest examples of the use of ZrP and LDHs as a
filler of polymeric composites are reported. Table 4 summar-
ises the recent applications of intercalation compounds based
on ZrP and LDHs for polymer science.

4.1 ZrP compounds for polymer science applications

Zirconium phosphate nanosheets, the size and thickness of
which can be precisely controlled, are suitable nanofillers for
improving the anti-corrosion properties of polymeric coat-
ings.?%® It was shown that improved barrier properties, caused
by self-assembly of ZrP nanosheets, are mainly responsible for

the increased corrosion resistance of ZrP/epoxy resin
(Fig. 10),%°° ZrP/polyurethane®®” or ZrP/polybenzoxazine
coatings.?%®

Zirconium phosphate is also a possible candidate for flame
retardancy applications, due to its high thermal stability and
phosphorus content. In addition, the aspect ratio and size of
the nanoparticles can be controlled by the choice of synthesis
and exfoliation method. Exfoliated ZrP significantly enhanced
the thermal stability and flame retardation behaviour of poly-
benzoxazine by improving the stability of the char layer and
reducing the amount of flammable gases (Fig. 11).>%°

Hybrid platelet nanostructures formed by the self-assembly
of ZrP, melamine and cyanuric acid significantly improved the
flame retardancy and crystallinity of polyamide6 (Fig. 12).>'°
Acrylamide-modified ZrP/polyacrylate nanocomposite was pre-
pared via in situ polymerization and the effect of ZrP (dimen-
sion of ca. 120-160 nm) amount and the quality of its dis-
persion on flame retardancy was described.*’* When ca.
0.5 wt% of modified ZrP was added, a decrease of nanoplate-
lets dimensions was visible because of the exfoliation process
(Fig. 12B-B'). An increase in ZrP content to 3 wt% leads to the
formation of large aggregates (Fig. 12C-C’) that might have a
negative effect on the mechanical properties and flame retar-
dancy of the composite.

ZrP nanoplates modified with hexachlorocyclotriphosphane
and melamine in polyvinyl alcohol composite improve the
yield and graphitization of char residues, and make the char
more stable, compact and continuous, inhibiting the under-
lying polymer from coming into contact with heat and
oxygen.”'> The synergistic effect between polyphosphazene
and o-ZrP in polypropylene composites improved the thermal
stability of the matrix and increased the amount of char yield
in comparison with polypropylene containing either only poly-
phosphazene or only ZrP.*** Organo-modified ZrP combined
with another traditional flame retardant agent aluminium
hydroxide leads to improved flame retardancy of ethylene vinyl
acetate, low-density polyethylene/ethylene-vinyl acetate copoly-
mer, and polystyrene.>'*?*® Hierarchical graphene-confined
zirconium phosphate nanosheets were used to improve the
thermal conductivity, mechanical properties and flame resis-
tance of cellulose nanofiber aerogels.*'®
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Fig. 10 Exfoliation and functionalisation process of a-ZrP (f-ZrP) and
the preparation of f-ZrP/WEP nanocomposite coatings. Reproduced
with permission from ref. 206, Copyright 2020 Elsevier.

— Pristine PBa

Fig. 11 (a) and (b) SEM of original a-ZrP, (c) original a-ZrP in acetone,
(d) exfoliated a-ZrP in acetone, (e) Ba/a-ZrP-8.4% in acetone, (f) and (g)
TEM of PBa/a-ZrP-8.4% nanocomposites, (h) photographic images of
PBa/a-ZrP-8.4% nanocomposites and (i) light transmission spectra of
samples. Adapted with permission from ref. 209, Copyright 2016 Royal
Society of Chemistry.

The use of a-ZrP nanosheets as a nano-filler in polymers for
food packaging applications is very limited; some examples
are given in Ghanbarzadeh’s et al. review.>'” A combination of
graphene and ZrP nanosheets with different two-dimensional
scales results in a synergistic ordering effect that increased the
tortuosity of the permeation path for oxygen molecules to
travel through the PVA nanocomposite films and significantly
decreased their oxygen permeability. A similar nano-bricks
wall architecture was obtained through layer-by-layer depo-
sition of polyacrylic acid, poly(dimethyl diallyl ammonium
chloride), and o-ZrP nanosheets onto polyethylene tere-
phthalate film (Fig. 13).>'® The oxygen transmission decreased
exponentially with the number of the deposited quadlayers
(consisting of three repeat units of polyacrylic acid, poly
(dimethyl diallyl ammonium chloride) and o-ZrP), and the
transparency of the film was not significantly reduced; there-
fore, this composite film shows great potential for application
in packaging.
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Fig. 12 TEM images of ZrP/polyacrylate nanocomposite. A-A": a-ZrP,
B-B’ and C-C": PPA/AM-ZrP-1 composites with 0.5 and 3 wt%, respect-
ively. Reproduced with permission from ref. 211, Copyright 2017 Royal
Society of Chemistry.

-« *-3¢
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PET-(PAA/PDDA/ZIP/PDDA),/PAA

Fig. 13 Schematic of the layer-by-layer (LbL) assembly for polyacrylic acid
(PAA)/poly(dimethyl diallyl ammonium chloride) (PDDA)/zirconium phos-
phate (ZrP)/PDDA quadlayers. PET: polyethylene terephthalate; TBA: tetra-
butylammonium; CTAB: hexadecyl trimethyl ammonium bromide.
Reproduced with permission from ref. 218, Copyright 2018 MDPI.

4.2 LDHs-based compounds for polymer science

LDHs are often used as a polymer filler as they can be customised
to accommodate functionalities such as fire retardancy, UV-stabi-
lization, biocide, water or moisture permeability or repellant
(increase of the hydrophobicity by the presence of platelets
organo-modified by surfactants) while providing the expected
barrier-effect by the enhancement of tortuosity coming from the
high mechanical modulus of the anisotropic platelets.”’® More
specifically, they may be of interest in food packaging by increas-
ing the shelf life of food products and adding organoleptic and
nutritional value.”** LDHs contribute to stabilizing or enhancing
certain properties of PVC**' or PBS.**? In the latter case, with
organic anions interleaved into LDH fillers (i-tyrosine (TYR),
tryptophan (TRP), L-ascorbate (ASA) and 3-(4-hydroxyphenyl)pro-
pionate (HPP)), it was possible to demonstrate antibacterial pro-
perties for the films in combination with a high chain extension
effect suitable for polymer processability. When LDH intercalated
with salicylate and rosmarinate anions is dispersed into LDPE,
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the formed polymer nanocomposites present strong antibacterial
activity against Staphylococcus aureus and antioxidant properties
altogether suitable for packaging materials.*?®

Furthermore, LDH has been used as a barrier to protect
antioxidants from migrating out of the polymer.>** Hindered
phenolic antioxidants have gained widespread recognition and
application in enhancing the heat resistance and oxidative
aging performance of polypropylene (PP) composites.*?®
However, the use of low molecular weight antioxidants poses
certain challenges. These antioxidants have a greater tendency
to volatilise, migrate, and be extracted from PP or PP-based
products. Such behaviour directly diminishes the anti-thermal
oxidative aging efficacy of PP and its composites, and addition-
ally presents a risk of contaminating food or drugs when used
in packaging.”*® LDHs are highly desirable as antioxidant pro-
tection materials due to their adjustable compositions (M>*
and M*") within the host sheet, replaceable interlayer anions
(A™) in the interlayer region, and adaptable charge density
(M>*/M>*" ratio). Consequently, it is plausible to inhibit the
migration of antioxidants utilizing host-guest interactions and
supramolecular forces by incorporating low molecular weight
antioxidant species into the interlayer gaps of transparent LDHs.
The 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-propionate anions (AO,
one-fourth of the most used antioxidant in industry, Irganox
1010) were intercalated into Mg,Al-LDH, thus leading to AO-LDH
samples by a one-step synthesis. Moreover, AO-LDH/PP compo-
sites were obtained through a solvent washing method. It was
proved that the intercalation of AO anions between LDH led to an
improvement of the antioxidative performance of PP composites.
A barrier effect was offered by the host sheet of MgAI-AO-LDH
thus allowing greater migration resistance than that of AO/PP
composite.””” Based on theory, the composition of the host layer
and the interlayer guests in the intercalation structure antioxi-
dants was controlled to achieve homogeneity of the resulting
compounds, leading to the construction of a class of supramole-
cular intercalated structure antioxidants with anti-migration pro-
perties, such as the single-intercalated MgAl-HALS-LDH photosta-
biliser”®® and the co-intercalated CaAl-HxMy-LDH anti-aging
agent.**

As far as corrosion inhibition is concerned, LDHs are also
found to be of interest in polymer coatings for metal substrates
such as magnesium alloys (AZ91D, an alloy of interest but lacking
stability when exposed to the marine environment) using the so-
called self-healing behaviour of LDH cargo, since the release is
triggered by corrosion.>*® LDHs can be mixed with other frame-
works as exemplified in one article,*" where the idea is to build a
3D fir tree-like hierarchical architecture by utilizing pulsed
plasma electrolysis with LDHs and a zeolitic imidazolate frame-
work to protect the magnesium alloy substrate.

5. Remarks and outlook

This perspective has focused on the role played by intercala-
tion chemistry as an evaluable tool for the design and syn-
thesis of materials to meet some of the challenges of our

This journal is © The Royal Society of Chemistry 2024
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century. Particular attention has been paid to developing cata-
lysts for producing clean energy, converting molecules derived
from biomass into value-added products, degrading pollu-
tants, materials for environmental remediation, systems for
use in medicinal chemistry and for the preparation of poly-
meric composites.

As far as heterogeneous catalysts are concerned, the layered
materials here reviewed provide sustainable catalyst sources
with several advantages: easily recoverable and highly reusable,
economical, and efficient catalytic potential under mild con-
ditions. The intercalation chemistry allows us to obtain solids
with transition metal species, with great interest for catalytic
purposes. Metals can be intercalated as inorganic polycations
within the interlayer space of clay (PILCs) or as cations or cat-
ionic complexes in ZrP. Transition metals can be inserted as
constituents of the LDH layers. All these possibilities allow to
obtain catalysts with improvements in specific surface area,
thermal stability, dispersion of the active phase and some-
times catalytic performance thanks to specific interactions of
the active species with the functional groups of the layer or
their confinement in the interlayer region. Layered materials
have been used as systems capable of favouring the growth of
metallic nanoparticles upon intercalation of metallic ions fol-
lowed by reduction in a confined environment. Otherwise, pre-
formed metallic NPs can be immobilized on material surface.
The confinement of NPs improves their resistance to cleavage
and agglomeration as well as their catalytic activity. In
addition, the immobilisation of the NPs favours their recovery
and reuse. Recently, superior catalytic performance has been
achieved by combining different materials to obtain hetero-
structures (i.e. TiO,/clays, HNT/MOFs, etc.).

The ability of layered materials to intercalate ionic or mole-
cular species has made them very good candidates as solid
adsorbents for the removal of pollutants. The literature survey
indicated that clays, ZrP and LDH can be successfully modified
to improve the adsorption ability towards environmental con-
taminants, thus making them potential candidates for waste-
water treatments. The presence of intercalated functional
groups (classically leading to an increase of the basal spacing,
modification of textural properties and surface hydrophobicity)
and, in some case, the increase in swelling ability are key
factors affecting the adsorption properties of intercalated com-
pounds and leading to an improvement of adsorption pro-
perties with respect to raw materials.

ILCs can be also active as photocatalysts for pollutant
degradation. This property is very often achieved in the case of
compounds containing metal oxide particles, that can be thus
stabilised from the layered matrices.

In this sense, efforts must be made in searching for sustain-
able synthetic methods (especially in terms of time and pro-
duction costs) for layered materials-based intercalation com-
pounds. Few methods are, for instance, related to ultrasound-
accelerated synthesis. As an example, environmentally safe
low-cost adsorbents can indeed be obtained also starting from
natural clays by using microwave-assisted heating methods.**>
Another emerging green and powerful synthesis is mechano-

This journal is © The Royal Society of Chemistry 2024
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chemistry, due its scalability and tunability. This technique
has great potential for the environmentally friendly production
of layered materials for applications in the sustainable energy
and environmental sectors.**?

Most of the papers in the recent literature are related to the
use of ILCs for the removal of pollutants from simulated matrices.
Since the solution pH and the presence of interfering ions and/or
molecules can interfere with the main adsorption mechanism,
the performances of materials must be tested in different con-
ditions (i.e distilled water, groundwater, industrial wastewater,
sea water) to assess the real applicability of materials.>**

Moreover, there are still problems to be solved in the use of
materials as catalysts, especially when used to remove pollutants
from water. For practical applications, correct monitoring of the
species formed during the catalytic reaction, together with the
detection of possible toxic intermediates, must be carried out.

For health purposes, the interlayer region of layered materials
can be considered as a nanocontainer capable of protecting the
bioactive species from light and oxygen. Moreover, the intercala-
tion compounds, suitably modified, can provide targeted delivery
of therapeutic species by releasing them upon a specific stimulus
(variation of pH, temperature).

Among clays, halloysite is a promising local delivery system
that does not require exfoliation or any other complicated
energy-consuming process, thus permitting the storage and
controlled release of molecules.

The application of zirconium phosphate for drug delivery
has not been extensively studied. However, the ability of ZrP to
exfoliate in aqueous solution makes this material a good can-
didate for hosting bulky cations and basic species with thera-
peutic activity. Attention should be focused on scalable and
green syntheses of ZrP, taking into account mechanochemis-
try. As for LDHs, ILCs have long been considered for the prepa-
ration of drug delivery systems. Future opportunities for these
materials are related to the modulation of the layer compo-
sition, which can be constituted by several metal cations. The
correct choice of these intralayer metals (i.e. Zn, Ga, Cu, Mg...),
which can be released in appropriate media, can produce
materials with therapeutic properties. In addition, a new fron-
tier is the possibility of creating defect sites in the LDH layer
that can be tailored to the needs of cancer immunotherapy.
For photothermal/photodynamic therapy, sonodynamic
therapy, and pH-sensitive magnetic resonance imaging, the
modulation of defect sites in the crystal structure of LDH
enables it to respond sensitively to external stimuli.>*

Finally, layered materials have been used as nanofillers to
improve the thermal stability, mechanical properties of poly-
mers and anti-corrosion properties of polymeric coatings. The
inorganic filler, intercalated with active species, absolves to
another task that is to impart to the polymer additional pro-
perties such as antioxidant and antimicrobial properties.

However, in general, one of the major issues in materials
development in many areas is scaling up from the laboratory
level to large-scale implementation as an available and afford-
able commercial solution. The production of large quantities
of intercalation compounds means the simplification of prepa-
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ration steps, the elimination of toxic solvents/reagents, and
reduced production costs. The last of these could be achieved
by using waste materials where possible, in accordance with
the principles of the circular economy.

The recovery and reuse processes of these adsorbents are
not always studied in the literature. Moreover, the fate of recov-
ered pollutants merits additional consideration to develop sus-
tainable and circular economy processes.>** An interesting
example of Cr-based PILCs for the recovery of anionic and cat-
ionic species was recently reported in the literature.>*® The
study is especially focusing on the possibility of reducing the
synthesis time and cost, identifying the optimal conditions for
effective adsorption of individual dyes using Cr-pillared clay
after statistical analysis through the design of experiments.
Moreover, in many cases, we must continue efforts to under-
stand the structure-property relationships. As an example, for
PILCs different characterisation techniques are needed to
reveal their still unknown properties, thus paving the way for
intelligent material design.
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