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Recent Advances and Perspectives for Intercalation Layered 
Compounds

Part 2: Applications in the field of catalysis, environment and health

Chiara Bisio,a,b* Jocelyne Brendlè,c* Sébastien Cahen,d Yongjun Feng,e Seong-Ju Hwang,f Morena 
Nocchetti,g* Dermot O’Hare,h Pierre Rabu,l Klara Melanovam, Fabrice Lerouxk*

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

Introduction

The intercalation is a way to specifically tune the structure, 
composition, and physico-chemical properties of materials by 
exploiting interactions between a host matrix (generally a 2D-layered 
material) and guest species of various chemical nature. Intercalation 
materials then represent a broad class of compounds 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 structure of the host remains normally 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, 
introduction or topotactic exchange of atomic or molecular species 
inside the host matrix, thus allowing a controlled and systematic 
tuning of their physico-chemical properties.
As a general feature, intercalation layered compounds (ILCs) 
prepared by the different methods described in the first part of this 
perspective work, are a class of very flexible compounds because the 
appropriate choice of host and guest species results in the possibility 
to tune their final properties, thus spreading their potential 
application to numerous technological fields.
These materials can be suitable for many applications, for instance 
as catalysts, sorbents, electrochromic displays, electrodes for 
secondary batteries (Li-ion batteries), components for fuel cells and 
drug delivery systems. The different intercalation approaches can be 
indeed used to: i) modify the catalytic, optic, electronic and magnetic 
performances of different host structures though the introduction of 
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specific functionalities; ii) thermally stabilise and protect the guest 
species from light and oxygen; iii) develop multifunctional carriers for 
specific applications. 
In this review, representative examples from the state of the art of 
the last 8 years (since 2015) on the applications of intercalation 
materials in the field of catalysis, environment, health and polymeric 
composites is reported. 
This perspective is especially focused on selected cationic and 
anionic layered materials as host matrices for the preparation of 
intercalation compounds. 
Emphasis is deserved on the use cationic layered materials such as 
clays, from 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 on ILCs derived from graphene are also reported. 

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).

Fig. 2 Schematic view of α-ZrP, γ-ZrP and LDHs structures. 

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

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

1. Catalytic applications of intercalation compounds 
In this section particular emphasis will be given to the description of 
recent applications of intercalation compounds based on clays, ZrP 
and LDHs for heterogenous catalysis. 

1.1 Clay-based catalysts
Modified cationic clays (e.g. acid treated clays) have been used in oil 
cracking reactions from 1930s. Their use for catalytic purposes was 
then partially substituted with zeolites and porous materials from 
1960s. However, modification process such as acid activation, ion 
exchange, pillaring procedures, preparation of composites and 
hybrids or hierarchically structuration of clays allowed the 
preparation of different families of intercalation compounds 
proposed as heterogeneous catalysts.1,2

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, transesterification, oxidation, 
hydrogenation, epoxidation, alkylation, polymerisation, allylation, 
diazotisation, acylation, rearrangement, isomerisation, cyclisation 
condensation, organic synthesis etc.3,4 It was pointed out that 
catalysts derived from layered silicate are regenerable, low-cost and 
active not only to produce biodiesel but also for other chemical 
processes such as oxidation reactions, water treatment and 
photovoltaic applications. These solids showed efficient catalytic 
potential, allowing a high yield of FAMEs (Fatty Acid Methyl Esters) 
at less harsh reaction conditions, they are proved to be easily 
recoverable, highly reusable and thus highly sustainable.2

Among clays, halloysite-based (HNTs) heterogeneous catalysts 
deserve additional comments. Composite and hybrid materials 
obtained by a surface modification of halloysite, a natural clay with 
tubular morphology, are largely proposed in the literature. It was 
observed that the synergy between halloysite and different 
modifying species (i.e. polymers, dendrimers, porphyrin, MOFs., 
ionic liquids) allow to increase the performances of the final 
hybrid/composite. However, the use of halloysite-based 
hybrids/composites is also related to some disadvantages due to the 
time-consuming multistep production processes, often involving 
(toxic) solvents/reagents for the large-scale production of these 
materials.5 Modified halloysite have been also proposed for 
environmental and catalytic applications. For this latter application, 
the presence of metal nanoparticles (NPs) is essential to impart 
catalytic performances. Besides methods allowing to introduce 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.6 These methods have the advantage to increase 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 exploiting a modification of 
hydrophobicity of halloysite by impregnating the solid with CTAB 
species (see Fig. 4). The proposed method allowed to obtain 
uniformly dispersed palladium particles (ca. 2 nm), with a suitable 
ratio of Pd2+/Pd4+ species and appropriate surface acidity: this solid 
showed improved catalytic activity with respect to catalyst prepared 
without adding CTAB.7

Fig. 4 Schematic diagram of the preparation method of Pd/HNTs 
catalyst. Adapted with permission from Ref. 7. Copyright 2020, 
American Chemical Society.
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For methane combustion, high-performance halloysite-supported 
palladium catalysts have been also proposed through proper pre-
treatments of the support.8

Cu-Ni containing halloysite solids prepared by ligand-assisted 
reduction of Cu2+ and Ni2+ cations followed by annealing have been 
also tested the purification of vehicle exhaust gases through 
catalysed processes.9 For this process, catalysts based on 
confinement of Cu-Ni species, Pd, Ag (particle size below 3 nm) have 
been proposed. It was shown that the nano-confinement allows to 
increase the stability of embedded NPs to detachment and sintering, 
also improving the catalytic reaction kinetics.6

The modification of clays chemical composition was also proposed to 
introduce catalytic active sites in the clay framework thus leading to 
active materials for the catalytic decomposition and/or simultaneous 
detection of toxic molecules, i.e. chemical warfare agents.10-12 In this 
cases, the synergistic 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 polycations in the clay 
interlayer space. The clay pillaring procedure allowed the 
preparation of solids mainly based on transition metal species with 
large interest in the catalytic purposes especially required in 
advanced oxidation processes and chemical transformations. 
Pillaring procedure allows to introduce specific catalytic species on 
clays surface and this, together with the improvement of 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 
isomerization reactions and as Fenton-like systems for the 
degradation of organic pollutants in wastewaters.13 Clays pillared 
with TiO2 (Ti-PILC) are characterised by surface acidity higher than 
other pillared clays, such as Al or Zn-PILC.13 The origin of Brønsted 
and Lewis acid sites in Ti-PILC have been largely studied.14  
Photocatalytic degradation of organic species (i.e. organic dyes, 
herbicides and aromatic amines, phenolic compounds, emerging 
contaminants) over PILCs with TiO2 species has been recently 
reviewed giving particular emphasis on photocatalysts based on 
kaolinite, palygorskite, montmorillonite and halloysite.15

Very recently, the use of PILC for the catalytic reduction of NOx with 
hydrocarbons at low temperature was reviewed.16 Special interest 
was given to metal-supported PILC 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 is reported. It was underlined that Ag- and Cu-based PILC 
displayed 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 reaction 
mechanisms in the presence of metal-modified PILC catalysts. Major 
challenges are represented by the preparation of stable metal-

modified PILC catalysts for NOx reduction in the presence of H2O and 
SO2.16

Moreover, TiO2/clays heterostructures for the remediation of water 
polluted from organic species have been recently proposed.17 In this 
respect, particular emphasis was done to the use of phyllosilicates as 
supports (e.g. montmorillonite, sepiolite, 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 (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 TiO2/clay materials. 
Moreover, long-chain hydrophobic cationic surfactants can be 
exploited to tune the porosity of TiO2-based clays and to produce 
Porous Clay Heterostructures (PCHs) and Delaminated Porous Clay 
Heterostructures (DCPHs).18-20

These composite materials have been proposed to overcome the 
problems related to the practical and environmental issues linked to 
the use of nanosized TiO2 powders. Different clays such as kaolinite, 
hectorite, saponite, montmorillonite, palygorskyte, halloysite and 
imogolite have been proposed as support materials for TiO2 
nanoparticles, thus obtaining solids with high photocatalytic 
efficiency and easy separation from treated water. The different 
examples reported in the literature suggested that the combination 
of clay support, characterised by high specific surface areas and 
adsorption capacity improves the photocatalytic activity of TiO2 
nanoparticles and thus the decomposition capacity of organic 
pollutants. It was pointed out that the anchoring of TiO2 on clays 
surface is useful to reduce the TiO2 agglomeration, thus leading to 
more active surface sites.15

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

Fig. 5 Schematic view of the intercalation processes leading to the 
formation of Porous Clay Heterostructures (PCH) and Pillared 
Interlayer Clays (PILC). 
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1.2 Catalytic applications of zirconium phosphate (ZrP)

ZrP can be also considered as promising materials for catalytic 
applications. ZrP shows very interesting physical and chemical 
properties, such as high ion-exchange capacity, good chemical and 
thermal stability, and easy functionalization. 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 ZrP 
surface can be modulated 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 to immobilise catalytically active nanoparticles.21,22 
Moreover, several catalysts have been prepared considering the ion-
exchange capacity of ZrP. Intercalation compounds containing metal 
ions or metal complexes have shown good performance as catalysts 
for converting biomass-derived molecules in added-value products 
as oxygenated fuels and fine chemicals. In particular, ZrP-Ru(III) and 
Ni/ZrP (Fig. 6A) showed high catalytic activity towards the oxidation 
of 5-hydroxymethylfurfural (HMF) under mild conditions.23,24 ZrP 
intercalated with Ru(II) complex ([(p-cymene)Ru(phen)Cl]Cl) showed 
higher catalytic performance in selective hydrogenation, with 
molecular H2, of the C=O group of furfural and of other carbonyl 
compounds into the corresponding alcohols. Experimental study and 
DFT calculation 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.25 Cu/ZrP catalyst enabled the direct 
oxidation of phenol, also derived from lignin depolymerization, to 
cis,cis-muconic acid that can be converted further into high-added 
value chemicals.26 
Composites ZrP/silver-based materials are obtained by exploiting the 
intercalation properties of ZrP and then used as catalysts for organic 
pollutants degradation. Silver exchanged ZrP treated with 
halogenidric acids gave rise to ZrP/AgX (X=Cl and Br) composites able 
to catalyze photodegradation 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 chemisorption of 
the RhB and then its degradation.27,28 A composite ZrP-
polydopamine (ZrP@PDA) was prepared by polymerization 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-aminophenol (Fig. 6 B).29,30 The 
exfoliation/restacking method was exploited to immobilise Pd 
precursor (Pd(NH3)4Cl2) on α-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. 6 C). The composite showed 
good performance as heterogeneous catalyst for the Heck reaction.31 
Due to the ZrP electrochemical inertness it has been studied as a 
support for transition metals for the electrocatalysis of oxygen 
evolution reaction (OER) in alkaline media.32 Ions Fe2+, Fe3+, Co2+, and 
Ni2+ were intercalated or adsorbed on α-ZrP material. The systems 

display an interesting activity for the OER, requiring between 0.5–0.7 
V of overpotential to reach 10 mA/cm2 (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.33 Moreover, the OER activity 
depends on the loading and coverage of cobalt and nickel on the ZrP 
with different morphology.34 More recently, mixtures of nickel–iron 
were confined in ZrP; the hydrated confined environment of the 
layered structure stabilise Fe-rich compositions yielding highly active 
OER catalysts.35 
Carbon-free electrocatalysts for oxygen reduction reaction in 
polymer electrolyte membrane fuel cells were prepared by growing 
Pt nanoparticles on ZrP which is a solid-state proton conductor (Fig. 
6 D). The Pt/ZrP composites showed high durability and superior 
performance with respect to platinum-supported carbon catalysts 
commercially available.36 

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/AuNP, 
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 
of ref. 36. Adapted with permission from ref. 36, Copyright 2023 John 
Wiley and sons. 

1.3 Catalytic applications of LDHs
A recent review underlines the versatility of LDHs as anion-exchange 
framework 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 biodegradation.37  LDH are used as 
photocatalysis, electrocatalysis, CO2 handling, biomass conversion, 
lowering the anthropogenic effects on the environment as scavenger 
for pollutants for water and soil treatments, 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 the biomass 
conversion including reduction, oxidation or reforming reaction.38 
The tunability in the chemical composition of LDH associated to the 
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large choice to accommodate interleaved guests as well as their 
developed surface to expose and well-disperse active species (for 
example metals or nanoparticles in an atomic-level uniform 
distribution) make of LDHs-based suitable and efficient nano-
catalysts. 
This is exemplified with for de(hydrogenative) transformations and 
catalytic hydrogenations using transition metal into LDHs39 and more 
specifically Ni-based LDH to catalytically convert bio-ethanol to 
butanol.40 In the latter case, the aldol-condensation to use biomass 
and produce butanol was optimised 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 and butanol selectivity 
and catalyst stability. Adapted cation composition as well as particle 
size can stabilise LDHs even in acidic medium. For instance, LiAl2 
LDH-based sheets prepared by urea method was covered by NHC-
heterocyclic carbene gold anionic complexes for a reaction of 
hydration of alkynes.41 Another study reports LDH of Mg4Al 
composition covered this time by silver NP for the alkylation of 
nitriles, oxindoles and other carboxylic acid derivatives with 
alcohols.42 In this study NP and LDH support are co-acting in the 
cyclization of N[2-(hydroxymethyl)phenyl]-2-phenylacetamides to 
yield 3-arylquinolin-2(1H): NP in the dehydrogenation and 
hydrogenation steps, while LDH support catalyses the  condensation 
step.
LDHs are also studied as photocatalyst, a recent review covers the 
latest advances in that domain43 as well as electrocatalysts, mostly 
for the water splitting to produce green hydrogen as other 
compounds family such as transition metal chalcogenides.44 As far as 
water electrolysis are concerned, they should possess 
electrocatalytic activity associated to a long-term stability. LDHs rank 
well for developing such sustainable and clean energy as discussed in 
critical reviews.45,46 where the relationship between structural 
defects and electrocatalytical performances are scrutinised, as for 
Ce-doped NiFe LDHs-based material disposed onto carbon paper47 or 
NiFe heterostructure nanorods48 for the OER. Other interesting 
articles mainly focus on LDHs as well as the possibility for seawater 
electrolysis since they are stable in alkaline electrolyte suitable for 
the seawater oxidation at the anode through the OER and not that of 
chloride ions.49 However, NiFe LDHs-based electrocatalysts for 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 repetitive potential cycling.50 
Among 2D carbon-based materials, iron- and nitrogen-doped 
graphene appears as promising platinum-free materials for oxygen 
reduction reaction (ORR),51 g-C3N4 and other doped graphenic 
materials (i.e. single or double doping with N, B, S and P) for ORR, 
hydrogen evolution (HER), and OER rivalling that of noble metals and 
transition metal-based catalysts have been reviewed by Chen et al.52 

The examples described above are summarised in Table 1. Wherever 
possible, the comparison of catalytic performances of ILCs are 
compared with those of reference materials (e.g. non-hybridised 
systems, non-intercalated heterogeneous catalysts).
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Table 1. Most representative examples of intercalation compounds based on clays, ZrP and LDHs for the catalytic applications. Results described in the Reviews are not reported.

Catalyst Active specie Catalyst preparation Reaction Substrate Catalytic conditions Products Ref

Pd/HTNs Pd

CTAB surface 
modification, 
impregnation and 
calcination

oxidation methane 

0.2 g catalysts with 1wt% 
Pd nominal loading;
Gas feed: 1 vol % CH4, 10 
vol % O2 in N2
Flow rate: 100 mL/min
T: 425-620°C

Methane conversion: 99% at 425 
°C, ca. 195 °C lower than of 
Pd/HNTs prepared without any 
surface modification

7

Pd/HNTs Pt

Surface modification 
using acid, basic media 
and surfactants, 
impregnation, 
calcination

oxidation methane 

50 mg catalysts CH4:O2:Ar 
(1%:20%:79%) 
Flow rate: 60 mL/min
T: 250-450°C

Methane conversion depends on 
the surface treatment. Best 
performances with Pd/HNTs-
NaOH that shows 90% conversion 
at 373 °C.

8

Cu-Ni/HTNs
Metallic Cu and Ni 
particles

Wet chemical synthesis reduction

simulated exhaust gas 
(equimolar mixture of 
nitrogen monoxide and 
carbon monoxide)

10 mg catalysts,
NO (5.00 kPa) and CO (5.00
kPa) 
T: 275-400°C

NO conversion to N2: over 90% at 
325°C after 30 min.

9

Nb/saponite 

Synthetic saponite 
clay

Nb in framework 
position
Intercalated H+ 
species

Nb introduction in 
framework position 

Selective oxidation
2-chloroethyl)ethylsulfide 
(CEES)

20 mg catalyst 
14 mM CEES; 70 mm30% 
aq. H2O2;n-heptane;
T: 25°C  

CEES conversion: 98% (8h)
Selectivity to CEESO: 73%

Synthetic saponite clay
(without Nb and protons): CEES 
conversion ca. 20% (8h)

10

Fe/montmorillonite 
H/ montmorillonite

Commercial (non 
modified) sample

Fe3+ and H+

Ion exchange of 
montmorillonite natural 
clay

Selective oxidation
2-chloroethyl)ethylsulfide 
(CEES)

20 mg catalyst 
14 mM CEES; 70 mm30% 
aq. H2O2;n-heptane;
T: 25°C

CEES conversion: >99% over acid 
sample after 48h

The parent sample (without any 
modification): CEES conversion of 
7.5% after 48h

11

Page 8 of 33Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
24

 6
:2

4:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4DT00757C

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


ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust marginsPlease do not adjust margins

TiO2-MMT PLC TiO2

Intercalation of Ti 
alkoxide precursor with 
supercritical CO2

Photocatalytic degradation Toluene and acetaldehyde

Toluene (100 vol ppm) and 
acetaldehyde
(500 vol ppm) in 
humidified air,
250 W high-pressure 
mercury lamp

VOCs decomposition rate 
between 2 and 6 mol/min/mol 
TiO2

18

TiO2-MMT PLC

Compared with TiO2 
P25 

TiO2

Acidic solutions of 
hydrolyzed Ti alkoxides 
in the presence of high-
molecular-weight 
polymer

Photocatalytic degradation Methylene blue (MB)

Aqueous suspensions of 
MB (250 ml, initial 
concentration 30mg/l) and 
photocatalyst powder (50 
mg), 250 W high-pressure 
mercury lamp

Maximum removal efficiency of 
methylene blue is for PIL up to 
83% within 90 min

For P25: degradation efficiency
ca. 46% 

19

Multicomponent PCHs

SiO2/Al2O3, 
SiO2/TiO2 and 
Si/ZrO2 pillars

pillaring by surfactant
directed methods and 
template ion exchange 
method.

Dehydration reactions Methanol and ethanol

100 mg catalysts
Gas mixture containing  3.9 
vol% of methanol diluted 
in helium (total flow rate 
of 20 ml/min, isothermal 
saturator at
0 °C) or 5.7 vol% of ethanol 
diluted in pure helium 
(total flow rate of
20 ml/min, isothermal 
saturator at 20 °C
T: between 100 and 325°C

Methanol conversion
to dimethyl ether (DME): between 
40 and 77% at 300°C (best results 
obtained in the presence of SiO2 
pillars)

 Ethanol conversion to diethyl 
ether (DEE)
and ethylene: between 80 and 
100% at 300°C (best results 
achieved in the presence of Al2O3 
pillars)

20

ZrP–Ru Ru(III) Ion-exchange oxidation 5-hydroxymethylfurfural

T=110 °C
P= atmospheric O2 
pressure, flow rate of 20 
ml/min
t= 12 h

2,5-Furandicarboxylic acid 
(selectivity: 28%)
2,5-diformylfuran (selectivity: 
62%)

23

Ni/ZrP
Ni, Lewis acidic 
sites of Zr(IV) 

Exfoliation, Ion-
exchange, 
Calcination and 
reduction

hydrodeoxygenation 5-hydroxymethylfurfural
T=240 °C
P=5 MPa H2

t= 20 h
2,5-dimethylfuran (yield: 68.1%) 24

ZrP-[(p-
cymene)Ru(phen)Cl]
Compared with: Ru/C

Ru-O-P species 
formed by 
interaction of 
cationic Ru(II) 

Exfoliation, Ion-
exchange

hydrogenation furfural
T=100°C
P=1.5 MPa H2

T=8 h

furfuryl alcohol (selectivity: 99%)
For Ru/C: furfuryl alcohol 
(selectivity: 34%)

25
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complex and P-OH 
group of ZrP

Cu/ZrP
Compared with: 
Cu(OAc)2 

Cu(II) bound with 
phosphate groups, 
Cu(II)-O-P species 

wet impregnation, 
calcination at 200 ◦C

oxidation phenol 

HCOOH:H2O2 = 5:1, 12 
mmol H2O2, 0.2 mmol 
H3PO4 
T= 30 ◦C 
T=2 h 

cis, cis-muconic acid (selectivity: 
60%; yield: 40%)
For Cu(OAc)2: cis, cis-muconic acid 
(selectivity: 55%; yield: 35%)

26

ZrP/AgCl
Compared with: AgCl

Ag@AgCl
Ion-exchange, 
treatment with HCl

photodegradation Rhodamine B
mg AgCl/mL RhB=0.74
[RhB]= 10-5 M

chromophore cleavage: 92% in 10 
min 
For AgCl: chromophore cleavage: 
57% in 30 min 

27

ZrP/AgBr
Compared with: AgCl

Ag@AgBr
Ag@AgBr

Ion-exchange, 
treatment with HBr photodegradation Rhodamine B

mg AgBr/mL RhB=1.1
[RhB]= 10-5 M

chromophore cleavage: 90% in 3 
min 
chromophore cleavage: 91% in 30 
min 

28

ZrP@PDA/Ag
Compared with: 
AgNPs/SNTs

AgNPs
reduction and 
deposition of silver on 
ZrP-polydopamine

reduction 4-nitrophenol (4NP)

[4NP]= 0.12 mM, [NaBH4]= 
38 mM
[Ag]= 0.125 g mL-1

T= 25°C

4-aminophenol (apparent  rate 
constant=34.76×10-3 s-1)
For AgNPs/SNTs: 4-aminophenol 
(apparent  rate 
constant=38.41×10-3 s-1)

29

ZrP@PDA/Au
Compared with: 
Au@MOF-3

AuNPs
reduction and 
deposition of gold on 
ZrP-polydopamine

reduction 4-nitrophenol (4-NP)

[4NP]= 0.24 mM, [NaBH4]= 
76 mM
[Ag]= 0.125 g mL-1

T= 25°C-

4-aminophenol (apparent  rate 
constant=7.4×10-3 s-1)
For Au@MOF-3: 4-aminophenol 
(apparent rate constant=68.8×10-3 
s-1)

30

Pd@ZrP
Compared with: PS-
TEA  

PdNPs
Exfoliation, restacking, 
 in-situ reduction

Carbon-carbon bond 
formation 

Iodobenzene (IB) and methyl 
acrylate (MA)

IB= 1.0 mmol 
MA= 1.5 mmol NEt3= 1.5 
mmol   DMF= 2mL,
T= 100 °C
t= 0.5 h 
Pd@ZrP= 15 mg, 0.204 
mol% of Pd
NEt3, GVL, 130°C, 2 h 

Methyl cinnamate (conversion: 
95.8%)
For PS-TEA: Methyl cinnamate 
(conversion: 91%)

31

Ni0.1Fe0.9-ZrP
Compared with: 
Ni1Fe2-250

Ni2+/Fe3+
Ion-exchange reaction

OER water

Catalyst loading= 0.125 
mg/cm2

KOH= 0.1M
Catalyst loading = 0.17 
mg/cm2

Overpotential= 350mV at 10 mA 
cm-2

For Ni1Fe2-250: Overpotential= 
310mV at 10 mA cm-2

35
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Pt/ZrP
Compared with: Pt/C

PtNPs Ageing ZrP with H2PtCl6

oxygen reduction reaction 
(ORR) in polymer 
electrolyte membrane fuel 
cells (PEMFC)

oxygen
PEMFC at an operating 
potential of 0.60V

maximum power densities = 0.95 
W cm-2

For  Pt/C: maximum power 
densities =  0.83 W cm-2

36

Cu/NiAl-LDH Cu/NiAlOx
hydrothermal 
deposition precipitation 
method

Guerbet coupling
reaction

biomass-derived ethanol
T= 280°C, 
P= 2 MPa N2

T= 110 h

n-butanol (conversion= 35%, 
selectivity= 25%)

40

LiAl2-LDH-NHC-Au(I)
gold/carben 
complex NHC,Au 
(I)(NHC-Au(I))

Direct coprecipitation hydration
Alkynes alcohol (i.e. pent-4-
ynol)

Catalyst= 0.75 mol%
T= 60°C
t= 2h
pH= 3

5-hydroxypentan2-one 
(conversion=100%)

41

Ag/Mg4Al-LDH AgNPs and LDH
Formation of new C-C 
bonds from alcohols and C 
nucleophiles

nitriles, oxindoles 

nitrile or oxindole = 0.125 
mmol alcohol= 0.375 mmol
 Ag/Mg4Al-LDH= 134 mg, 5 
mol% Ag
Mesitylene= 1.5 mL
T= 140°C under N2 
T= 24 h

Isolated products (yield=  from 
70% to 97%)

42

 NiFeCe-LDH on 
carbon paper (CP)
Compared with: 
commercial IrO2 
benchmark 

Ni2+/Fe3+ Precipitation with urea OER water

KOH= 1M
50 μL of the ink (IrO2= 3 
mg, Nafion= 15μL, 
Ethanol= 1 mL)
was dropped on CP
KOH= 1 M

Overpotential= 232mV mV at 10 
mA cm-2

For IrO2 : Overpotential= 451mV 
at 10 mA cm-2

47

NiFe-LDH/Fe1-
N-C heterostructure 
hollow nanorods
Compared with: 
Pt/C||IrO2

NiFe-
LDH and Fe1-N-C

preparation of Fe1-N-C 
hollow nanorods 
through
a ZIF-phase-transition 
principle, decoration
with NiFe-LDH 
nanodots

Bifunctional ORR/OER in 
rechargeable Zn-air 
batteries

O2/water

catalyst (carbon cloth) as 
the air
cathode, a zinc plate as the 
anode, 6 M KOH solution 
containing
0.2 m Zn(Ac)2 filled 
between the electrodes as 
electrolyte.

power density = 205 mW cm−2

ultralong cyclability up to  400 h
For Pt/C||IrO2: power density = 
111.6 mW cm−2

48
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2.Environmental applications of intercalation materials

This section is devoted to the description of the most representative 
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 materials for environmental 
applications is also reported in Table 2. 

2.1 Environmental applications of clays
Clays minerals have been largely studied in the last 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 (III)), organic dyes and other pollutants (i.e. 
antibiotics, PFAS, organic species…) from aqueous solutions and 
industrial wastewaters.53-57 Natural clays are used because of their 
non-toxic nature, low-cost, large availability, and high adsorption 
capabilities. Examples of clays modification to allow the detection of 
specific anions are also given.58

Natural clays are very often modified by using thermal treatments, 
acid washing, pillaring strategies, or through the intercalation of 
organic species in the galleries aiming at improving adsorption 
properties. Materials such as clays nanosheets, nanotubes, nanorods 
and clay-supported nanoparticles, are reported.59 In this respect, 
interesting recent approaches are linked to clays 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.60,61 
Moreover, coupling agents and/or polymers are used to create nano-
clay based composites with a porous structure allowing to exploit the 
exposed adsorption sites and/or to introduce functional groups 
aiming at increasing the affinity to heavy metals and toxic dyes.59

Clays have been also proposed as supports for nanoparticles of 
metals and metal oxides (i.e. iron and copper oxides, TiO2, ZnO, 
Al2O3) thus obtaining more effective adsorbing agents. As a matter 
of example, the presence of Fe3O4 on halloysite nanotubes have been 
proposed to treat 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.62 The 
presence of the clay seems to improve the adsorption capacity of 
pristine Fe2O3 species towards arsenite species.63 
Supported metal oxide species are also useful for the degradation of 
toxic species. The case of nanoparticle sized zero-valent iron 
(normally named nZVI or nFe0) deserved special attention in 
wastewater and groundwater remediation because of its ability for 
the degradation and removal of different metals (i.e. As, Cr(VI)), Pb 
and other toxic pollutants.64-66 

The combination of nZVI and clay support is a positive strategy to 
avoid aggregation of metal species thus allowing the development of 
effective systems for water remediation. The use of these composite 
systems has been systematically reviewed in 2017.67

 The preparation and use of several types of the clay-based 
composite materials towards contaminants remediation (with 
emphasis on heavy metals, nitrate, selenate, dyes, nitroaromatic 
compounds, polybrominated diphenyl ethers and chlorinated 
compounds) are also reported. Data related to an extended use of 
the type of nanocomposites for the removal of chlorinated volatile 
organic compounds on soils are also discusses and it was shown that 
concentration of pollutant species is strongly reduced.68 
Nevertheless, further studies to clarify the mechanism of 
degradation of various contaminants on nZVI/clay composites (i.e. 
adsorption, oxidation, reduction and precipitation processes) are still 
needed, even to optimise optimum preparation and application 
conditions of these materials. 
Intercalation of natural clays with surfactants (i.e. quaternary 
ammonium cations (QACs)) aiming at improving the adsorption 
capacity towards water pollutants has been also reviewed.69 
Introduction of QACs allows to modify the hydrophobicity of the clay 
surface and to expand the interlayer space of the 2D materials. 
Different type of surfactants has been already proposed to this use 
(i.e. organic surfactants with benzyl, phenyl, tetramethylammonium 
(TMA), trimethylphenylammonium (TMPA), 
hexadecyltrimethylammonium (HDTMA), cetyltrimethylammonium 
(CTMA)).70 The use of Gemini surfactants, characterised by the 
presence of both aromatic rings and alkyl chain, was also reported 
for the remediation of water containing pollutants such as bisphenol, 
p-nitrophenol and triclosan.71,72 
Very recently, the removal of methylene blue from aqueous 
solutions has been carried out by using Fe3O4-multiwalled carbon 
nanotubes-bentonite composite material.73 
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 surfactant 
impregnation and amine grafting. All these methods have, as a 
general scope, the enrichment of clays 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.74 Clays modification for the removal of anionic dyes was 
also recently discussed.75-76 
Magnetic and mechano-chemical modifications of clays have also 
proposed to improve recovery of clays after toxic dyes adsorption 
and/or to improve their adsorption capacity.77 In the same review, 
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the influence of different physico-chemical properties of modified 
clays (i.e. surface area, particles dimensions, morphology, electrical 
charges, zeta potential, charge density and swelling properties) on 
the adsorption of synthetic dyes varying several parameters such as 
pH, ionic strength, dye concentration, contact time, temperature 
were reported. 
Clays treated in acid media and then modified with polymers, 
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.78-80

Polymer-amended bentonites for application as barriers to limit the 
contaminants diffusion in solids have been recently reviewed giving 
particular emphasis on the different type of modification and 
application fields.81 
These composite materials have generally excellent impermeability 
properties that are related to formation of specific 
bentonite/polymer intercalated and exfoliated structures. Their 
applicability as a barrier can be exploited in the presence of inorganic 
salts, heavy metal species and organic contaminants. 
Biochar (BC)/ clays composites have been also proposed for the 
adsorption of adsorption of both inorganic (i.e. heavy metals such as 
Cs, Cr (VI), Zn, nitrates, NH4

+..) and organic contaminants (i.e. dyes, 
antibiotics, herbicides..) in soil and water.82 

BCs are very often produced through low-cost methods and have 
potential capability for environmental contaminants removal. The 
combination of BC with clays 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-treatment83 or post-treatment methods.84 From that 
reported in the literature it emerges that the synergic combination 
of clays and BC allow obtaining low-cost materials with better 
capacities of water and soil remediation respect to the parent 
constituents because of improved specific surface area and high 
porosity, chemical, thermal and mechanical stability.
The synthesis step together with physico-chemical properties, data 
related to toxicity, and regeneration ability of various types of 
modified clay for environmental purposes have been recently 
reviewed.78

Fig. 7 Schematic view of the mechanism of the pore structure 
formation of the MMT-chitosan aerogels. Reproduced with 
permission from ref. 88, Copyright 2023 Elsevier). 

The use of pillared clays for environmental applications also deserves 
some comments. 
Among the different pillaring agents, inorganic ligands such as 
hydroxo and chloro ligands, metal complex ions with organic ligands 
and polyhydroxy cations (such as AlCl3·6H2O, ZrOCl2·8H2O) metal 
ions, metal complexes or neutral particles (such as silica sol particles) 
are reported. The presence of metal oxide pillars (formed upon 
calcination step) in the interlamellar space of clays result in a 
modification of the thermal and hydrothermal stability of clays. The 
use of pillared clays for environmental applications have been 
recently reviewed.85 Applications includes the removal of heavy 
metals from wastewaters,86 for the adsorption of VOCs and gas such 
as methane, ethane, benzene, CO2 coming from industrial 
activities,87 and for catalytic applications.
Aerogels derived from clays, characterised by porous microstructure, 
have been proposed in the last decade for their interesting thermal 
retardant and adsorption properties that are associated with a low 
toxicity, low cost, and unique structural properties. In particular, 
montmorillonite (MMT)-based aerogels 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.88

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 radiation, acidic media 
and an oxidizing environment makes it a very promising material for 
sorption of radioactive and heavy metal cations.89,90 Special attention 
has been given to the removal of Cs+ and Sr2+ cations, because 90Sr 
and 137Cs are present in high level liquid nuclear waste, or highly toxic 
Pb2+, Hg2+ and Cd2+ 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.91 Recently, there were some attempts 
to affect the Sr2+ adsorption by changing particle morphology 
(nanoflowers92 or spheres93) or by surface modification with SO3H 
groups.94 Another approach is based on the use of ZrP derivatives 
with greater gallery height such are γ-ZrP (for Cs+ and rare earths)95,96 
α-K2Zr(PO4)2 (for Sr2+),97 α-Na2Zr(PO4)2·H2O (for heavy metal 
cations)98

 and α-(NH4)2Zr(PO4)2·H2O (for Pb2+ and Cu2+).99 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 
Sr2+, into α-ZrP leads to a composite with excellent stability under 
acid and radioactive condition and adsorption capacity exceeding 
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other similar zirconium adsorbents.100 Melamine zirconium 
phosphate101 synthesized by addition of zirconium tetrachloride to 
melamine phosphate solution, was tested for absorption of Pb2+, 
Hg2+ and Cu2+. Sorption ability of γ-ZrP towards rare earth metals can 
be significantly enhanced by intercalation of p-aminoazobenzene.102 
Clearfield's group reported enhanced ability of mixed zirconium 
phenylenediphosphonate-phosphate to uptake Nd and Tb cations, 
where the selectivity for Nd3+ depends on the amount of 
phosphate.103,104 
Graphene oxide-zirconium phosphate nanocomposite, prepared by 
dropwise addition of zirconium chloride to sonicated graphene oxide 
suspension, with the subsequent addition of NaH2PO4, was tested for 
the removal of Pb2+, Cd2+ and Cu2+ cations.105 Fe3O4@ZrP 
nanocomposite, prepared by similar way, was efficiently used for 
Hg2+ removal from solution.106 An important benefit of this 
adsorbent is its simple separation by magnetic power.
Above mentioned absorbents based on ZrP were tested for metal 
exchange in batch experiments in a laboratory scale, but these 
materials are not suitable for column operation in large scale. To 
overcome this problem, composites with various polymers were 
tested. α-ZrP and γ-ZrP encapsulated into mesoporous 
polystyrene107 or zirconium phosphate modified polyvinyl alcohol-
poly(vinylenedifluoride) membrane108 demonstrates promising 
sorption performance for Pb2+. Amorphous ZrP nanoparticles exhibit 
promising adsorption capacity and selectivity for Dy and Nd 
cations.109 Recently, the biocomposites of ZrP with cellulose,110 
chitosan,111 and gelatin112 were used for sorption of heavy metals. 
Another elegant way to make ZrP suitable for large scale application 
is preparation of ZrP monoliths combining micro- and mesopores.113 
All above mentioned examples describe ZrP as a cation adsorbent, 
but α-ZrP nanoflakes were also used as a fluoride scavenger. 
Preferable fluoride adsorption was ascribed to the formation Zr-F 
complexes.114  

Another relevant source of environmental pollution are organic dyes. 
Organic dyes with positive charge or with group that can be 
protonated and intercalated by zirconium phosphate, but ZrP can 
also act as a support for species with photocatalytic properties such 
are titania, silver nanoparticles or graphene oxide and carbon 
nitrides90 Rhodamine B was successfully decomposed using 
zirconium phosphate/silver/silver halide27 or α-ZrP carbon nitride 
composite115 under ultraviolet light. ZrP-gelatin nanocomposite was 
able to decompose methylene blue and Fast green under solar 
light112 ZrP-chitosan nanocomposite was used for sorption of several 
type of organic dyes (copper phthalocynanine dye - Reactive blue-21, 
azo dye Reactive Red 141, and xanthene dye-Rhodamine-6G) and can 
also serve as a catalyst for a hydrogen peroxide degradation of these 
dyes.94

Co-assembled ZrP nanosheet/1-n-butyl-3-methylimidazolium 
chloride hybrids could serve as highly efficient CO2 absorbents.116

2.3 Environmental applications of LDHs

As known for decades, ion exchange compounds present the 
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 MoS4

2- into LDH with respect to ions of 
opposite charge such as Co2+, Ni2+, Zn2+ < Cd2+ << Pb2+ < Cu2+ < Hg2+ < 
Ag+ ranked by their selectivity to be removed by the hybrid LDH.117 
Due to its high adsorption capacity, LDH/ MoS4

2- is very well 
positioned for the remediation of water polluted by heavy metals. 
The interlayer species of LDHs may be useful for adsorption of 
contaminants. It is the case of carboxymethylcellulose (CMC) as 
interlayer anion to sorb parabens.118 Interestingly the hybrid CMC 
LDH can be regenerated at least five times without any pronounced 
loss of efficiency. LDHs can photo catalytically degrade pollutants 
such as dyes and nitro-compounds as recently reviewed.119 
Specifically Fenton, photo-Fenton, electro-Fenton reactions are of 
great interest in advanced oxidation process to decontaminate 
wastewater, and LDH-based framework including FeMn at cation in 
their composition compares well with other materials such as spinel-
type, perovskite-type or MOF.120 
In addition to wastewater treatment and the role of LDH as 
scavenger, some new trends appear concerning CO2 photocatalytic 
reduction121 and capture to limit the anthropogenic pollution.122

To face the new challenge of carbon neutrality, another possibility is 
to decompose CO2 electrocatalytically as it meets the domain of 
energy as well by producing a renewable fuel.123 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. An optimised composition is found to reach a 
Faradaic efficiency of 88.5% for the conversion of CO2 to C2+ 
products. Membranes composed of LDH nanosheets self-assembled 
with formamidine sulfinic acid and formed with 
poly(dimethylsiloxane) are reported to perform greatly for the 
selective CO2 separation.124 
Shaping of graphene and complementary plasma-assisted oxidation 
of material open the way to novel devices as efficient membranes for 
water treatment thanks to optimised diffusion pathway and 
hydrophilic feature improving the capillary effect for effective water 
infiltration. That can clearly be considered more as water insertion 
rather than true intercalation reaction.125 

Concerning water cleaning, metal/g-C3N4 can display enhanced 
photocatalytic activity thanks to plasmonic effects in heterostructure 
with noble metals such as gold and/or platinum. These catalysts can 
be used for degradation of antibiotic residues and other 
pharmaceutical contaminants that induce negative environmental 
effects126 but it once again consists more in surface reactions than 
intercalation.
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Table 2. Most representative examples of intercalation compounds based on clays, ZrP and LDHs for the removal of environmental 
contaminants. The Reviews are not reported.

Material Preparation Mechanism of pollutant 
removal Pollutants removed Maximum adsorption Capacity 

(mg/g) Ref.

Synthetic saponite clays
Hydrothermal 
synthesis followed 
by Na+ ion exchange

Ion-exchange  La3+, Gd3+ and Lu3+

Gd3+: 46.94 ± 1.71
La3+: 45.21 ± 1.12
Lu3+: 54.89 ± 1.31
From simulated freshwaters:
Gd3+: 49.48 ± 1.98

56

HNTs modified with Fe2O3
HTNs modified by 
sol gel method

electrostatic attraction, ligand 
exchange, and Lewis acid-base 
interactions

Phosphate anions Maximum ads capacity: 5.46 
mg/g 62

Fe2O3/attapulgite
ultrasonic co-
precipitation 
method

Adsorption, electrostatic 
interactions Arsenite (AsIII) ca. 150 mg As(III)/g Fe 63

Zero valent iron/kaolin Fe(III) reduction 
method Adsorption, reduction Pb(II) 440 mg/g 64

Zero valent iron/PILC chemical reduction 
procedure on PILC Adsorption, reduction nitrates - 65

Zero valent iron/MMT Impregnation Adsorption, reduction Pb(II) - 66

Organo-modified MMT clays Ion exchange Adsorption, π–π interaction and 
hydrophobic affinity bisphenol A Maximum adsorption: 

222.2 mg/g 71

Organo-modified MMT clays Ion exchange with 
gemini surfactants

surface adsorption and 
intraparticle diffusion p-nitrophenol

81.30 mg/g (for sample modified 
with 1,3-
bis(dodecyldimethylammonio)-2-
hydroxypropane dichloride 
(BDHP))

72

Fe3O4-MWCNT-Bentonite In-situ growth 
process physical adsorption Methylene blue 

(MB) MB adsorption: 48.2 mg/g 73

Organo-modified paligorskite 
and sepiolite Grafting process

adsorption mechanism via 
hydrophobic interaction and/or 
hydrogen bonds 

methylene blue 
(MB) and metanil 
yellow (MY)

60.00 and 59.78 mg/g for grafted 
sepiolite, for MB and MY, 
respectively 

76

Organo-bentonite 
(AOBent)/sodium 
 (SA) composite

intercalation 
of sodium alginate in 
activated organo-
bentonite

hydrophobic interactions
methylene blue 
(MB) and methyl 
orange (MO)

414 mg/g for MB and 116 mg/g 
for MO 79

Organo-modified acid-
treated bentonite

Acid treatment and 
ion exchange with 
surfactants

surface adsorption and 
intraparticle diffusion

2,4,5-
trichlorophenol (TC) TC: 200.6 mg/g 80

Organo-modified 
montmorillonite PILCs Grafting process ion exchange and coordination 

interactions Co2+ ions Co2+ ions: 60 mg/g 86

AlCr-pillared clays

One pot 
hydrothermal 
methods and ion 
exchange

Physical adsorption benzene Benzene: 48.3 μmol/g 87

ZrP nanoparticles 
ZrOCl2, H3PO4 and 
aqueous Tritron X-
100 surfactant

column separation, ion-
exchange

radioanalytical
separation of the 
no-carrier-added 
137mBa from 137Cs

Cs+= 2.593 meq/g 91

 -ZrP flower-like
ZrOCl2, 8H2O, 
Na3PO4, at 80 °C for 
96 h

electrostatic interaction and
ion-exchange

90Sr from high level 
liquid waste Sr2+ =293.43 mg/g 92

ZrP-SO3H
ZrP exfoliation, 
grafting of 

column separation, surface 
chemical adsorption 

90Sr from high level 
liquid waste Sr2+ =183.21 mg/g 94
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(3-
Mercaptopropyl)tri
methoxysilane, 
oxidation

γ-ZrP - ion-exchange rare earth metal 
cations

0.06−0.10 mol per mol of γ-ZrP 95

γ-ZrP

ZrOCl2·8H2O, 
NaH2PO4·H2O and 
NaF grounded in an 
agate mortar, 120 °C 
for different times

ion-exchange Selective adsorption 
of Cs+

Cs+ removal efficiency >98% 96

K2Zr(PO4)2

solid state reaction 
using ZrO2 and KPO3 

(750 °C for24 h)
ion-exchange Separation of 90Sr 

from nuclear waste Sr2+= 603 μmol/g 97

Zr(NaPO4)2·H2O

ZrOCl2·8H2O, 
Na2HPO4 and NaF 
were
ground in an agate 
mortar.  Heated to 
120 °C for 24 h.

ion-exchange
heavy metals such 
as Pb2+, Cu2+, Cd2+, 
and Tl+

highly toxic Tl+= 1036 mg/g 98

α-Zr-(NH4PO4)2·H2O

ZrOCl2·8H2O, 
(NH4)2HPO4 and NaF 
were
ground in an agate 
mortar.  Heated to 
120 °C for 24 h.

ion-exchange Pb2+ and Cu2+
Pb2+ =398 mg/g

Cu2+ = 144 mg/g
99

AM-ZrP
AM=4-amino-benzo-18 
crown 6

intercalation of AM 
in α-ZrP 
preintercalated with 
butylamine

complexation by  AM
90Sr generated in the 
nuclear fuel cycle Sr2+= 320.16 mg/g 100

M-ZrP
M=melamine

preparation of 
melamine 
phosphate (MP).  
Precipitation 
reaction between 
MP and
ZrCl4 to obtain M-
ZrP

chelation by M Pb2+ Pb2+=  1000 mg/g 101

γ-ZrP-p-aminoazobenzene
intercalation of the 
azo compounds into 
γ-ZrP 

Ion-exchange and complexation 
by  p-aminoazobenzene lanthanoid elements lanthanoid elements=  370 mg/L 

on average 102

zirconium 
phenylenediphosphonate-
phosphate

Hydrothermal 
synthesis (120 °C for 
4 days) of  
ZrOCl2·8H2O, 
C6H4(PO3H2)2 and 
phosphoric acid 
solution

Ion-exchange Nd3+ , Tb3+ Nd3+ =  99% of uptake
Tb3+ =  98% of uptake

103,
104

GO−Zr-P

addition of 
zirconium chloride 
to the GO
suspension under 
sonication

chemisorption,
mainly through surface 
complexation

Pb2+, Cd2+, Cu2+, Zn2+

Pb2+= 363.42 mg/g
Cd2+= 232.36 mg/g
Cu2+= 328.56 mg/g
Zn2+= 251.58 mg/g

105

Fe3O4@ZrP 

ZrOCl2 , (NH4)2HPO4, 
sodium lauryl 
sulphate and  Fe3O4 
nanoparticles were 
stirred for 3 h at 
room temperature 

chemical adsorption Hg2+ Hg2+ = 181.8 mg/g 106

ZrP@MPS
MPS= mesoporous 
polystyrene

MPS was
immersed into 
ethanol solutions 
containing ZrOCl2, 
followed
by evaporation. The 
beads were 
incubated with  
H3PO4 for 24

highly
specific inner-sphere 
coordination of nanoconfined γ-
ZrP,

Pb2+ Pb2+ = 180 mg/g 107
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PVA/ZrP PVDF membrane

PVA and zirconium 
ions
could be coated 
onto the PVDF 
membrane through 
crosslinking
reactions with 
glutaradehyde. The 
Zr/PVA
modified membrane 
was immersed into 
the phosphate 
solution

ion exchange Pb2+ Pb2+ = 121.2 mg/g 108

amorphous-ZrP

solutions of ZrCl4 
and H3PO4 were 
mixed, the 
precipitated solid 
was allowed to
stand over night

ion exchange Nd3+, Dy3+ Nd3+= 0.610 meq/g
Dy3+ = 0.628 meq/g 109

hydrophilic cellulose--ZrP

Dispersion of nano-
sized a-ZrP was 
sprayed onto the 
surface of the pure 
cellulose
membranes under 
vacuum filtration

electrostatic attraction between 
the heavy
metal ions and the high-
negatively charged membrane's 
surface, ion exchange

Pb 2+, Ni 2+, Cu 2+, 
Zn2+

Cu2+, Zn2+, Ni 2+, Pb 2+= removal
efficiency of 97.0, 98.0, 99.5, and 
91.5% , respectively

110

chitosan-ZrP

Chitosan and  ZrP 
solution was
mixed and kept in 
stirring condition for 
24 h

Electrostatic interactions

Cr6+, Reactive blue-
21 (RB-21), Reactive 
Red 141 (RR-141), 
Rhodamine-6G (Rh-
6G)

Cr6+= 311.53 mg/g
RB-21= 457 mg/g
RR-141= 435.1 mg/g
Rh-6G= 438.6 mg/g

111

Gelatin-ZrP sol–gel method ion exchange Selective adsorption 
of Cd2+ 

Cd2+ removal efficiency >96% 112

ZrP monolith

ZrOCl2·6H2O, HCl, 
glycerol, 
poly(ethylene 
glycol), 
polyacrylamide, 
H3PO4

electrostatic interactions
adsorption of  Ag+, 
Cs+,  Sr2+,  Zn2+,  Cu2+,  
Pb2+ , Cd2+,  Fe3+

Percentage of all cations 
adsorption %>92% 113

ZrP nanoflake

ZrOCl2 in ethanol , 
HCl, H3PO4, stirred 
thoroughly for 24 h 
at 60°C

strong inner-sphere 
complexation achieved by Zr-F 
bonds

fluoride scavenging F-= 55.7 mg/g 114

C3N4-ZrP

 α-ZrP nanoparticles 
and C3N4 colloid 
was dispersed in 
deionized water and 
ultrasonicated. 
The mixture was 
stirred at 80 °C for 3 
h

photodegradation  RhB
RhB degradation efficiency=  
99.95%, 115

ZrP /BMIMCl
BMIMCl= 1-n-butyl-3-
methylimidazolium chloride 
hybrids 

Exfoliated ZrP was 
acid treated mixed 
with BMIMCl under
ultrasonication

Physical and chemical 
absorption CO2 

CO2 capture capacities= 0.73 
mmol/g at 60 °C 116

MgAl-MoS4-LDH

(MoS4)2− was 
intercalated in 
MgAl-NO3 via ion 
exchange reaction 

chemisorption with the
adsorption mechanism via M-S 
bonding

selective removal of 
Cu2+, Pb2+, Ag+,
and Hg2+

Hg2+= 500 mg/g
Ag+= 450 mg/g 117

MgAl-CMC
CMC= 
carboxymethylcellulose

coprecipitation at 
low supersaturation 
of LDH in presence 
of CMC

chemisorption
4-methyl-, 4-propyl- 
and 4-
benzylparaben

4-methylparaben= adsorption 
capacity >70% 118

Cu-Zn oxide/Cu-Zn aluminate 

CuZnAl-
LDHdecomposed to  
CuZn oxide/CuZn 
aluminate
pre-catalyst. 
Electrochemical 

Electrochemical CO2 reduction 
reaction CO2 

Faradaic efficiency of 88.5% for 
the conversion of CO2 to C2+ 
products

123
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reduction to 
generates CuZn alloy 

(LDH/FAS)n-PDMS
FAS= formamidine sulfinic 
acid
PDMS= 
poly(dimethylsiloxane)

self-assembly of
LDH, FAS,
followed by spray-
coating with PDMS 
layer

synergy of enhanced solubility, 
diffusivity and chemical
affinity for CO2 in the sub-
nanometre channels

separation of CO2 
Maximum CO2 selectivity factor  
(CO2/CH4): 62 124

vertically aligned graphene 
sheets membran

antifreeze-assisted 
freezing technique solar thermal purification Cr3+, Pb2+, Zn2+, Ni2+, 

Cu2+  removal efficiency 99.5% 125

Au/Pt/g-C3N4

calcination-
photodeposition 
technique

plasmonic photocatalys tetracycline 
hydrochloride (TC) 93.0% of TC degraded in 3 h 126

3.Applications of intercalation materials for health purposes

Intercalation compounds are more and more studied regarding their 
possible application in health domain. Once their biocompatibility 
has been verified, it is indeed possible to consider inorganic 
structures that can provide solutions, for the release of active 
ingredients, for antimicrobial or bone reconstruction activity, or even 
more generally for theranostic applications as reviewed 
recently.127,128 
Representative applications of intercalation compounds based on 
clays, ZrP and LDHs for health purposed 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 bacteriostatic 
or bactericidal activity exhibited by some clays129 as well as their high 
surface area, adsorption capacity, ability to serve as carrier for 
therapeutic and to release drugs in a controlled manner make them 
ideal candidates for applications in biomedical engineering130, tissue 
engineering and regenerative medicine131, wound healing132, drug 
delivery systems133 bioimaging134 and 3D bio inks for use in medical 
purposes.135 It is worthy to note that not attention has also been paid 
to commercially available clays such as Laponite® in the field of 
health as reviewed by Tomas et al.136  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 
nanocomposite is in the field of drug delivery systems137-141, including 
antimicrobial142,143 antibiotic143,144, anti-cancer145 as well as 
theranostics146,147 and antihistamines treatments.148

Montmorillonite (MMT) clay has been frequently utilized as drug 
vehicles due to its high specific surface area, excellent cation 
exchange capacity and biocompatibility. To avoid flocculation of 
MMT under physiological conditions the surface has to be modified.  
As a matter of example, PEGylated chitosan (PEG-CS) adducts can be 
used to modify the clay surface thus leading to a good dispersion in 
serum-containing environment (Fig. 8) as well as resulting in 
interesting drug carriers.145

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

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) respect to MMT parent clay (EE values 
higher then 97% for PHCs compared to EE = 45% for MMT clay).134 It 
was also observed that PCHs hosts can influence the drug release in 
relation to their pore architecture. The release proportion of drug is 
released in a proportion higher than 70% whereas from MMT parent 
clay MTX is released only 9.7%.134

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.149,150 Moreover, thanks to its size, the inner lumen can 
accommodate molecules of interest while small drug molecules can 
be filled in the wall interlayer spaces and molecules can be either 
adsorbed covalently bounded 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 (lumens) owing to a slower leakage. 
Drugs can be loaded into HNTs from saturated drug solutions or a 
melt of low water- soluble drugs. Pan et al.151  loaded vancomycin, a 
drug used for serious Gram-positive bacterial infections, into the 
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internal cavity of halloysite by using different mass ratios of 
Vancomycin and halloysite via sonication and vacuuming obtaining a 
solid with high antibacterial activity to S. aureus and B. streptococcus. 
The exploitation of HNTs allowed the preparation of local antibiotic 
delivery system without the need of particular energy-consuming 
process, thus allowing the controlled release of molecules beneficial 
for targeted applications. 
Norfloxacin, an anti-microbial agent was loaded within HNT and then 
embedded with chitosan to prepare bio-nanocomposite films.152 
Antimicrobial gelatin-based elastomer nanocomposites membranes 
loaded with ciprofloxacin and polymyxin B sulfate loaded-halloysite 
nanotubes were formed for wound dressing applications.153  
Combining ciprofloxacin (characterised by a broad-spectrum 
antimicrobial activity inhibiting both Gram-negative and Gram-
positive bacteria) and polymyxin B-sulfate having a narrow spectrum 
of activity mainly against Gram-negative aimed at having a co-
operative anti-infection effect. It was reported that HTNs has a dual 
role of enhancing the matrix tensile strength and slowing down the 
release rate of high dissoluble drug. 
Recently, the formation of a hybrid system based on biocompatible 
poly 2-hydroxyethyl methacrylate(pHEMA) and thymol-loaded 
halloysite was reported for application as portable wound dressing 
to protect injured skin154, the antibacterial, antifungal anti-
inflammatory, properties of thymol make this compound interesting 
for the development of devices for tissue repair. Also in this case, 
HTNs was exploited to entrap the thymol into 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 witnessed, DOX 
delivery vectors based on different host were developed as recently 
reported.155 In this frame, DOX was for example loaded into HNTs 
and then encapsulated by soybean phospholipid (LIP) to form 
HNTs/DOX/LIP.156 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 test and in vivo experimental results revealed that such 
compounds exhibit a significantly higher inhibitory efficacy on the 
growth of mouse gastric cancer cells than free DOX at the same drug 
concentration. 
The development of chitosan/halloysite/graphitic-carbon nitride 
compounds for quercetin targeted delivery was performed to 
overcome the weak hydrophilicity, chemically unstable and low 
bioavailability of quercetin, which presents on the other side, anti-
inflammatory, antiviral and mainly anticancer effects. The 
combination of carbon nitride (g-C3N4) which is similar in structure 
with graphene, has a low biological toxicity and can be metabolised 
in biological systems157 with HNT and chitosan to form hydrogels 
followed by a loading of quercitin using a water in oil in water 
emulsification process to attain quercitin sustained-release lead to a 
remarkable encapsulation loading and loading efficiency (up to 86%), 
the formation of a pH-responsive behaviour minimizing the side 
effect of quercetin by controlling its burst release at neutral 
conditions. These new nanocomposites revealed also a significantly 

higher cytotoxicity against breast cancer cells in comparison to 
quercetin as a free drug. 

The reported examples suggested that clays can be exploited as nano 
containers for applications in drug delivery, antimicrobial 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, restore, structural and functional properties 
of tissues, HNTs are also arguably the most perspective candidates 
as beside all there already mentioned properties, their unique 
structure can significantly increase the mechanical and chemical 
stability of tissue engineering scaffolds.158-160 Applications for bone 
tissues161 cartilage repair162, implants,163 dental fillings,164 and tissue 
scaffolds165 underlined all the advantages of HNTs. As interesting 
results, in the field of orthopedic implants, Dharmaraj et al.163 
mentioned the antibacterial, anti-cancer and osteosarcoma cell 
growth impediment of composites prepared by electrodeposition of 
strontium-halloysite nanotubes (Sr-HNT)/lanthanum, cerium 
substituted hydroxyapatite composite coatings on titanium used as 
implant materials. In addition, an anti-corrosion effect of this new 
type of coating was also revealed. 3D-printed scaffold with a 
sequential delivery platform was also formed starting from 
deferoxamine loaded HTNs, bone morphogenetic protein-2 and poly 
(L-lactide-co-glycolide)/b-tricalcium phosphate solution with the aim 
of realizing the coupling regeneration of blood vessels and bones.165 
These new composites promote cell-scaffold interactions by enabling 
cell adhesion, spreading, and differentiation in vitro, and enhance 
also subcutaneous ectopic bone formation in vivo via the synergistic 
effect of deferoxamine and bone morphogenetic protein-2 paving 
therefore the way of new treatments for bone defects.

The inherent properties of clay minerals, such as fluorescence and 
paramagnetism, enable their utilization in biomedical imaging 
techniques. Functionalised clay nanoparticles have been developed 
as contrast agents for magnetic resonance imaging (MRI), providing 
improved imaging resolution and targeting capabilities. 
Paramagnetic clays have been obtained by introducing in the 
interlayer space of saponite clays Gd3+-complexes by a classical ion 
exchange reaction. It was pointed out that the interactions of the 
complexes with the saponite layers have a peculiar influence on both 
the local rotational dynamics and exchange process of water 
molecules between the internal Gd3+ coordination sphere and the 
bulk.166,167 Clay-based lanthanide polymer nanocomposites were for 
example formed135, starting from polyethyleneimine and a 
lanthanide complex attached onto the surface of halloysite 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 nanotube Fe3O4@HNT-polyethyleneimine-
Tip-Eu(dibenzoylmethane)3 were also reported168 one interesting 
feature being that these composites displayed superparamagnetic 
behaviour and also worked as a magnetic resonance imaging (MRI) 
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contrast agent in vitro and in vivo. The Schikorr reaction, which 
involves the oxidation of layered Fe(OH)2 was used to prepare 
superparamagnetic Fe3O4 – Laponite.169 

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, have paved the way for using these compounds in the 
nanomedicine field.170 The insertion in ZrP of molecules of biological 
interest can occur via ion-exchange reactions between the acid 
protons of the solid and the molecular cations, intercalation of basic 
molecules and topotactic exchange of phosphate by phosphonate 
groups. The last strategy is mainly applied in the -ZrP. In this context, 
the alendronate, a gem-bisphosphonate used to treat bone diseases, 
was immobilized in -ZrP by topotactic exchange to obtain a drug 
delivery system.171 When the biological molecules are particularly 
bulky a preintercalation step in alpha type is mandatory to enlarge 
the interlayer region; a strategy to avoid this step is the use of -ZrP, 
an hydrated form of α-ZrP with six water molecules per formula unit. 
Otherwise, one-pot intercalation can be achievable by starting from 
a gel of nanometric α-ZrP in ethanol or propanol.172 The alcohol 
present in the interlayer region keeps the layers far enough apart to 
promote the intercalation of bulky species.
Particular attention has been paid to delivering chemotherapeutic 
drugs loaded in nanocarriers, to target cancer cells and minimize 
their 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 drawbacks, DOX was 
intercalated into -ZrP to obtain a compound (DOX@ZrP) with a drug 
loading of 34.9 wt%. Two dimensional 31P 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 until 11−14 days. Cellular 
studies showed that the samples DOX@ZrP favoured the cellular 
uptake and cytotoxicity in MCF-7 and MDA-MB 231 cancer cell 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.173 The 
biocompatibility of the DOX@ZrP was improved by the surface 
functionalisation with monomethyl-poly(ethylene glycol)-
monophosphate and cytotoxicity towards human prostate cancer 
PC3 cells was about 20% higher than free DOX.174 

Kalita et al. prepared nanometric zirconium pyrophosphate, having 
dimension of about 48 nm, by sonochemical method in presence of 
cetyltrimethylammonium bromide as surfactant followed by 
calcination at 700°C. The nanoparticles were used to immobilize 
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 properties. 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 composite suitable to deliver and release the drug in the acidic 
intracellular environment of the tumor cells. The cytotoxicity 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 to the native form.175 
The antitumor drugs lack specificity for tumor cells exhibiting thus 
high cytotoxicity also for normal cells. The use of magnetic 
nanoparticles (Fe3O4), anchored to the nanocarrier, allows, through 
an external magnetic field, to deliver and anchor 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.176 The release profile, 
cytotoxicity on MDA-MB-231 cell lines was comparable with those of 
ZP-CUR previously described.
To improve targeted drug delivery to tumour cells, nanocarriers 
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 α-ZrP preintercalated 
with butylamine. The compound obtained was covered by a folate 
acid−chitosan−rhodamine6G (FA-CHI-R6G) complex to obtain the 
system 5-FU/Fe3O4/α-ZrP@FA-CHI-R6G (Fig. 9). The presence of R6G, 
that acts as a fluorescent probe, candidates the nanocomposite as a 
promising material for bioimaging. Moreover, the nanocomposite 
has no cytotoxic effects on A549 cells, interacts with FA positive HeLa 
cells while the FA negative HEK293 cells show little uptake of the 
nanomaterials, and shows a sustainable 5-FU release.177 

Fig. 9 Schematic representation of the 5-FU/Fe3O4/α-ZrP@CHI-FA-
R6G Nanocomposites. Reproduced with permission from ref 177. 
Copyright 2015 American Chemical Society.  

An alternative to the use of chemotherapeutic drugs for the cancer 
treatment is the photodynamic therapy (PDT) that is based on photo 
activation of a photosensitizer able to form cytotoxic reactive oxygen 
species. The photosensitizers, as the antitumor drugs, have 
nonspecific interactions causing damage also to normal cells.
The photosensitizer methylene blue (MB) was intercalated in α-ZrP 
by cation exchange with the acid protons. The ZrP-MB nanoparticles 
were able to deliver MB to MDA-MB-231 breast cancer cells and to 
reduce the toxicity of pure MB in the dark experiment. PDT efficacy 
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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 limit 
the clinical use of MB, and release it preferentially in the cancer cells 
due to their acidic microenvironment.178 
Several active molecules were intercalated starting from the gel of 
nanometric α-ZrP in ethanol. Chlorhexidine (CLX), a broad spectrum 
antimicrobial agent, was intercalated starting from the gel of 
nanometric α-ZrP reaching a drug loading 50 %wt. ZrP(CLX) was used 
as filler of sodium carboxymethylcellulose 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 low CLX 
concentration.179 Silver NPs were immobilized on α-ZrP via H+/Ag+ 
ion-exchange process followed by thermal treatment. The Ag-
enriched α-ZrP showed antimicrobial activity against Escherichia 
coli.180

The intercalation properties of the gel of nanometric α-ZrP in ethanol 
were exploited to intercalate potent in-house S. aureus NorA efflux 
pump inhibitors. The intercalation compounds were used as filler 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.181

An alternative way to promote the interactions between the α-ZrP 
surface and biomolecules is the use of gel of zirconium phosphate 
obtained by exfoliation with propylamine and regenerated with HCl. 
The gel was able to immobilize the anti-inflammatory drug 
bromfenac (BFS)182 and caffeine,183 a central nervous system 
stimulant. The compound ZrP-BFS showed a BFS release profile pH 
dependent; a complete release of BFS was obtained at pH 7. 
Finally, ZrP-gentamicin intercalation compound was used as filler of 
a thermoplastic polymer and the composite was processed via high 
temperature melt extrusion into 3D scaffolds. The antibiotic, 
released in sustained manner, maintain its activity against Gram + 
and Gram - bacterial and the scaffolds was no cytoxic towards hMSCs 
cells and it no prevented their osteogenic differentiation.184 

3.3 Applications of LDHs for health purposes

LDHs are also studied today for their possible biomedical 
applications.185 Their trapping and release ability is concerned 
regarding the delivery of drugs or bioactive molecule as well as their 
easiness to be handled and scaled-up.186 Accommodation of 
bioactive molecules within LDH host structure leads to bioactive 
hybrid materials that can be efficient in administration associated to 
low cytotoxicity, this triggered by pH human fluids to target precise 
site. They may be of use to deliver cosmeceutical natural or synthetic 
biomolecules. When considering the formed bio-hybrid composite, it 
may be considered as a winning-winning partnership, the host LDH 
protecting the bioactive molecule from aggressive medium while the 
guest maintains the layered structure together until its ingress out of 

the LDH cargo. Due to their biocompatibility, LDHs are also studied 
to address in terms of clinical translation their bio-activity and bio-
reactivity concerning orthopaedic diseases and other bone 
tumours.187 
LDH supported MOF loaded in alginate beads, a pH-sensitive 
biopolymer extracted from seaweed, 188 is prepared to control the 
release of DOX for cancer therapy. In vitro cytotoxicity on 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 Alg coating and controlled DOX 
release into cancer cells. Other reviews report the combination of 
organic polymer with LDH as well.189 Form in vivo assays, it is 
demonstrated that such bio-hybrid composites embarking bioactive 
guests are of interest in pharmaceutical and medical applications, 
and in 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 integrated to living 
matter as well as being stimuli-response when exposed to collagen. 
Of course, other clay minerals naturally occurring such as 
montmorillonite and halloysite may be also combined with 
biocompatible polymers to embark active ingredient of interest in 
drug delivery or in tissue engineering.190 In the latter case, the bio-
hybrid composites are found to induce cell adhesion and their 
proliferation helping in regenerating skin damage. It is indeed the set 
of 2Ds materials which can be considered as bio-platforms in 
theragnostic (therapeutic and diagnostic) when endowed with bio-
functionalities,191 as found in the critical and cutting-edge review 
discussing the current challenges and their future research directions 
regarding such application in human health. 
Chemo-therapeutic and gene-therapeutic functions for hetero-
structured layered nanohybrids using clays (in general) are recently 
reviewed, underlining the possibility of drug-clay nanohybrid to be 
relevant for the drug administration and release.192

Similarly, another review reports such carriers on gene-LDH focusing 
on intercellular gene uptake mechanisms and their intracellular 
ingress but also with imaging and targeting functions.193

Other health domains may be concerned such as tissue and bone 
engineering where LDH dispersed into fibers of poly (epsilon-
caprolactone) (PCL) by electrospinning technique are studied to 
mimic tissue-engineering scaffolds.194 The study reports the viability, 
proliferation, and adipogenic differentiation of mouse adipose 
derived stem cells and shows that LDH-enriched electrospun PCL 
scaffolds with high porosity increase cell adhesion and proliferation 
suitable for application in soft tissue regeneration.
More specifically for bone healing, 3D additive manufactured 
scaffolds made with biodegradable polymers and LDH intercalated 
with ciprofloxacin are designed to present possible antibiotics 
release for an antimicrobial activity to prevent infection in the case 
of an open bone fracture or 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.184 Intercalation/exfoliation procedure following 
Hummer’s method led to the synthesis of graphene oxide (GO). 
Consecutively to this intercalation process, the so-obtained materials 
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exhibit a size-dependency of GO antimicrobial activity. The defect 
quantity is correlated to the size/specific surface of the GO, giving 
guidelines for future development of graphene-based antimicrobial 
surface coatings.195

Tunable surface properties, transparency, electronic capabilities, 
biocompatibility and outstanding flexible mechanical properties 
make graphene a promising material for biomedical applications 
such as biomedical electronic devices or implants. However, the 
generally called “graphene” material results in fact in a large variety 

of carbon-based materials. Following these considerations, 
graphene-based materials used for biomedical applications must be 
regarded by paying particular attention to the characterizations 
defining it. 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 CVD procedure, intercalation using 
Hummer’s method can lead to GO and then Reduced Graphene 
Oxide (RGO) interesting for health’s purpose.196

Table 3. Most representative examples of intercalation compounds based on clays, ZrP, LDHs and graphene for health purposes. The data 
contained in reviews are not reported.

Material/substrate Active specie Procedure to introduce the 
active species Application Biological system Ref.

Palygorskite and 
HNTs clays

Eu(DBM)3(H2O)2 
(HDBM  
dibenzoylmetha
ne)

PEI grafting and further 
modification with terpyridine 
derivatives to introduce an 
antenna species.
The Eu complex is introduced via 
a ligand exchange reaction.

bioimaging 
applications

Tested for bioimaging with HeLa cell 
line.
Promising in applications as targeting 
cancer cells and in drug delivery 
systems

134

Amino-modified 
clays in liposomes budesomide 

polyelectrolytes, aminoclay and 
Eudragit® S100, were assembled 
directly on the liposomal surface 
via a layer by layer deposition 

drug releasing 
carriers Colon-targeted delivery system 138

Porous clay 
heterostructures 
based on MMT clay

methotrexate 
(MTX ) MTX encapsulation

MTX delivery 
systems, 
chemotherapy

Potential use of PCHs/MTX in 
pharmaceutical field for cancer 
treament

139

Organo-clay 
(alkylammonium 
on MMT)

methylene Blue 
(MB) (as a model 
drug)

Intercalation process drug delivery system

Thermo-sensitive hydrogel based on 
Pluronic and nanoclay potentially 
exploitable as injectable systems and 
as a long-term delivery system.

141

MMT clay tetracycline 
hydrochloride Ion exchange process antibacterial effect Gram-positive and Gram-negative 

bacteria 142

MMT clay in 
polylactide matrix 

gentamicin and 
neomycin Intercalation process antibacterial activity Escherichia coli (E. coli) 143

Smectite clays ciprofloxacin Ion exchange antibacterial Effect E. coli and Staphylococcus aureus (S. 
aureus) 144

MMT modified 
with PEGylated 
chitosan (PEG-CS)

doxorubicin 
(DOX) Impregnation drug delivery TRAMP-C1 cells epithelial cell line 145

Fe-MMT clay photosensitizer 
TPCI Ion exchange, intercalation

photodynamic 
therapy, 
antibacterial effect, 
wound healing

E. coli, Pseudomonas aeruginosa (P. 
aeruginosa) and S. aureus
In Vivo Antibacterial and Wound 
Healing Assay

146

HNTs vancomycin
Physical dispersion, sonication, 
vacuuming

local drug delivery 
system

HL-60 cell lines (in vitro cell 
cytotoxicity)
Antibacterial activity on S. aureus 
and B. streptococcus

151

HNTs
ciprofloxacin and 
polymyxin B 
sulfate

Physical dispersion, sonication, 
vacuuming 

wound dressing, 
antimicrobial 
activity

S. Aureus and P. aeruginosa 153

HNTs thymol Cryogel synthesis wound healing - 154

HNTs DOX Impregnation drug delivery MFC mouse gastric cancer cells 156

HNTs icariin Vacuum loading method bone tissue 
engineering In vitro osteogenic differentiation 161

HNTs-
Poly[bis(carboxyph
enoxy)phosphazen
e] 

amoxicillin and 
marine sponge Inclusion and adsorption

antibacterial and 
antibiofilm coating 
for the Ti–6Al–4V 
screw for dental 
implantation

S. aureus, E. coli, Porphyromonas 
gingivalis 164
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HNTs deferoxamine Inclusion

3D-printed scaffold 
to realize the 
coupling 
regeneration of 
blood vessels and 
bones

bone marrow mesenchymal stem 
cells (BMSCs), human umbilical 
endothelial cells (HUVECs)

165

Saponites Gd-complexes Cation exchange diagnostic MRI and 
theranostics - 166

Saponites
Gd-(or Y3+)TETA-
monoamide 
chelates

Cation exchange diagnostic MRI and 
theranostics - 167

Fe3O4@HNTs
lanthanide 
complex, iron 
oxide 

One-step hydrothermal process 
combined with the coupling 
grafting method 

bioimaging and 
biological 
applications in 
human hepatic 
adenocarcinoma 
cells and diagnostic 
MRI

human hepatic (LO2) and human 
hepatic adenocarcinoma (HepG2) 
cell line, MRI was performed in vivo 
in tumor-bearing rabbits 

168

Fe3O4 – Laponite Fe3O4 Schikorr reaction
localized magnetic 
hyperthermia (MH) 
and diagnostic MRI 

human glioblastoma cells 
(U87EGFRvIII) and human foreskin 
fibroblasts (HFF), MRI was performed 
in vivo in rodent brain

169

ZP alendronate Exfoliation, topotactic exchange

drug delivery 
capable of 
promoting bone 
mineralization and 
inhibiting bone 
resorption

human bone osteosarcoma (MG-63) 171

ZrP DOX Intercalation drug delivery of 
anticancer drugs

MCF-7 and MDA-MB 231 cancer cell 
lines, MCF-10A cells, human prostate 
cancer PC3

173-
174

ZrP curcumin Adsorption drug delivery of 
anticancer drugs MDA-MB-231 breast cancer cell lines 175-

176

Fe3O4/α-ZrP

5-fluorouracil 
folate 
acid−chitosan−rh
odamine6G  
complex

Exfoliation, intercalation

deliver anticancer 
drug for tumor 
optical imaging and 
therapy

A549, HeLa and HEK293 cells 177

α-ZrP methylene blue Cation exchange photodynamic 
therapy MDA-MB-231 breast cancer cell 178

α-
ZrP/carboxymethyl
cellulose

chlorhexidine Intercalation, solvent casting
antimicrobial and 
antibiofilm wound 
dressings

HDF human dermal fibroblast cells 
(HuDe) and human keratinocyte 
(NCTC2544) cell lines

179

α-ZrP Ag+ Cation exchange antimicrobial E. coli
Saos-2 (Sarcoma osteogenic) cell line 180

α-ZrP/poly(lactide-
co-glycolic acid)

NorA efflux 
pump inhibitors Intercalation, solvent casting antibiofilm 

composites

S. aureus
Staphylococcus epidermidis 181

α-ZrP bromfenac Exfoliation, adsorption drug delivery of anti-
inflammatory drug - 182

α-ZrP caffeine Exfoliation, intercalation topical application - 183

α-ZrP or LDH/poly 
(ethyleneoxidetere
phthalate)/poly 
(butyleneterephtha
late)

gentamicin, 
ciprofloxacin

Intercalation, melt-blending, melt 
extrusion  

3D scaffolds for 
bone infection 
prevention and 
tissue regeneration

S. epidermidis, P. aeruginosa
cytotoxicity on human mesenchymal 
stromal cells (hMSCs) 
osteogenic differentiation capacity of 
hMSCs 

184

Alg-Cu MOF-LDH 
beads DOX Co-precipitation and in-situ 

growth method. 
drug delivery system 
for cancer therapy 

L929 non-cancerous cells, MCF-7 
human breast cancer cells 188

MgAl-LDH/poly (ε-
caprolactone) LDH Electrospinning technique nanocomposite 

scaffolds
mouse adipose derived stem cells 
(mADSC) 194

graphene oxide graphene oxide 
nanosheets

Intercalation/exfoliation 
(Hummer’s method)

antimicrobial 
surface coatings E. coli 195

4.Applications of intercalation materials in polymer science Clays and graphene have been extensively studied as filler of 
polymeric composite and the research has been summarised in 
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several reviews and thematic books. Therefore, to avoid being 
redundant, the main aspects related to polymeric composites based 
on these layered materials are entrusted to the most recent reviews 
and books.197-204

Here, the latest examples of the use of ZrP and LDHs as a filler of 
polymeric composites are reported. Table 4 summarises 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, which size and thickness can be 
precisely controlled, are suitable nanofiller to improve the anti-
corrosion properties of polymeric coatings.205 It was shown, that 
mainly improved barrier properties, caused by self-assembly of ZrP 
nanosheets, are responsible for increased corrosion resistance of 
ZrP/epoxy resin (Fig. 10),206 ZrP/polyurethane207 or 
ZrP/polybenzoxazine coatings.208

Fig. 10 Exfoliation and functionalization process of α-ZrP (f-ZrP) and 
the preparation of f-ZrP/WEP nanocomposite coatings. Reproduced 
with permission from ref. 206, Copyright 2020 Elsevier.

Zirconium phosphate is also a possible candidate for flame 
retardancy application 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 thermal 
stability and flame retardation behavior of polybenzoxazine by 
improving the stability of char layer and reducing the amount of 
flammable gases (Fig. 11).209 

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

Hybrid platelet nanostructure formed by self-assembly of ZrP, 
melamine and cyanuric acid significantly improved flame retardancy 
and crystallinity of polyamide6 (Fig. 12).210 Acrylamide modified 
ZrP/polyacrylate nanocomposite was prepared via in situ 
polymerization and the effect of ZrP (dimension of ca. 120-160 nm) 
amount and quality of its dispersion on flame retardancy was 
described.211 When ca. 0.5wt% of modified ZrP is added a decrease 
of nanoplatelets dimensions is visible because of the exfoliation 
process (Fig. 12 B-B’). The increase in ZrP content to 3 wt. % leads to 
the formation of big aggregates (Fig. 12 C-C’) that might have a 
negative effect on the mechanical properties and flame retardancy 
of the composite.

Fig. 12 TEM images of ZrP/polyacrylate nanocomposite. A-A’:  α-ZrP, 
B-B’ and C-C’: PPA/AM-ZrP-1 composites with 0.5 and 3wt%, 
respectively. Reproduced with permission from ref. 211, Copyright 
2017 Royal Society of Chemistry. 

ZrP nanoplates modified with hexachlorocyclotriphosphane and 
melamine in polyvinyl alcohol composite improve the yield and 
graphitization of char residues, make the char more stable, compact 
and continuous, inhibiting underlying polymer from contacting heat 
and oxygen.212 The synergistic effect between polyphosphazene and 
α-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 polyphosphazene or only 
ZrP.213 Organo-modified ZrP combined with other traditional flame 
retardant agent aluminium hydroxide leads to improving flame 
retardancy of ethylene vinyl acetate, low-density 
polyethylene/ethylene-vinyl acetate copolymer, and 
polystyrene.214,215 Hierarchical graphene-confined zirconium 
phosphate nanosheets were used to improve thermal conductivity, 
mechanical properties and flame resistance of cellulose nanofiber 
aerogels.216
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Using α-ZrP nanosheets as nano-filler in polymers for food packaging 
application is very limited, some examples are given in 
Ghanbarzadeh’s review.217 Combination graphene and ZrP 
nanosheets with different two-dimensional scales results in a 
synergistic ordering effect that increased the tortuosity of 
permeation path for oxygen molecules to travel through the PVA 
nanocomposite films and significantly decreased their oxygen 
permeability. Similar nano-bricks wall architecture was obtained by 
layer-by-layer deposition of polyacrylic acid, poly (dimethyl diallyl 
ammonium chloride), and α-ZrP nanosheets onto polyethylene 
terephthalate film (Fig. 13).218 The oxygen transmission decreased 
exponentially with the number of the deposited quadlayers and the 
transparency of the film is not significantly reduced therefore this 
composite film shows great potential application in packaging.

Fig. 13 Schematic of the layer-by-layer (LbL) assembly for polyacrylic 
acid (PAA)/poly(dimethyl diallyl ammonium chloride) 
(PDDA)/zirconium phosphate (ZrP)/PDDA quadlayers. PET: 
polyethylene terephthalate; TBA: tetrabutylammonium; 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 polymer filler as they can be customised to 
accommodate functionalities such as fire retardancy, UV-
stabilization, biocide, water or moisture permeability or repelling 
(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 platelets219. More specifically, they may 
be of interest in food packaging by increasing the shelf life of food 
products and adding organoleptic and nutritional values.220  LDH 
contribute to stabilizing or enhancing certain properties of PVC221 or 
PBS.222 In the latter case with organic anion interleaved into LDH 
fillers (L-tyrosine (TYR), L-tryptophan (TRP), L-ascorbate (ASA) and 3-

(4-hydroxyphenyl)propionate (HPP)), it was possible to exhibit 
antibacterial properties for the films in combination with a high chain 
extension effect suitable for polymer processability. When LDH 
intercalated with salicylate and rosmarinate anions are dispersed 
into LDPE, the formed polymer nanocomposites present strong 
antibacterial activity against Staphylococcus aureus and antioxidant 
properties altogether suitable for packaging materials.223

Furthermore, LDH has been used as a barrier to protect antioxidants 
from migrating out of the polymer.224 Hindered phenolic antioxidants 
have gained widespread recognition and application in enhancing 
the heat resistance and oxidative aging performance of 
polypropylene (PP) composites.225 However, the use of low 
molecular weight antioxidants poses certain challenges. These 
antioxidants have a greater tendency to volatilize, migrate, and be 
extracted from PP or PP-based products. Such behavior directly 
diminishes the anti-thermal oxidative aging efficacy of PP and its 
composites, and additionally presents a risk of contaminating food 
or drugs when used in packaging.226 LDHs are highly desirable as 
antioxidant protection materials due to their adjustable 
compositions (M2+ and M3+) within the host sheet, replaceable 
interlayer anions (An-) in the interlayer region, and adaptable charge 
density (M2+/M3+ 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 Mg2Al-LDH, thus leading to AO-LDH samples by a 
one-step synthesis. Moreover, AO-LDH/PP composites were 
obtained through a solvent washing method. It was proven that the 
intercalation of AO anions between LDH led to an improvement of 
the antioxidative performance of PP composites. A barrier effect if 
offered by the host sheet of MgAl-AO-LDH thus allowing greater 
migration resistance than that of AO/PP composite.227 Based on the 
theories, the composition of the host layer and the interlayer guests 
in the intercalation structure antioxidants were controlled to achieve 
the homogeneity of the additive compounding, leading to the 
construction of a class of supramolecular intercalated structure 
antioxidants with anti-migration, such as the single-intercalated 
MgAl-HALS-LDH photostabiliser.228 and the co-intercalated CaAl-
HxMy-LDH anti-aging agent.229

As far as corrosion inhibition is concerned, LDHs are found to be of 
interest also in polymer coatings for metal substrate such as 
magnesium alloys (AZ91D alloy of interest but lacking stability when 
exposed to marine environment) using the so-called self-healing 
behaviour of LDH cargo since the release is triggered by the 
corrosion.230 LDHs can be mixed with other frameworks as 
exemplified in this article,231 where the idea is to build a 3D fir tree-
like hierarchical architecture by utilizing pulsed plasma electrolysis 
with LDHs and zeolitic imidazolate framework to protect magnesium 
alloy substrate. 

Table 4. Most representative examples of intercalation compounds based on ZrP and LDHs in polymer science. The Reviews are not reported.
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Filler Polymeric matrix Preparation method Purpose Performances Ref.

α-ZrP
polydopamine
(PDA)

In-situ 
polymerization

Composite epoxy 
coating

Corrosion protection (improved anticorrosion 
performance with Icorr of 6.60 × 10−9 A·cm−2, which 
are one order of magnitude lower than that of 
blank epoxy coating)

206

α-ZrP polyurethane
In- situ 
polymerization

Advanced coatings
Reduction of ca. 40% in H2O permeability, anti-
corrosion protection

207

α-ZrP
polybenzoxazine

thermal curing 
process

Flame retardance
Improved thermal stability and flame retardancy 
(49.3% Peak of Heat Release Rate Reduction 
(PHRR) with respect to pure matrix)

209

α-ZrP
polyamide6 melt blending

Flame retardance Improved flame retardancy (ca. 83% PHRR with 
respect to pure matrix)

210

α-ZrP
polyacrylate

in-situ emulsion 
polymerization

Flame retardance Improved flame retardancy. LOI (Limited Oxygen 
Index) value of 25% against 23% of pure PPA

211

α-ZrP poly(vinyl alcohol) solution blending Flame retardance
Improved graphitization of char residues and 
thermal stability. 

212

α-ZrP Polypropylene melt blending Flame retardance
Improved formation of char residues and higher 
thermal stability with respect to pure matrix. LOI 
value ca. 26% vs 17% in pure PP matrix

213

Organo-modified ZrP
LDH (m-ZrP)

ethylene vinyl 
acetate

Melt blending Flame retardance

Incorporation of mZrP/LDH mixture into EVA/ATH 
composite resulted in a reduction in thermal 
stability but improved the char yield at 750 °C. EVA 
composites exhibited improvement in fire 
retardancy (decreased PHRR, THR, TSP and the 
enhanced char yield): LDH was more effective than 
mZrP in char formation; on the other hand, mZrP 
showed a 73 % reduction in PHRR, which was more 
efficient than LDH (58 % reduction in PHRR). 

214

Organophilic α-ZrP

low-density 
polyethylene and 
ethylene–vinyl 
acetate (LDPE/EVA) 
hybrid

Bradender extrusion Flame retardance
Improved flame retardancy. LOI value of the 
composite ca. 32 against 20.3 of the pure polymer. 

215

Hierarchical graphene-
confined zirconium 
phosphate nanosheet
s (ZrP/RGO)

Cellulose-based 
aerogels

unidirectional 
freeze-casing 
technique

Thermal insulation, 
Flame retardance, 
Mechanical 
properties

thermal conductivity (18 mW·m−1·K−1), and high LOI 
(33.5) as well as very low PHRR (14.1 kW/m2)

216

α-ZrP PET film
layer-by-layer (LbL) 
assembly

Oxygen barrier 
properties

oxygen transmission rate (OTR) reduced from 57 to 
0.87 cc/m2/day for the best composite material.

218

Organo-modified 
MgAl LDHs

Polybutylene 
succinate (PBS)

melt extrusion

viscoelastic 
properties, rate of 
hydrolysis, photo-
degradation, 
antibacterial activity

small rate of hydrolysis, photo-stability, biocide 
activity, chain extension is obtained using a 
combination of LDHs-L-ascorbate and LDH-3-(4-
hydroxyphenyl)propionate

222

LDH-RA 
(RA=rosmarinic acid), 
LDH-SA (SA= salicylic 
acid) 

low-density 
polyethylene(LDPE)

two-step melt 
compounding 
procedure 

antibacterial activity 
LDPE/MgAl-RA was selective and strongly inhibitory 
toward S. aureus, LDPE/ZnAl-SA inhibited the 
growth of E. coli and S. aureus 

223

LDH MgAl-D (D=3-
(3,5-ditertbutyl-4-
hydroxyphenyl)propio
nic acid)

polypropylene
solvent mixing 
method

anti-aging
good stability against thermal aging, low migration 
of molecules out of the PP films

224

LDH MgAl-AO
(AO= Irganox 1010)

polypropylene
solvent mixing 
method

anti-aging
LDH-AO significantly enhances long-term 
performance of LDH/PP composites against 
thermal/thermo-oxidative degradation

227

LDH ZnAl-HxDy
(H= 4-oxo-4-((2,2,6,6-
tetramethylpiperidin-

polypropylene
solvent or extrusion 
mixing

anti-aging
the co-intercalated hybrid materials are found to 
decelerate the oxidative degradation for PP

228
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4-yl)amino)butanoic 
acid; D= 3-(3,5-
ditertbutyl-4-
hydroxyphenyl) 
propionic)
LDH CaAl-HnMn’
(M= Irganox 1425; H= 
hindered amine light 
stabilizer)

polypropylene
solvent casting 
method

anti-aging
Higher overall resistance against thermal 
degradation and photo-oxidation

229

Remarks and outlook

This perspective has focused on the role of intercalation chemistry as 
an evaluable tool for the design and synthesis of materials to meet 
some of the challenges of our century. Particular attention has been 
addressed to developing catalysts for producing clean energy, 
converting molecules derived from biomass into value-added 
products, degrading pollutants, materials for environmental 
remediation, systems for use in medicinal chemistry and for the 
preparation of polymeric 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, efficient catalytic potential under mild conditions. The 
intercalation chemistry allows to obtain solids with transition metal 
species with large interest in the catalytic purposes. Metals can be 
intercalated as inorganic polycations within the interlayer space of 
clay (PILCs) or as cations or cationic complexes in ZrP. Transition 
metals can be inserted as constituents of the LDH layers. All these 
possibilities allowed to obtain catalysts with improvement of specific 
surface, thermal stability, dispersion of the active phase and 
sometimes 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 followed by 
reduction in a confined environment. Otherwise, preformed metallic 
NPs can be immobilized on material surface. The confinement of NPs 
improves their resistance to cleavage and agglomeration as well as 
catalytic activity. In addition, the immobilization of the NPs favours 
their recovery and reuse. Recently, superior catalytic performance 
has been achieved by combining different materials to obtain 
heterostructures (i.e. TiO2/clays, HNT/MOFs, etc).
The ability of layered materials to intercalate ionic or molecular 
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 contaminants thus making them 
potential candidate for wastewater 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 

compounds and leading to an improvement of adsorption properties 
with respect to raw materials. 
ILCs  can be also active as photocatalysts for  pollutants 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 done in the searching of sustainable 
synthetic methods (especially in terms of time and production costs) 
for layered materials-based intercalation compounds. Few methods 
are for instance related to ultrasound accelerated synthesis. As a 
matter of example, environmentally safe low-cost adsorbents can 
indeed be obtained also starting from natural clays by using 
microwave-assisted heating methods.232 Another emerging green 
and powerful synthesis is the mechanochemistry due its scalability 
and tunability. This technique has a high potential for the 
environmentally friendly production of layered materials for 
applications in the sustainable energy and environmental sectors.233

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, the presence of interfering ions and/or molecules can 
interfere on the main adsorption mechanism, the performances of 
materials must be tested in different conditions (i.e. distilled water, 
groundwater, industrial wastewater, sea water) to assess the real 
applicability of materials.234

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, a correct monitoring of the 
species formed during the catalytic reaction, together with the 
detection of possible toxic intermediates, have to 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 intercalation 
compounds, suitably modified, can act as target 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 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 candidate to host bulky 
cations and basic species with therapeutic activity. Attention should 
be focused on scalable and green syntheses of ZrP, taking into 
account mechanochemistry. As for LDHs, the ILCs have long been 
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considered for the preparation of drug delivery systems. Future 
perspectives for these materials are related to the modulation of the 
layer composition, 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 frontier 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.235

Finally, layered materials have been used as nanofillers to improve 
the thermal stability, mechanical properties of polymers 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 properties 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 affordable 
commercial solution. The production of large quantities of 
intercalation compounds means simplification of preparation steps, 
elimination of toxic solvents/reagents, and reduced production 
costs. The latter could be overcome 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 recovered pollutants 
merits additional consideration to develop sustainable and circular 
economy processes.234 An interesting example of Cr-based PILCs for 
the recovery of anionic and cationic, especially focusing on the 
possibility of reducing the synthesis time and cost and to identify the 
optimal conditions for effective adsorption of individual dyes using 
Cr pillared clay after statistical analysis through the design of 
experiments was recently reported in the literature.236 Moreover, in 
many cases, we must continue efforts to understand the structure-
property relationship. As an example, for PILCs different 
characterisation techniques are needed to reveal the still unknown 
properties of PILCs thus paving the way for intelligent material 
design. 
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