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Abstract
As the “from nature, for nature, and into nature” idea increasingly becomes
popular, the naturally available nanomaterials have been especially concerned
due to being safe, low-cost, sustainable, and harmless to human health and the
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ecological environment. Nanoscale clay minerals composed of safe Si, O, Al, and
Mg elements are the broad class of naturally abundant inorganic materials, which
have unique structure and diverse morphologies such as nanorods, nanofiber,
nanotubes and nanosheets, special physicochemical properties, and ecofriendly
advantages. The application of modern nanotechnology can disassociate or strip
the clay minerals as nanosize units to produce silicate nanomaterials that have
been honored as the materials of “greening twenty-first-century material world.”
Compared with the artificial nanomaterials, natural nanomateirals are enjoying a
surge in interest as the “building blocks” of high-performance functional mate-
rials, and they help improve the quality of the product, economize on the cost, and
repair the polluted environment.

This chapter comprehensively expounds the structure, morphology, and phys-
icochemical features of different types of clay minerals including palygorskite,
sepiolite, halloysite, imogolite, kaolinite, montmorillonite, mica, vermiculite,
chlorite, rectorite, and illite/smectite clay, as well as their applications as
“green” components to fabricate functional ecomaterials. In addition, this chapter
reports recent advances in the nanoscale dispersion, modifications, and nano-
composite techniques for the development of new functional materials. The future
development trends of clay mineral-based functional materials and their potential
applications in advanced functional materials were discussed in general by
drawing from the scientific literatures. This chapter would arouse more attention
for their applications in greening functional materials.

Keywords
Clay minerals · Eco-materials · Adsorbent · Composites · Nanomaterial ·
Hydrothermal treatrment · Acid activation · Base treatment · Surfactant
modification · Adsorption · Pollutants · Catalysis · Superabsorbent · Intercalation

Abbreviations
AA Acrylic acid
AAm-AMPS/MMT Poly(acrylamide(AAm)-2-acrylamido-2-

methylpropane sulfonic acid)/montmorillonite
Alginate-g-PAMPS/MMT Alginate-g-2-acrylamido-2-methyl-1-pro-

panesulfonic acid/Na+ montmorillonite(MMT)
AMPS 2-Acryloylamino-2-methyl-1-propanesulfonic

acid)
APT Attapulgite
ATP/P(AA-co-AM) Attapulgite/poly(acrylic acid-co-acrylamide)
ATP/PAA Attapulgite/poly(acrylic acid)
BCB Brilliant cresyl blue
CMC-g-PAA/APT Carboxymethyl cellulose-g-poly(acrylic acid)/

attapulgite
CMC-g-PAA/MS Carboxymethylcellulose-g-poly(sodium acry-

late)/medical stone
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CMC-g-PAA/REC Carboxymethyl cellulose-graft-poly(acrylic
acid)/rectorite

CMC-g–PNaA/APT Carboxymethyl cellulose-g-poly(sodium acry-
late)/attapulgite

CMC-g-poly(AA-co-AM-co-
AMPS)/MMT

Carboxymethyl cellulose-graft-poly(acrylic
acid-co-acrylamide(AM)/2-acrylamido-2-
methyl-1-propanesulfonic acid/montmorillonite

CMWS-g-PAA/APT Wheat straw-g-poly(acrylic acid)/attapulgite
COBDS Cyclo(4, 4-oxybis(benzene)disulfide) oligomers
COL-g-PAA-co-AM/MMT Collagen-g-poly(sodium acrylate-co-acrylam-

ide)/sodium montmorillonite
CTS-g-AA–IA/APT Chitosan–graft-poly(acrylic acid–co-itaconic

acid/attapulgite
CTS-g-PAA/APT Chitosan-g-poly(acrylic acid)/attapulgite
CTS-g-PAA/BT Chitosan-g-poly(acrylic acid)/biotite
CTS-g-PAA/kaolin Chitosan-g-poly(acrylic acid)/kaolin
CTS-g-PAA/MMT Chitosan-g-poly(acrylic acid)/montmorillonite
CTS-g-PAA/NONT Chitosan-graft-poly(acrylic acid)/nontronite
CTS-g-PAA/OREC Chitosan-g-poly(acrylic acid)/organo-Rectorite
CTS-g-PAA/REC Chitosan-g-poly(acrylic acid)/rectorite
CTS-g-PAA/UVMT Chitosan-graf-poly(acrylic acid)/unexpanded

vermiculite
CTS-g-PAA/VMT Chitosan-g-poly(acrylic acid)/vermiculite
CTS-g-PAAm/MMT Chitosan-g-poly(acrylamide)/montmorillonite
CTS-g-PMAA/Bent Poly(methacrylic acid)-grafted chitosan/bentonite
CV Crystal violet
Dextrin-graft-AA/Na-MMT Dextrin-graft-acrylic acid/montmorillonite
GG-g-P(NaA-co-St)/APT Guar gum-graftpoly(sodium acrylate-co-sty-

rene)/attapulgite
GG-g-P(NaA-co-St)/MVT Guar gum-g-poly(sodium acrylate-co-styrene)/

muscovite
GG-g-PAA/cloisite Guar gum-g-poly(sodiu macrylate)/cloisite
GG-g-PAA/MS Guar gum-g-poly(sodium acrylate)/medicinal

stone
GG-g-PNaA/CTA+-REC Guar gum-graft-poly(sodium acrylate)/organified

rectorite
HEC-g-PAA/diatomite Hydroxyethyl cellulose-g-poly(acrylic acid)/

diatomite
HEC-g-PAA/MS Hydroxyethyl cellulose-graft-poly(sodium

acrylate)/medicinal stone
HEC-g-PAA/VMT Hydroxyethyl cellulose-g-poly(acrylic acid)/

vermiculite
HVMT HCl-modified VMT
kC-g-PAA/Celite κ-Carrageenan-g-poly(acrylic acid)/celite
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LCL-g-PAA/MMT Lignocellulose-g-poly(acrylic acid)/
montmorillonite

MB Methylene blue
MBA N, N0-Methylenebisacrylamide
MG Malachite green
MV Methyl violet
NaAlg-g-p(AA-co-St)/I/S Sodium alginate-g-poly(sodium acrylate-

costyrene)/illite/smectite mixed-layer clays
NaAlg-g-p(AA-co-St)/
organo-I/S

Sodium alginate-g-poly(sodium acrylate-co-
styrene)/ illite/smectite clay

NaAlg-g-PAA/KAO Alginate-g-poly(sodium acrylate)/kaolin
NaAlg-g-PAA/O-loess Sodium alginate-g-poly(acrylic acid)/organo-

loess
NaAlg-g-PNaA/APT Sodium alginate-g-poly(sodium acrylate)/

attapulgite
NaAlg-g-poly(AA-co-AAm)/
MMT

Sodium alginate-g-poly(acrylic acid-co-acryl-
amide)/montmorillonite

NaAlg-g-poly(NaA-co-
NaSS)/APT

Sodium alginate-g-poly(sodium acrylate-co-
sodium p-styrenesulfonate)/attapulgite

NaAlg-g-poly(NaA-co-St)/
APT

Sodium alginate-g-poly(sodium acrylate-co-
styrene/attapulgite

NH4
+-N Ammonium nitrogen

NVMT Na-exchangeable vermiculite
OB-Fe3O4 PSA Organo-bentonite-Fe3O4 poly(sodiumacrylate)
Org-ATP/PAA Organified attapulgite/poly(acrylic acid)
OVMT Organo-vermiculite
P(AA-co-AM)/MMT/SH poly(acrylic acid-co-acrylamide)/montmoril-

lonite/sodium humate
P(AA-co-AMPS)/APT Poly(acrylic acid-co-2-acryloylamino-2-

methyl-1-propanesulfonic acid)/APT
PAA/APT Poly(acrylic acid)/attapulgite
PAA/APT/SH Poly(acrylic acid)/attapulgite/sodium humate
PAA/BT Poly(acrylic acid)/biotite
PAA/BT Poly(sodium acrylate)/bentonite
PAA/CMC-mMMT Polyacrylate/(carboxymethylcellulose modified

montmorillonite)
PAA/DTM Poly(acrylic acid)/diatomite
PAA/IMMT Poly(acrylic acid)/intercalated montmorillonite
PAA/MMT Poly(acrylic acid)/montmorillonite
PAA/ST Poly(sodium acrylate)/sepiolite
PAA/TM/PVA Poly(acrylic acid)/tourmaline/polyvinyl alconol
PAA-AAm–HNT–GO Poly(sodium acrylate-acrylamide)/graphene

oxide/halloysite
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PAA-AM/Al-MMT/SH Poly(acrylic acid-acrylamide)/Al-montmoril-
lonite/sodium humate

PAA-AM/BT Poly(acrylate-co-acrylamide)/bentonite
PAA-AM/Ca-MMT/SH Poly(acrylic acid-acrylamide)/Ca-montmoril-

lonite/sodium humate
PAA-Am/EVMT Poly(acrylate-co-acrylamide)/expanded

vermiculite
PAA-AM/Li-MMT/SH Poly(acrylic acid-acrylamide)/Li-montmoril-

lonite/sodium humate
PAA-AM/Na-MMT/SH Poly(acrylic acid-acrylamide)/Na-montmoril-

lonite/sodium humate
PAA-AM/O-APT/SH Poly(acrylamic acid-acrylamide)/organified

attapulgite/sodium humate
PAA-AM/O-MMT/SH Poly(acrylic acid-co-acrylamide)/organomont-

morillonite/sodium humate
PAA-AM/SH/APT Poly(acrylic acid-acrylamide)/sodium humate/

attapulgite
PAA-AM-IA/MT Poly(acrylic acid–co-acrylamide-co-itaconic

acid/muscovite
PAA-co-2-DRAEMA/MMT Poly(acrylic acid-co-2-(diethylamino)ethyl

methacrylate)/montmorillonite
PAA-co-AM/KAO Poly(acrylic acid-co-acrylamide)/kaolinite
PAA-co-PAM/CloisiteVR30B Poly(acrylic acid-co-acrylamide)/

cloisiteVR30B
PAA-co-VP/Lap Poly(acrylic acid-co-N-vinyl-2-pyrrolodone)/

laponite RDS
PAAm/Lap Poly(acrylamide)/laponite
PAA-MAA/MMT Poly(acrylic acid–methacrylic acid)/

montmorillonite
PAAM-IANa/MMT Poly(acrylamide–co-itaconic sodium)/

montmorillonite
PAM/AAPT Poly(acrylamide)/acid-treated attapulgite
PAM/APT poly(acrylamide)/attapulgite
PAM/HAPT Poly(acrylamide)/heat-treated attapulgite
PAM/Lap/SH Poly(acrylamide)/laponite/sodium humate
PAM/PA Polyacrylamide/palygorskite
PAM/SH/LAP Poly(acrylamide)/sodium humate/laponite RD
PAM/SH/Lap Poly(acrylamide)/sodium humate/Laponite RD
PAM-AA/MMT Poly(acrylamide-co-acrylate/montmorillonite
PAM-IA/Mica Poly(Acrylamide–itaconic acid)/mica
PAM-PVA/Cloisite Poly(acrylamide-co-vinyl alcohol)/cloisite30B
PE-g-PAA/KAO Polyethylene-g-poly(acrylic acid)/kaolin
PE-g-PAA-co-starch/OMMT Polyethylene-g-poly(acrylic acid)-co-starch/

organo-montmorillonite
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PL-g-P(AA-AM)/OMMT Potato leaves-g-poly(acrylic acid-co-acrylam-
ide)/organified montmorillonite

PMAA-g-Cell/Bent Poly(methacrylic acid)-grafted-cellulose/
bentonite

PNaA/MMT Poly(sodium acrylate)/montmorillonite
POBDS/VMT Poly(4, 4-oxybis(benzene)disulfide)/vermiculite
poly(AA–AM/CTAB–MMT Poly(acrylic acid-co-acrylamide)/ cetyl trimethyl

ammonium bromide-modified montmorillonite
poly(AA–AM/
DMAEA–DB–MMT

Poly(acrylic acid-co-acrylamide)/N,N0-dimethyl-
N-dodecyl methacryloxylethyl ammonium bro-
mide-modified montmorillonite

Poly(AA-co-AM)/APT Poly(acrylic acid-co-acrylamide)/attapulgite
Poly(AA-co-AM)/HNTs Poly(acrylic acid-co-acrylamide)/halloysite
PSSNa/MMT Poly(sodium4-styrene sulfonate)/montmorillonite
P-St-AM/APT Starch phosphate-graft-acrylamide/attapulgite
PSY-g-PAA/APT Psyllium-g-Poly(acrylic acid)/attapulgite
PULL/PVA/MMT Polysaccharide pullulan/polyvinyl alcohol/

montmorillonite
SA/Na+REC Sodium alginate/Na+-rectorite
SA/Na+-REC-g-PAA Sodium alginate/Na+-rectorite-graft-poly

acrylic acid
SA-g-AA/Na+REC Sodium alginate-graft-acrylic acid/Na+rectorite
SA-g-P(AA-co-AMPS)/APT Sodium alginate graft poly(acrylic acid-co-2-

acrylamido-2-methyl-1-propane sulfonic acid)/
attapulgite

S-g-AA/MMT Starch-graft-acrylic acid/montmorillonite
SS-g-PAA/APT Silk sericin-g-poly(acrylic acid)/attapulgite
St-g-PAA/O-zeolite Starch-g-poly(acrylic acid)/organo-Zeolite4A
St-g-PAA/zeolite starch-g-poly(acrylic acid)/zeolite4A
St-g-PAM/APT Starch-graft-poly(acrylamide)/attapulgite
St-g-PAM/KAO Starch-graft-acrylamide/kaolinite
St-g-PAM/KAO Starch-graft-polyacrylamide/kaolinite
St-g-PAM-AA/MMT Starch-graft-poly-[acrylamide(AM)–acrylic

acid(AA)]/montmorillonite
VMT Vermiculite

Introduction

Nanomaterials have been focused intensively over the past few decades due to their
huge potential applications in many fields such as chemical industry, medicine,
environment, energy, and new materials [1–3]. The frequently used nanomaterials
include one-dimensional nanorods, nanofibers and nanotubes, and two-dimensional
nanosheets. They are mainly artificially synthesized by various approaches, e.g.,
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hydrothermal, solvothermal, soft/hard template, chemical vapor deposition (CVD),
and electrochemistry [4–6]. Currently, the research on the synthesis of various
nanomaterials has made great progress, but their industrial applications are still
challenging because the synthesized nanomaterials and/or “building bricks” of
nanomaterials are very expensive, and the synthesis process is complex, energy-
intensive, and even not environment-friendly. What’s more, some synthesized nano-
materials are proving to be potentially toxic, which greatly limited their applications
in many fields.

With the increasing concerns on the issues of global environmental safety and
health, the design and development of ecomaterials as a substitution of traditional
hazardous materials becomes the subject of great interests [7, 8]. It has been
expected that the applications of new ecomaterials can reduce the environmental
burden, remedy the polluted environment, and minimize the secondary pollution
caused by the usage of materials. Especially in recent years, the “from nature, for
nature, into nature” idea increasingly becomes popular, and the naturally available
nanomaterials received more attention due to their excellent performance, low cost,
as well as ecofriendly and sustainable advantages [9, 10]. Currently, the develop-
ment of ecomaterials from natural nanomaterials deeps to many areas, such as
chemical engineering, environment protection, and composites, and great progress
on this subject has been made [11, 12]. Nanoscale clay minerals are a broad class of
naturally occurring inorganic nonmetallic minerals, which are available in nature,
and have unique structure, diverse morphologies from one- to three-dimensions,
special physicochemical properties, and ecofriendly advantages [13]. They are
industrially valuable in many application fields because of their greater surface
area, high surface reactivity, stronger adsorptive properties, and excellent cation
exchange capacities. Their surface properties such as hydrophilic, hydrophobic, and
acidity can be easily adjusted by simple modification, so that they are more easily to
be dispersed in more matrixes such as a polymer with better compatibility [14, 15].
Natural nanoscale clay minerals are the “gift” of nature to human. They have been
applied in ancient times, for producing chinaware, and pigments such as Maya blue
[16]. However, due to the technical limitation, the clay minerals for these applica-
tions have not been dispersed as nanoscale units. With the rapid development of
nanoscience and nanotechnology, the microscopic structure of clay minerals has
been recognized, and their versatile functionalities have also been applied. The
framework composed of Si, O, Al, and Mg elements exhibits multiple morphologies,
e.g., nanorods, nanofiber, nanotubes, and nanosheets [17–20].

The modern nanotechnology can disassociate or strip clay minerals as nanosize
blocks, and transform clay minerals into nanomaterials [21]. The nanometerization
of clay minerals endow them with the greater specific surface area, plentiful surface
groups, and good interface compatibility, and have been honored as the materials in
“greening twenty-first-century material world” [22]. As the filler, nanoscale clay
mineral can be well dispersed in polymer matrix, and improve the flexibility, thermal
stability, and mechanical strength at low content, but does not affect the optical
properties of polymer [23]. As a carrier, nanoscale clay mineral makes it possible to
fabricate ultrasmall size nanoparticles on its surface, and thus greatly enhance the
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activity of the catalyst [24]. As an adsorbent, the unique pore structure and surface
charge of nanoscale clay mineral make it able to strongly adsorb various matters
such as heavy metal ions, dyes, antibiotic, and color matters [25–28]. Compared with
the artificial nanomaterials, the advantages of natural nanomateirals, as the new
favorite in fabricating high-performance functional materials, are inimitable, and
they are potential to play more and more roles for developing new functional
materials [29, 30]. Nanoscale clays help to improve the quality of product, econo-
mize on the cost, and save the environment.

Nanoclays have found applications in many fields, which have attracted both
academic and industrial attention because they exhibit dramatic improvement of
properties. The development trends of clay mineral-based functional materials and
their future potential applications in advanced functional materials were discussed in
general by drawing from the scientific literatures. This chapter would provide a
“key” to open a new avenue to recognize diverse natural nanomaterials and arouse
more attention for their application in greening functional materials.

Natural Nanoscale Clay Minerals

Nanoclays are natural nanomaterials that occur in the clay fraction of soil, among
which montmorillonite and allophane are the most important species. Nanoclays are
easily available, environment-friendly, low-cost chemical substances, and a large
volume of literatures have accumulated on various perspectives of nanoclay’s
research over the past few decades.

Natural Nanorods

Nanorods have been widely applied in many areas such as functional carriers,
polymer composites, colloidal agents, adsorbents, and others due to the particular
one-dimensional nanosize effect. The conventionally used nanorods (i.e., noble
metal, metal oxides, and silica) were usually synthesized by various methods such
as hydrothermal, CVD, soft or hard template methods, electrochemistry, and others.
However, the synthesis process is usually costly and energy-consuming, and it is
inevitable to use large amounts of chemical reagents or solvents, which has the risk
of causing environmental pollution. With the increasing emphasis on the safety of
materials, natural one-dimensional nanoscale clay minerals with nanorod-shape
morphology have received more and more attention.

Palygorskite (also called as attapulgite) is a representative natural nanorod with
the main composition of Si, Mg, and Al; nanoscale pores; and active surface groups.
Palygorskite is assigned as the family of sepiolite in mineralogy because they have
similar microscopic structure and morphology [31]. It could be found in many
countries in the world such as China, United States, Spain, Turkey, India,
Mexicanos, and others. It has a 2:1 ribbon-layer structure with the theoretical
formula of Si8Mg8O20(OH)2(H2O)4∙4H2O [32–35]. The ribbons are connected
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with each other by the inversion of SiO4 tetrahedrons through Si-O-Si bonds, which
formed zeolite-like channels with the dimensions of 0.37 nm � 0.64 nm [36–40]
(Fig. 1a–d). The perfect palygorskite crystal should be a trioctahedral mineral in
which the octahedral sites are all occupied by Mg2+ ions. However, some trivalent
cations, e.g., Al3+ and Fe3+ ions, may replace the Mg2+ ions in octahedral sites due to
the isomorphism substitution effect, which leads to the formation of dioctahedral or
intermediate structure [33, 41–43]. As a result, the crystallographic defects could be
found in the octahedral sheets of natural palygorskite, and the structural negative
charges are usually compensated by considerable amounts of exchangeable cations
[44]. About the definition of the main microcosmic building units in natural
palygorskite, there is still no uniform statement. García-Romero and Suárez [45,
46] demonstrate that natural palygorskite is mainly composed of the laths (the
smallest structure units), the rods (the oriented association of laths), and the bundles
(the association of rods). In many other researches, fibers [47–50] or rods [51–53]
have been frequently adopted to describe the smallest crystal units (Fig. 1e).

The special crystal structure, stacking mode, and nanometric dimension of the rod
crystals of palygorskite endow it with plentiful pores, higher aspect ratio, better ion-
exchange capacity (about 30–40 meq/100 g), and affluent surface groups [54–56].
So, palygorskite shows excellent colloidal, adsorption, reinforcing properties, and
thermal/mechanical stability, and so it has been applied as ideal candidates in many
fields such as colloidal or stabilizing agents [57, 58], adsorbents [59, 60], carrier of
catalysts [61–63], polymer composites [64, 65], organic-inorganic hybrid pigments
[66], drug delivery carriers [67], biosensing materials [68], antibacterial material
[69], health care and therapeutic products [70], pharmaceutical product [71], electro-
rheological materials [72], sealing materials [73], and animal feeding [74].

Natural Nanofiber

Nanofibers as reinforcing fillers have plaid extremely important roles in fabricating
various nanocomposites for potential applications in aerospace, food packaging, and
biomedical to engineering sectors such as automotive. The well-known reinforcing
fillers such as carbon fibers, glass fibers, and cellulose fibers have been widely applied
in modern industrial or national defense fields. With the increasing attention on
environment and safety of materials, natural nanofibers such as sepiolite are increas-
ingly attracting attention. Sepiolite [ideal formula: Mg8Si12O30(OH)4(OH2)4•8H2O]
is a natural fibrous Mg-rich silicate clay mineral, with the fiber length up to several
micrometer. It is an end-member to the palygorskite-sepiolite group and has a similar
structure with palygorskite. For example, both of them have nanoscale pores and
plentiful surface functional groups. In the structure of sepiolite, the octahedral (O)
sheet is discontinuous, which splits into z-elongated ribbons; whereas the tetrahedral
(T) sheet remains continuous, and the apical oxygen atoms in tetrahedral sheet
inversed regularly and alternately bond to the upper or lower O strip (Fig. 2a) [75].
So, the structure of sepiolite can be described as modulated TOT silicate layers
showing a continuous T and a discontinuous O sheet [76] or as a framework of
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chessboard connected TOT ribbons [77]. The nanotunnels with the size of
1.06 nm � 0.37 nm elongated along [001], filled by weakly bound zeolitic H2O
molecules (H2O hereafter) and exchangeable cations [78] (Fig. 3). Tightly bound,
structural OH2 [79] (OH2 hereafter) protrudes in the channels completing the coor-
dination of octahedral cations at the borders of the TOT ribbons. The biggest
difference between sepiolite and palygorskite is that sepiolite has relatively larger
tunnel size (1.06 nm � 0.37 nm) than palygorskite (0.64 nm � 0.37 nm), and the
tetrahedral sheet of sepiolite in each polysome is composed of five SiO4 units (only
four SiO4 units for palygorskite).
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Fig. 1 (a) The crystal structure (001 plane projection), (b) crystal structure parameters, and (c, d)
the pore distribution of palygorskite; (e) the (100) plane of palygorskite, showing the M1, M2, and
M3 sites in the octahedral layer as well as the structural hydroxyl groups, coordination water, and
zeolite water (Reproduced with permission from Ref. [32, 36–38]); (f) the TEM image of
palygorskite (Reproduced with permission from Ref. [53])
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Sepiolite has fibrous crystal morphology [80] (Fig. 3), great specific surface areas,
and rich surface active groups, so it shows excellent adsorption, reinforcing, and
carrier properties; and has been widely applied in many fields such as adsorbents
[81–83], polymer composite [84], catalysts [85–87], antibacterial agent [88], pigment
[89], flame retardant [90], drug-delivery carrier [91], and others. Due to the special
structure and properties of sepiolite as a fibrous nanomaterial, sepiolite has been
widely applied for the preparation of ecomaterials, such as superabsorbent composite
[92], environmental repair materials [93], and flame-retardant materials [94].

Fig. 2 Structure Scheme (a) (Reproduced with permission from Ref. [75]) and SEM image (b) of
sepiolite (Reproduced with permission from Ref. [80])
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channels in a cross-section
of a microfiber (Reproduced
with permission from
Ref. [78])
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Natural Nanotubes

The nanotubes have been widely used in many fields because of their special one-
dimensional nanomaterial properties and special cavity structure. Silica-oxygen
tetrahedrons and aluminum-oxide octahedrons that make up the clay minerals can
form tubular forms by means of special combination styles. The most common
nanotubes in the nature are halloysite and imogolite [95].

Halloysite is a type of naturally available multiwalled aluminosilicates. The layer
structure of halloysite consists of Al3+ with octahedral coordination and Si4+ with
tetrahedral coordination in a 1:1 arrangement, and the water molecules are present
between the layers, as shown in Fig. 4 [96]. Halloysite was in the same families of
kaolin, which was discovered first by Berthier in 1826. It was named “halloysite” after
Omalius d’Halloy who analyzed the mineral at first time. The halloysite can be found
from the deposits that distributed in many countries such as China, Spain, Australia,
Brazil, France, Belgium, New Zealand, Mexico, America, and others [97, 98].
Halloysite has similar morphology with multiwalled carbon nanotubes, in which the
aluminosilicate sheets are rolled into nanosized tubes (called as halloysite nanotube
(HNT)). The geometric dimensions of HNTare source dependent and range 0.2–2 μm

Fig. 4 Schematic diagrams of (a) the crystalline structure of halloysite-(10 Å), and (b) the structure
of a halloysite nanotube (Reproduced with permission from Ref. [96])
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in length, 40–100 nm in outer diameter, and 10–40 nm in lumen diameter. The wall-
length, wall thickness, and spiral structures (power spiral, logarithmic spiral) of HNT
are different because in the formation process of HNT the crystallization conditions
and geological occurrences are different [99–101].

In comparison with other morphologies, the tubular structure of halloysite is the
dominant, so that the application of halloysite as natural nanotubes has been widely
concerned in different scientific or industrial fields, such as high-quality ceramics,
polymer nanocomposite [102, 103], adsorption and separation [104], catalysis [105],
encapsulation vessel for drug delivery [106], tissue engineering [107], flame retardant
[108], hydrogen storage [109], and supercapacitor [110, 111]. The structural formula of
halloysite is Al2(OH)4Si2O5•nH2O. n represents the number of water molecules and
could be 2 or 0, which corresponds to hydrated or dehydrated halloysite. The n value for
the naturally occurred halloysite is 2, which is called as HNTs-10 Å (the “10 Å”
designation indicates the d001-value of the layers). The halloysite with n = 0 is called
as HNT-7 Å), which was usually obtained by removing the interlayer water molecules
via heating and/or a vacuum treatment. It is encouraging that the morphology of
halloysite remains unchanged after dehydration, and only the lattice parameters slightly
changed after removal of interlayer water. The chemical composition of halloysite is
close to platy clay kaolinite with water molecules, and the unit layers in halloysites are
separated by a monolayer of water molecules, so that the halloysites and kaolinite could
be distinguished by the difference in interlayer water. Also, there are difference in lattice
parameters of alumina and silica in both a and b directions (a= 0.502 nm, b= 0.916 nm
for silica; and a = 0.507 nm, b = 0.866 nm for alumina), which lead to a dimensional
mismatch of the sheets. In addition to lessen the electrostatic force between the adjacent
layers, the presence of interlayer water facilitates the curvature of the layers to accom-
modate the dimensional mismatch of the octahedral and tetrahedral sheets. As a result,
halloysite crystallizes with the Al–OH sheet forming the inside and the Si–O sheet
forming the outside of a unit layer [112, 113]. In dehydrated halloysite structure, the
aluminosilicate sheets are rolled over and over; and the structure resembles multiwalled
carbon nanotubes. The halloysite nanotubes can be prepared by the rolling of kaolinite
sheet in moderate synthesis condition [114].

Imogolite is also a naturally occurring aluminum silicate with nanotube morphology,
which is often found in soil originating from a volcanic material such as pumice and
volcanic ash. It is classified as a clay mineral, with tube dimensions of about 2 nm in
outside diameter, 1 nm in inside diameter, and lengths ranging from tens of nanometers
to several micrometers (Fig. 5) [115–117]. In recent years, imogolite has also received
attention as a naturally occurring nanomaterial, and can be expected to find a wide range
of applications in such diverse areas as fuel storage media for natural gases [118],
catalyst support [119], nanocomposites [120, 121], a humidity-controlling material
[115], adsorbents [122, 123], and nanohybrid materials [124, 125]. The amount of
naturally occurring imogolite is very small, so it is hoped that large-scale synthesis can
be carried out. Many methods such as microwave hydrothermal [126], surfactant
template [127], and fluoride route [128]. In the synthesis process of imogolite, the
other elements such as Ge [129, 130] and Fe [131, 132] can be simultaneously
introduced to control the size, physicochemical properties, and functionality.
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Natural Nanosheets

Compared with one-dimensional nanoscale silicate clay minerals, the Al-rich silicate
clay minerals with two-dimensional layered structure have more wide distribution, more
reserves and species in the nature. The phyllosilicates are commonly divided into three
categories (1: 1 type, 2: 1 type, and mixed-layer type) according to their structure and
composition. However, due to the difference in structure, the performance and
potentional application fields of different two-dimensional clay minerals are also differ-
ent. The typical 1:1-type sheet-shaped clay minerals are kaoline and serpentine; and the
representative 2:1-type sheet-shaped clay minerals are montmorillonite, smectite, ver-
miculite, illite, muscovite, saponite, and others; and the typical 2:1:1 type clay mineral is
chlorite; and the typical mixed-layer clay minerals are rectorite and illite/smectite clay.

Sheets-shaped kaolinite families include kaolinite, dickite, and nacrite, which are
formed by the decomposition of orthoclase feldspar (e.g., in granite). Dickite and
nacrite are rather rare in the nature and are usually found mixed with kaolinite in
deposits of hydrothermal origin [133]. The kaolinite is composed of one silica-
oxygen tetrahedral layer and one alumina-oxygen octahedral layer by the 1:1 ratio
with the molecular formula of Al2Si2O5(OH)4, as is shown in Fig. 6 [134]. The
chemical composition of kaolinite, dickite, and nacrite is similar; and the major
components of SiO2, Al2O3, and H2O, and the minor amounts of Mg, K, Fe, Ti, etc.
have the theoretical composition of SiO2 46.54%, Al2O3 39.50%, and H2O 13.96%
expressed in terms of the oxides. The formula indicates that there is no substitution
of Si4+ with Al3+ in the tetrahedral layer and no substitution of Al3+ with other ions
(e.g., Mg2+, Zn2+, Fe2+, Ca2+, Na+, or K+) in the octahedral layer. Thus, the net layer
charge of kaolinite is: [4 (þ 4)] þ [4 (þ 3)] þ [10 (� 2)] þ [8 (� 1)] = 0, but in
nature, kaolinite has a small net negative change arising from broken edges on the
crystals. This negative charge, although small, is responsible for the surface not
being completely inerted. Some workers have also reported substitution of octahe-
dral Al3+ with Fe2+ and/or Ti4+ in kaolinite [135].

100 nm~µm

O
AI
OH

Si

100nm2~2.5 mm

~1 mm

Fig. 5 Structure scheme of imogolite (Reproduced with permission from Ref. [115]) and TEM
image (Reproduced with permission from Ref. [116])
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Smectite-family clay minerals have been widely used as the reinforcing nano-
fillers for the fabrication of nanocomposites because of their larger surface area and
large aspect ratio [136, 137]. Among them, montmorillonite (MMT) has been
especially concerned in contrast to the other member of nanoclays owing to its
advantages such as abundance, environmentally friendliness, and well-studied
chemistry. MMT is a dioctahedral clay mineral with the 2:1 layer linkage. The
individual layers of MMT have the lateral dimensions of 200–600 nm and the
thickness of a few nanometers, and each layer is composed of two tetrahedral sheets
and an octahedral sheet, with the sandwhich-like structure. The sheets are linked to
each other in such a way that the silicon oxide tetrahedron (SiO4) shares its three out
of four oxygen atoms with the central octahedral sheets, as shown in Fig. 7 [138,
139]. The isomorphic substitution of Al3+ by Fe2+ or Mg2+, and Mg2+ by Li1+, in the
octahedral sheet induces the overall negative charge on each layer, and the different
metal cations such as Na1+ and Ca2+ are present in the interlayer of the galleries to
keep the charge balance, which make MMT having cation exchangeable capability
and hydrated capability [139, 140]. The hydration of MMT causes the swelling and
expansion of the galleries, and so MMTshows excellent colloidal properties superior
to most of the other clay minerals. In addition, the pristine clays are hydrophilic, and
so can only be dispersed in hydrophilic solvents or hydrophilic polymers. The metal
cations present in the clay galleries can also be exchanged with organic cations, such
as alkylammonuim or alkyphosphonium/onium ions to form intercalation or coating
structure, which allows the MMT clay to be modified as hydrophobic or partially
hydrophobic surface. Murray [141] reported that the charge imbalance called as
cation exchange capacity (CEC) in smectite is about 0.66 per unit cell due to the
isomorphic substitution. The CEC depends on the nature of isomorphic substitutions
and varies from layer to layer; hence an average value on the complete crystal is
considered [142]. It is expressed as mequiv/100 g (meq/100 g) and is reported to
range from 80 to 150 meq/100 g for smectites.

Vermiculite (VMT) is a mica-type trioctahedral silicate clay mineral with 2:1
layered structure like the well-known montmorillonite. Each layer is composed of
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Fig. 6 Structure of Kaolinite
(Reproduced with permission
from Ref. [134])
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octahedrally coordinated cations (typically Mg2+, Al3+, and Fe2+ ions) sandwiched
by tetrahedrally coordinated cations (typically Si4+ and Al3+). The isomorphous
substitution of Si4+ by Al3+ leads to a net negative surface charge (>0.6 per formula
unit), that is compensated by an interlayer of exchangeable hydrated cations (Ca2+,
Mg2+, Cu2+, Na+, and H+) (Fig. 8) [143]. Compared to montmorillonite, chlorite,
kaolinite, and hydrous mica, vermiculite is abundant and has larger cation exchange
content (CEC) (100–150 cmol/kg). Therefore, it could be modified with acid,
sodium, and long-chain quaternary ammonium, respectively. VMT is usually used
as a packaging material for antishocking, abundant, and much cheaper in compar-
ison with MMT, hectorite, and saponite [144, 145]. VMT has been proved to be a
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nice raw material to fabricate adsorbent [146], water-saving material [147], carrier of
catalyst [148], and reinforcement for the preparation of nanocomposites [149].

Mica family minerals are mainly biotite and phlogopite, and their chemical
composition can be expressed by K(Mg, Fe)3[Si3AlO10](OH)2. The space group is
C2/m, with a0= 0.531 nm, b0= 0.92 nm, c0= 1.022 nm, β = 100�. In the octahedral
structure, Mg2+ and Fe2+ in the octahedral layer exhibit complete isomorphous.
Usually, Mg: Fe > 2: 1 is for the phlogopite, and Mg: Fe <2: 1 is for the biotite.
In natural mica, a portion of Mg2+ and Fe2+ are often replaced by Al3+, Fe3+, Ti4+,
and Mn2+. The crystal structure of the mica mineral is composed of octahedral sheets
sandwiched between two [(Si, Al)O4] tetrahedral sheets. The [(Si, Al)O4] tetrahe-
drons with a total of three corners connected with each other to form a hexagonal
network, and the tetrahedral reactive oxygen is in the same side. The hydroxyl group
is located in the center of the hexagonal network and is on the same plane as the
active oxygen. The active oxygen in the upper and lower tetrahedrons of the
structural layer is opposite and displace a0/3 (about 0.17 nm) along the a-axis
direction, so that the two layers of active oxygen and hydroxyl exhibits the most
close stack, and Mg2+, Fe3+, and others fill in the pores formed by octahedron, which
is called mica structure layer. Since the Si4+ in the tetrahedral sheet is replaced by 1/4
of Al3+, the remaining negative charge appears in the structure layer. In order to
achieve the balance of the charges, there is a large cation (such as K+) between the
structural layers. The crystal structure of mica mineral is shown in Fig. 9 [150, 151].

Chlorite is a 2: 1 type of aqueous layered aluminosilicate [152]. Chlorite minerals
often form in clay-rich sedimentary rocks that are buried in deep sedimentary basins
or subjected to regional metamorphism at a convergent plate boundary. Chlorite that
forms here is usually associated with biotite, muscovite, garnet, staurolite, andalu-
site, or cordierite [153]. Metamorphic rocks rich in chlorite might include phyllite
and chlorite schist. Another formation environment of chlorite mineral is in oceanic
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Fig. 8 Structure scheme of vermiculite (Reproduced with permission from Ref. [143])
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crust descending into subduction zones. Here, amphiboles, pyroxenes, and micas are
altered into chlorite. Chlorite minerals also form during the hydrothermal, metaso-
matic, or contact metamorphism. These chlorite minerals are often found in frac-
tures, solution cavities, or the vesicles of igneous rocks. Unlike other 2: 1 minerals,
the interlayer of the chlorite structure unit layer is filled by positively charged
octahedral sheet to form a 1.4 nm basic structural unit that is highly stable at high
temperature. Since there are interlayer hydroxyl groups between the upper and lower
2: 1 interlayer, the hydrogen bonding interaction among them is strong, and so the
octahedral layer (or hydroxide sheet) has high thermal stability. However, the
chlorite formed at low temperature has an incomplete interlayer. Chlorite minerals
have a generalized chemical composition of (X, Y)4–6(Si, Al)4O10(OH, O)8. The “X”
and “Y” in the formula represent ions, which might include Fe2+, Mn2+, Fe3+, Mg2+,
Ni2+, Zn2+, Al3+, Li1+, or Ti4+ [154]. The composition and physical properties of
chlorites vary as these ions substitute for one another.

Themixed-layer clay mineral is different from the conventional 1:1 or 2:1 layered clay
mineral. It has the transition structure in which two or more layer types are vertically
stacked in the direction parallel to c* [155–157]. The interstratifications can be classified
as ordered, random, or partially ordered according to the stacking ordering [158].
Rectorite and illite/smectite are the representative mixed-layer clay minerals in the nature.

Rectorite is a kind of layered silicate, with the structure and characteristics much
like those of montmorillonite. It is a regularly interstratified clay mineral with
alternate pairs of dioctahedral mica-like layer (nonexpansible) and dioctahedral
montmorillonite-like layer (expansible) in a 1:1 ratio [159]. The thickness of a single
rectorite layer is about 2 nm, and the width and length vary from a micron to several
microns. The interlayer cations of montmorillonite-like layers can be exchanged
easily by either organic or inorganic cations, and therefore rectorite has a water-
swelling property similar to that of montmorillonite, which makes it possible to
prepare nanocomposites by solution-mixing processing technique [160]. Rectorite
has been widely applied in many areas such as adsorbent [161, 162], carrier of
catalyst [163], drug-delivery carrier [164], and polymer composite [165].

Fig. 9 Scheme of muscovite mica structure (left) (Reproduced with permission from Ref. [150])
and the structure of fluorotetrasilicic mica (Reproduced with permission from Ref. [151])
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Illite/smectite mixed layer clay (IS) is a mixture of crystallites that contain
disproportionate illite and smectite as two distinct, interstratified mineral entitles
[166], and is one of the most frequent mineral reactions occurring in deeply buried
sedimentary environments. It is formed from the illitization of smectite, so that IS
has the dual characteristics of illite and smectite [167]. The formation of IS is
dependent on time, temperature, pressure, K+ content, Al3+ for Si4+ substitution
and interlayer hydration, and the expandable and nonexpandable layers coexist in it.
The crystal structure of IS is interpreted in terms of a nonpolar and a polar 2:1 layer.
In the nonpolar model, individual 2:1 layers are chemically homogeneous, whereas
2:1 layers in the polar model present a smectite charge on one side and an illite
charge on the other [167]. The interstratifications between nonexpandable layers of
illite and expandable layers of smectite have attracted the attention of many
researchers because of their peculiar properties. IS demonstrates it potential appli-
cation in many areas such as adsorbent [168], geopolymers [169], and polymer
composite [170].

In addition to natural sources, the layered silicate clay minerals such as kaolinite
[171], montmorillonite [172], saponite [173], hectorite [174], smectite [175, 176],
mica [177], and hydrotalcite [178] can be synthesized by artificial methods, and can
also be synthesized by the hydrothermal transformation of other clay minerals such
as palygorskite [179, 180].

From Clay Minerals to Nanomaterials

Although the diverse assembly styles of silica-oxygen tetrahedrons and aluminium
or magnesium-oxygen octahedrons lead to the formation of a variety of nano-
structures, the nanoscale units are usually aggregated together to form bulk aggre-
gates and crystal bundles, or the nanosheets are usually assemble together to form
sandwiched structure with the interlayer cations. The advantages of clay minerals as
nanomaterial have not been fully developed due to the larger size of their natural
existence forms, so that the dispersion of clay minerals into a smaller size is the basic
premise of fully utilizing their nanomaterial advantages. For a long-term, the dis-
persion of clay minerals as nanoscale is the subject of great significance, and has
attracted considerable attention. For one-dimensional clay minerals, the rod-, fiber-,
or tube-shaped nanoscale crystals can be obtained by disaggregating the crystal
bundles or aggregates through various mechanical, physical, and chemical methods;
and the sheet-shaped nanoscale crystals could be obtained by exfoliating the sand-
wich-like mineral or intercalating organic molecules into the interlayer.

Disaggregation of Crystal Bundles or Aggregates

As for the applications of one-dimensional nanoclays, the rod-crystal bundles or
fiber bundles need to be dispersed as individual single crystals by an efficient method
in order to take full advantage of their nanomaterial properties. In fact, the rods or
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fibers of natural one-dimensional nanoclays usually exist as bulk crystal bundles or
aggregates [21], which is not readily dispersible in either water or common organic
solvents. In this chapter, the smallest crystal units of palygorskite were described as
“rod,” and correspondingly the aggregation of rods was described as crystal bundles,
and the association of crystal bundles was described as aggregates. The single rod
crystal of palygorskite is demonstrated to be a nanoscale material, but the crystal
bundles or aggregates with bulk size fail to demonstrate the characteristic of one-
dimensional nanomaterial. The bulk crystal bundles in natural palygorskite clay are
difficult to be dispersed in other medium or matrix, which certainly limited the
application of palygorskite in many areas, especial in nanocomposites.

As is known, the palygorskite crystal bundles can be disaggregated well when the
electrostatic, hydrogen-bonding, and Van der Waals’ forces among rods could be
overcome by external forces. Thus far, many physical methods (i.e., ball milling,
extrusion, ultrasonication, and high-speed shearing) or chemical modification
methods (i.e., acid treatment, salt treatment, and organification) methods have
been employed [14, 181–183]. Mechanical treatment is helpful to disperse the
bulk bundles as smaller bundles or single rods by the extrusion, shearing, and
knead forces. Chemical treatment may alter the surface charges of palygorskite
and weaken the interaction among rods. Although these traditional treatment
methods have been widely used in industries, the disaggregation efficiency is not
satisfactory, and the strong mechanical action may break the rod crystals, which
reduced the aspect ratio of palygorskite. So, the disaggregation and dispersion of
palygorskite crystal bundles with no expense of reducing aspect ratio have been
desired, because of the increasing demand for highly dispersed one-dimensional
nanorods.

In order to disaggregate the palygorskite crystal bundles as single nanorods,
Wang’s groups [53, 184–187] have employed high-pressure homogenization tech-
nology to treat palygorskite suspension, and found that the crystal bundles has been
dispersed as individual nanorods by the cavity effect generated by high-pressure
homogenization process. In addition, the organic solvents have been introduced in
this process to prevent the secondary aggregation of dispersed nanorods [188–190].
The high-pressure homogenization treatment of palygorskite at different ethanol/
water ratio has a great influence on the swelling properties of the superabsorbent
(NaAlg-g-P(NaA-co-St)/APT). It was found that the crystal bundles were effectively
disaggregated in the solution with the m(ethanol): m(water) = 5: 5 after homoge-
nized at 50 MPa, which clearly improved the gel strength (from 1300 to 1410 Pa,
ω = 100 rad/s), swelling capacity (from 442 to 521 g/g), swelling rate (from 3.3303
to 4.5736 g/g/s), and reswelling ability of the resultant superabsorbent nano-
composite. This confirms that the disaggregation of palygorskite crystal bundles is
favorable to enhance the properties of the superabsorbent. The highly dispersed
palygorskite demonstrates excellent performance that is obviously better than raw
one, which paves a solid foundation for the high-value utilization of palygorskite in
functional materials [23].

Sepiolite is a fibrous clay mineral and has been widely applied in many areas, but
the individual particles of sepiolite with fiber-like morphology usually lying in a
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highly aggregated state formed by bundles, so that the disaggregation or dispersion
of sepiolite has also been concerned in recent years. Zhou et al. [191] purified
sepiolite associated with quartz and calcite via sedimentation method and the
microwave-assisted acid treatment. The crystal structure of sepiolite shows no
change after freezing at �50 �C for 12 h or modification with hexadecyl trimethyl
ammonium bromide (HDTMA), but the aggregates were effectively disaggregated.
de Lima et al. [192] treated sepiolite with three ionic liquids based on imidazolium
cations with different alkyl chains (1-alkyl-3-methylimidazolium); alkyl = butyl
(BMIm), octyl (OMIm), and dodecyl (DMIm) and bis(trifluoromethanesulfonyl)
imide (Tf2N) as an anion. It has been revealed that sepiolite particles in the Sep/
BMImTf2N sample are more disaggregated, forming a 3D network of fibers. The
disaggregated sepiolites can be potentially applied as a reinforcing agent for poly-
mers, template for nanostructured materials, and support for catalysts.

Intercalation and Exfoliation of Layered Clay Minerals

The two-dimensional clay minerals (i.e., kaolinite, montmoriollite, illite, and mica)
have the “sandwich”-type structure composed of two tetrahedral sheets and one
octahedral sheet. The dispersion of two-dimensional clay minerals in composites can
be divided into three main categories: microcomposites, intercalated nano-
composites, and exfoliated nanocomposites, so that the intercalation of guest species
into the interlayer of clay minerals or the exfoliation of sandwich-type structure as
nanosized sheets are essential to fabricate a nanocomposite and fully utilize the
advantages of clay minerals as nanomaterials [193].

Sheet-shaped clay minerals have certain cation-exchange capacity and interlayer
cations, so the other organic molecules or metal ions may intercalate into the
interlayer to form an intercalation complex. The conventional sheet-type clay min-
erals could be intercalated by cationic species, such as chitosan [194], cationic
surfactants [195], positively charged hydroxyl aluminum [196], cationic polyacryl-
amide [197], the cationic vinyl monomers diallyl dimethyl ammonium chloride
[198], and others [199]. The intercalation of cationic species leads to the formation
of a nanocomposite, in which the clay mineral was dispersed as nanosize. The
preparative intercalation techniques include: (i) intercalation of surfactants, poly-
mers or prepolymers from solution; (ii) in situ intercalative polymerization method;
and (iii) melt intercalation method. The intercalative composite materials frequently
exhibit improved mechanical properties in comparison with origin polymers or
conventional micro- and macrocomposites.

Figure 10 shows the scheme of the pretreatment and intercalation of vermiculite
[143]. Three methods have been proposed for the modification of vermiculite. It has
been shown that the diffraction peaks of vermiculite at 2θ = 7.3� (d = 1.2 nm) shift
to 2θ = 8.1� (d= 1.1 nm) after acid treatment, remain unchanged after ion-exchange
treatment with Na+, but shift to 2θ = 8.1� (d = 3.7 nm) after treatment with
cetyltrimethylammonium bromide. It is obvious that the gallery spacing (d value)
was significantly larger than that of original VMT and NVMT. The larger gallery
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spacing indicated the intercalation of cetyltrimethylammonium bromide between the
silicate layers, and the gallery spacing depends on the packing density and chain
length, the intercalating agents radiated away from the surface forming bimolecular
tilted arrangement. The intercalation of clay minerals with surfactants is usually the
premise of prepare the polymer/clay intercalation composite. The increased gallery
spacing resulted from the intercalation of surfactants allow the polymer chains to be
easily intercalated into the interlayer.

The intercalation of clay minerals by natural polymer chitosan in solution has
been widely studied because such materials are ecofriendly and effective. Monvisade
and Siriphannon [200] prepared the chitosan-intercalated montmorillonite and stud-
ied its adsorption performance for dyes. In this process, chitosan (4 g) with the
deacetylation degree (DD) of 82.5% was dissolved in 196 mL of 2% v/v acetic acid,
and 2.5 g Na+-MMTwas dispersed in 100 mL of distilled water with the assistance
of ultrasonication for 1 h. After that, the chitosan solution was slowly added into the
aqueous suspension of Na+-MMT using the peristaltic pump at the rate of about
50 mL/h with vigorous stirring, and the mixture was treated at 60 �C for 24 h to
obtain the chitosan-intercalated montmorillonite. The basal spacing of d001 increased
from 1.23 nm to ~1.36 nm and ~2.25 nm, respectively, which corresponds to the
monolayers (~1.36 nm) and bilayers (~2.25 nm) of chitosan in MMT (Fig. 11).

In situ intercalative polymerization method has also been used to prepare inter-
calation composites. The poly(methylmetacrylate)/montmorillonite (PMMA)/
(MMT) nanocomposites were prepared by one-step in situ intercalative solution
polymerization involving simultaneous modification of MMT with quaternary
ammonium salts (QAS), polymerization, and polymer intercalation [201]. The
largest extent of intercalation was achieved in nanocomposites with the QAS having
one long alkyl (C16) chain, and the MMT layers were uniformly dispersed in the
polymer matrix (Fig. 12). The obtained PMMA/MMT intercalated nanocomposites
exhibited a higher glass transition temperature, better thermal stability, and improved
solvent resistance than the neat PMMA.

Fig. 10 Schematic drawing of modified VMT in three different ways (Reproduced with permission
from Ref. [143])
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Fig. 11 Intercalation of chitosan into Na+-MMT: (a) monolayer and (b) bilayer structures
(Reproduced with permission from Ref. [200])

Fig. 12 TEM micrograph of
PMMA/MMT–CTMAB
nanocomposite with 4.8%
MMT (Reproduced with
permission from Ref. [201])
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Two approaches have usually been employed to exfoliate the sheet-shaped clay
mineral. One is the exfoliation by mechanical shearing action, and another method is
the in situ polymerization of monomers in the layers. Figure 13 shows the schematic
representation of the preparation processes of POBDS–vermiculite nanocomposite
[202]. The pristine vermiculite (VMT) was firstly intercalated with octa-
decylammonium, which leads to the increase of gallery spacing from 1.2 nm to
2.9 nm. The cyclo(4, 40-oxybis(benzene)disulfide) oligomers (COBDS) were further
intercalated into organo-VMT via diffusion of COBDS melt into VMT galleries. It is
demonstrated that small molecular COBDS, with relatively lower melt viscosity,
facilitates its diffusion into the interlayer of organoclay. This indicates the main merit
of utilization of cyclic oligomers as intermediate or precursor for the composite
matrix. Generally, the formation of nanocomposite via melt intercalation depends
upon the mobility of the matrix melt. Hence, this is important in terms of the polymer
dynamics and diffusion in the confined environment of polymer/layered clay. By
heating the COBDS/VMT nanocomposite precursor at 200 �C, an instant ring-
opening polymerization of COBDS occurs (Fig. 13). There is no XRD reflection

Fig. 13 Schematic representation of the processes for preparation of POBDS–VMT nano-
composite (Reproduced with permission from Ref. [202])
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observed for the resulting material, demonstrating the formation of exfoliated
POBDS–VMT nanocomposite. The exfoliated nanosized VMT layers were uni-
formly dispersed in the polymer matrix (Fig. 14).

The modification methods of clay minerals have also a great influence on the
structure of the formed nanocomposites. Wang and Wang [203] prepared a series of
superabsorbent composites using modified rectorite as the inorganic components. It
was found that the intercalated nanocomposite was obtained using organified
rectorite (CTA+-REC) as the inorganic component, but only exfoliated nano-
composite was obtained using raw rectorite or acid-treated rectorite (H+-REC) as
the inorganic components (Fig. 15). The intercalated nanocomposite shows better
water absorption capability than exfoliated nanocomposite.

Functional Ecomaterials Based on Nanoscale Clay Minerals

In addition to the industrial applications mentioned above, nanoclays are also helpful in
environmental protection and remediation. Their potential as adsorbents, catalysts,
reinforcing agents for volatile organic compounds, and organic/inorganic contaminants

Fig. 14 TEM micrograph
of POBDS–VMT
nanocomposite (Reproduced
with permission from
Ref. [202])
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in wastewater is well documented. In this section, the functional ecomaterials derived
from various clay minerals have been summarized systematically.

Adsorption Materials

Modified Clay Minerals

Mechanical-Treated Clay Minerals
Mechanical-chemical treatment is an effective method to alter the structure, surface
properties, and performance of natural nanoscale clay minerals [204, 205]. The
mechanical treatment may disperse bulk crystal bundles or aggregates as smaller
units to increase the specific surface area or break the inert Si-O-Si(or M) bonds to
form active Si-O� groups, which are greatly helpful to improve the adsorption
performance. The mechanical treatment of palygorskite by stone milling may par-
tially disaggregate the crystal bundles, and greatly enhance the specific surface area
from 153 to 229 m2/g, micropore area from 28 to 103 m2/g, and micropore volume
from 0.012 to 0.047 cm3/g, as well as the adsorption capacity for Methylene blue
from 89.21 to 111.78 mg/g [181]. Djukić et al. [206] has evaluated the effect of ball-
grinding on the adsorption performance of Serbian natural clay, and found that the
grinding treatment greatly enhanced its CEC value from 77 meq/100 g to 95 meq/
100 g, as well as the adsorption removal efficiency from 80.8 to 86.6% (for Ni(II)),
80.8 to 87.3% (for Cd(II)), respectively. Maleki et al. [207] have employed a ball-
milling process to treat local clay and studied the effect of mechanical treatment on
the structure and adsorption performance of the clay. It has been found that the
adsorbent prepared at the ball/powder mass ratio of 10:1 and the time of 10 h shows
the maximum adsorption capacity of 29.76 mg/g for Ni(II), which enhanced by
71.7% in comparison to the initial unmilled clay. In addition, the mechanical-

Fig. 15 Illustration of (a) exfoliated nanocomposite GG-g-PNaA/H+-REC and (b) intercalated
nanocomposite GG-g-PNaA/CTA+-REC (Reproduced with permission from Ref. [203])
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chemical treatment may promote the loading of cationic inorganic molecules on clay
minerals by intercalation [208], or insertion [209], or grafting [210, 211] approaches.

Acid-Modified Clay Minerals
Acid activation is the frequently used method to improve the structure and physico-
chemical features of clay minerals [212, 213]. Acid leaching of clays and clay
minerals causes the disaggregation of clay particles, elimination of impurities, and
dissolution of the external layers. The inorganic acid modification may increase the
surface area, pore volume, and number of acid sites, and thereby enhance the
adsorption capability of clay minerals. The commercial bleaching earth used for
decolorization of vegetable oils is usually produced by the acid (mainly H2SO4)
treatment of bentonite, because this process led to the increase of specific surface
area and pore volume. The chemical compositions of the raw bentonite, acid
concentration, temperature, and leaching time play significant roles in the chemical
composition and mineralogical properties of the bleaching earth [214]. The acidity of
the montmorillonite arises from H+ in the surface exchange sites (Brønsted acid
sites). These acid sites were produced by the exchange of interlamellar cations (Mg2+

and Al3+) in the octahedral sheet with H+ from the sulfuric acid. With increasing acid
concentration and impregnation time, considerably greater amounts of octahedral
Al3+ and Mg2+ were removed, leading to a decrease in the Lewis acidity [215].

The influence of acid treatments on the adsorption capacity of sepiolites has been
studied by Kilislioglu and Aras [216]. The acid-treated forms of clays show a
significant increase in the specific surface area. Even though the acid treatments
produced clays with higher specific surface area, the adsorption capacity of acid-
sepiolite toward UO2

2+ ions was smaller than the untreated sepiolite. This phenom-
enon occurred likely due to the leaching of most of the interlayer Mg2+ ions and the
collapse of the octahedral layer. Tunisian smectite-rich clay was modified by Chaari
and coworkers [217] using two inorganic acids (HCl and H2SO4). The modification
using H2SO4 gave a better adsorption performance than HCl on the removal of Pb(II)
from aqueous solution. Compared to nonactivated clay, both acid-activated clays
have a higher number of active surface sites for the binding of lead cations. Panda
and coworkers [218] studied the influence of acid concentration on the physico-
chemical characteristics of kaolin clay. The results indicate that high acid strength
treatment provoked amorphization and structural transformation to form an amor-
phous silica type phase. The improvement of pore characteristics such as specific
surface area and pore volume was observed after acid treatment. A similar study of
the acid activation of kaolin was also conducted by Alkan et al. [219]. The effect of
molar concentrations and acid to solid impregnation ratios was studied and they
found that the partial distortion of layer structure and specific adsorption of H+ ions
onto the clay surface reduced the active patches of kaolin.

Combination of acid and thermal treatment process was proven to be favorable to
increase the adsorption capacity of montmorillonite further [220, 221]. The carbon-
ates were removed by HCl (1 N) and organic compounds were removed by thermal
treatment, which make the modified clay minerals have better adsorption perfor-
mance than raw ones.
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Alkaline-Modified Clay Minerals
Compared to the acid modification, the impregnation of clay minerals using base
solutions for environmental purpose is seldom used. Sodium hydroxide solution was
used to regenerate a spent bleaching earth from an edible oil refinery by Mana et al.
[222]. After alkali treatment, the spent bleaching earth was subsequently treated with
thermal treatment at 100 �C. The clay structure was not apparently affected by the
treatment and the impregnated organic matter was quantitatively removed. The
treated spent bleaching earth exhibited a significantly higher adsorption capacity
than virgin bleaching earth as well as fast adsorption kinetics at the same metal
concentration [222]. The influence of acid, base, and salt modifications of clay on its
adsorption rates for naphthalene was examined by Owabor et al. [223]. The chemical
modifiers used in their study include hydrochloric acid (HCl), citric acid (C6H8O7),
sodium hydroxide (NaOH), ammonium hydroxide (NH4OH), sodium chloride
(NaCl), and zinc chloride (ZnCl2). Sodium hydroxide modified clay showed rela-
tively better adsorption performance for the removal of naphthalene from the bulk
solution, while ammonium hydroxide modified clay showed a slow adsorption rate
of naphthalene from the bulk solution [224]. Sodium hydroxide was also used for
modification of illite by Lakevičs et al. [225]. The experimental results indicate that
the adsorption performance of illite toward methylene blue increased after the
modification process. Wang et al. [226] modified palygorskite with NaOH solution
at ambient temperature, and the effect of alkaline activation on the adsorption
performance was studied. It was revealed that the palygorskite rods gradually
become shorter with increasing the concentration of NaOH, and the Al and Mg
ions in the octahedral sheets could be leached out by alkaline attack, and the rod-like
morphology disappears after treated with 5 mol/L NaOH solution. The breakage of
inert Si-O-Si and Si-O-M bonds leads to the generation of more Si-O� groups, which
increased the negative surface potentials of palygorskite and intensified the com-
plexation capability to cationic dyes. After modification, the adsorption capability of
palygorskite increased from 65.88 mg/g to 154.56 mg/g. Akpomie et al. [227]
modified montmorillonite with 1 mol/L NaOH solution and used for the adsorption
removal of Ni(II) and Mn(II) from aqueous solution. It was found that the alkaline
modification increased the specific surface area from 23.2 to 30.7 m2/g and the cation
exchange capacity from 90.78 to 94.32 meq/100 g, and the maximum adsorption
capacities of the activated montmorillonite reached 200 and 197 mg/g for Ni(II) and
Mn(II), respectively. Öztop et al. [228] reported a low-cost adsorbent prepared by an
alkaline hydrothermal treatment (reflux method) in NaOH solution using montmo-
rillonite-illite clay as the raw materials. After the reaction, the original mineral was
converted to a zeolitic material with spherical morphology, and the SiO2/Al2O3 and
Na2O/Al2O3 ratios sharply changed. The adsorption ratio of the modified adsorbent
for Cs+ from 0.1 mmol/L of initial solution reached 97%. The moderate alkaline
modification is favorable to the adsorption of clay minerals for dyes or heavy metal
ions because this process could improve surface charge and increase the surface Si-
O- groups, which is potential to be used in industry on a large scale.
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Ion-Exchange Modified Clay Minerals
There are large amount of exchangeable cations in the clay minerals for the com-
pensation of charges. These ions affect the compositon and surface properties of clay
minerals, and thereby affect their adsorption properties. So, ion-exchange modifica-
tion is also a commonly used method to tailor the surface chemical feature of clays
and clay minerals. In this process, the certain exchangeable cations in the interlayers
were exchanged with other cations from the solution. The cation exchange modifi-
cation of natural clinoptilolite was reported by Lihareva et al. [229], and it has been
confirmed that the replacement of Na+ ion toward the interlayer cations (K+, Ca2+,
and Mg2+) enhances the cation exchange capability of Na-clinoptilolite toward Ag+

ions because of more monoionic character of the clay. Similar study about ion-
exchange modification of clinoptilolite using NaCl and HCl solutions was done by
Coruh [230] for the removal of zinc ions, and it was found that sodium-exchanged
clinoptilolite shows higher effective ion exchange capacity due to lower Si to Al
ratio. Ma et al. [231] reported Cu2+-exchanged montmorillonite (CEM) and evalu-
ated its adsorption performance for methylene blue (MB). The BET specific surface
area of montmorillonite increased from 367.7 to 576.3 m2/g, but the adsorption
capacity slightly reduced after Cu2+ exchange. However, in some case, ion-
exchange is not conducive to improve the adsorption capacity of clay minerals.
Huang et al. [232] found that the exchange modification of Ca-montmorillonite (Ca-
Mont) with titanium cation might increase the BET surface area due to the pore-
opening effects and the increased interlayer spacing. The pore size, pore volume, and
pore connectivity of montmorillonite also increased due to the pore-opening effects,
but the adsorption capacity decreased because high-valuant ions are more difficult to
be exchanged than low-valent ions. Wang et al. [233] modified Ca-Mont by ion-
exchange with titanium cations. It was found that the Ti-Mont is less crystalline than
the Ca-Mont, the Ti cation-exchange process may exfoliate Mont clay to some
extent, which leads to from the large increase of surface area from 80.4 to
215.5 mg/g. The adsorption of the modified montmorillonite for basic dyes
decreased because Ti4+ is more difficult to displace by basic dyes than Ca2+.

Heat-Activated Clay Minerals
Heat activation is a frequently used method to improve the adsorption properties of
clay minerals [234, 235]. Different kinds of water located in intracrystalline tunnels
of clay minerals can be removed selectively by heat treatment at different temper-
ature, which correspondingly changes the pore structure and surface properties [236,
237]. In addition, heat activation process can broke some inert Si-O-Si (or M) bonds
to increase the ion-exchange capability of clay minerals [238]. So, heat treatment has
an influence on the specific surface area and cation-exchange capacity, which are
very important to judge the adsorption capacity of adsorbent [239]. Chen et al. [238]
treated palygorskite by calcinations and studied the effect of this process on the
adsorption properties. It was revealed that the change trend of the adsorption
capacity of activated samples for dye adsorption is accordant with that of CEC
with increasing the calcinations temperature, and the leaching amount of divalent
ions (Mg2+, Ca2+) in all samples are significantly higher than that of univalent (Na+,
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K+) and trivalent ions (Fe3+, Al3+). With further increasing to 700 �C, the charac-
teristic peaks of palygorskite in XRD patterns almost completely disappear, imply-
ing a thorough destruction of its crystal structure. It is observed from the pattern of
the sample treated at 800 �C that some new peaks attributed to cristobalite and
clinoenstatite minerals appear, which means the change of palygorskite to an
amorphous structure. The adsorption capacity increased from 48.39 to 78.11 mg/g
after heat activation. Sabah et al. [240] found that the specific surface area of
sepiolite increased to specific surface area of 235 m2/g after heat activation, and
more Mg2+ could be exchanged from heat-activated sepiolite, which is favorable to
enhance the adsorption of sepiolite for surfactants. The increased specific surface
area and cation ion exchange capability are the main reason for the enhanced
adsorption. The heat- or acid/heat- activation process of clay minerals has been
widely used in industry to produce various adsorbent, such as decoloring agents of
edible or biodiesel, molecular sieve, catalysts, and others.

Organo-Modified Clay Minerals with Surfactants
Currently, various surfactants have been used for the modification of clay materials
in order to improve the adsorption performance. The main purpose of the intercala-
tion or coating of surfactant ions onto the clay mineral is to convert the initially
hydrophilic clay mineral particles into hydrophobic organoclays. The cationic sur-
factants such as linear alkyl amines and alkyl ammoniums substances (fatty amine
salts and quaternary ammoniums) have been frequently used for the fabrication of
organo-modified clay minerals due to their positive charge. The most commonly
used cationic surfactants for modification of clay minerals are quaternary ammonium
salts, such as cetyltrimethylammonium bromide [241, 242], octa-
decyltrimethylammonium [243], tetradecyltrimethylammonium bromide [244],
dodecyltrimethylammonium bromide [245], and cetyltrimethylammonium chloride
[246]. Quaternary phosphonium surfactants were also used for the modification of
clay minerals [247]. The surface modification of clays and clay minerals with
cationic surfactants involves both cation exchange process and the bonding of the
hydrophobic moiety in the clay layers.

It has been demonstrated that the modification with cationic surfactants can alter
the surface charges and hydrophilic/hydrophobic characteristics of clay minerals,
which make them able to remove more hazardous pollutants from aqueous environ-
ment and landfill liner (to protect soil and groundwater from hydrophobic organic
compounds pollution) with satisfactory efficiency. The clay minerals modified with
quaternary ammonium surfactant have better affinity toward many hydrophobic
organic compounds than unmodified ones [248]. For example, the modification of
bentonite with surfactant could improve its adsorption removal capability to hydro-
phobic organic compounds [249]. The quaternary ammonium salts with different
alkyl chain lengths and a benzyl substitute group has been used for the modification
of montmorillonite and smectite, and it has been found that the properties (hydro-
phobicity, oleophilicity, interlayer spacing, particle size, and thermal properties) of
organo-montmorillonite or organi-smectite can be tuned by altering the alkyl chain
lengths and functional groups of surfactants [250]. The modification with quaternary
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ammonium surfactants which have benzyl substitute group resulted in water non-
wettable and superhydrophobic surface, whereas clays modified with quaternary
ammonium surfactants without benzyl substitute group became more water-wettable
and hydrophilic than the pristine clay [250]. The arrangement of surfactants on and
in clay platelets was estimated and schematically illustrated in Fig. 16. In case of
surfactants having benzyl substituent, the adsorption of these surfactants is governed
by steric hindrance and stacking interaction of aromatic rings. The larger width of
head group (8.29 Å) in this kind of surfactants is larger than the width of alkyl chain
(3.65 Å). Then, this type of surfactants creates an array consisting of π–π stacking in
the clay, which resists the penetration of water molecules into adsorbed surfactant
monolayer. However, nonpolar organic liquids are suitable to this surfactant array
because of the affinity of long hydrocarbon chains and aromatic rings toward such
liquids like n-octane. The modification of one-dimensional clay mineral such as
sepiolite with cationic tetradecytrimethylammonium bromide also altered the nega-
tive surface charge to the positive charge [251].

The functionalization of the surface chemistry of clay minerals using an interca-
lation method with anionic surfactant has been carried out [252, 253]. The

Fig. 16 Schematic illustration of the arrangement of surfactant in interlayer and on surface of clay
(Reproduced with permission from Ref. [250])
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preparation of organo-bentonite using linear alkylbenzene sulfonate (LAS) as the
anionic surfactant was carried out by Nathaniel et al. [253]. A similar procedure was
also employed by Sandy et al. [254] for the modification of bentonite using an
anionic surfactant (linear alkylbenzene sulfonate).

Different conventional cationic or anionic surfactants, gemini surfactants are a class
of amphiphilic molecules containing two head groups and two aliphatic chains [255]. In
the recent years, gemini surfactants have attracted attention of many researchers for
modification of clay and clay minerals [256]. Gemini surfactants have been claimed to
have many advantages compared to the conventional surfactants, such as higher effi-
ciency in reducing the oil/water interfacial tension, better wetting, lower critical micellar
concentration, foaming, and antibacterial activities [257]. Glycol bis-N-cetylnicotinate
dibromide a cationic gemini surfactant has been used for the modification of bentonite
[247] andmontmorillonites [258]. It has been revealed that the cationic gemini surfactant
was intercalated into the bentonite or montmorillonite layer. The gemini surfactant
modified bentonite has a better adsorption capacity than CTA-bentonite.

The use of synthetic surfactants to modify clay materials sometimes causes quite
serious problems to the environment due to the use of excess surfactants. The
surfactants could possess poisonous effects to the aquatic life, especially if these
chemical compounds are present in sufficient amounts. Rarasaponin extracted from
the berry soap (Sapindus rarak DC) was employed as a modifying agent to improve
the adsorption capacity of several clay materials [259, 260]. Several functional
groups exist in the structure of rarasaponin such as hydroxyls, ester carbonyls,
aromatic rings, and also alkanes group both in aliphatic and alicyclic structure
[261]. Suwandi et al. [258] studied the modification of kaolin using a rarasaponin
surfactant. Modification of kaolin was conducted by soaking kaolin in rarasaponin
solution for 24 h at room temperature. The XRD pattern for kaolin and rarasaponin-
kaolin indicate that the alternation of basal spacing of kaolin occurred after interca-
lation of the rarasaponin molecules into interlamelar spacing of kaolin. In relation to
environment protection, Chandra et al. [259] employed rarasaponin surfactant as the
modifying agent for the preparation of organo-bentonite.

Organo-Modified Clay Minerals by Surface Coating or Grafting
Organic-inorganic nanocomposites with clay minerals as the main components have
been confirmed to be new families of adsorbents because they have better adsorption
performance than raw clay minerals. The moderate surface modification of clay
minerals by different types of organic molecules may tune their surface hydrophilic-
hydrophobic properties, charge characteristics, and/or complexing ability to heavy
metal, dyes, and other ions or molecules. The commonly used surface modification
methods include chemical grafting or surface coating. The chemical grafting method
could introduce organic components or functional groups by forming covalent bonds
between the silanol groups of clay minerals and the modifier, for example, the
reaction of silane coupling agent with clay minerals (Fig. 17) [104, 261]; whereas
the surface coating method may introduce organic species by physical action, such as
electrostatic, hydrogen bonding, and Van der Waals forces, such as layer-by-layer
assembly (Fig. 18) [262, 263].
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The highly dispersed palygorskite nanorods are obviously advantageous to be
used as the ideal carrier of magnetic particles by virtue of the relatively greater
surface area and higher surface activity. Wang’s group adopted highly dispersed
nanoscale palygorskite to fabricate magnetic Fe3O4/Pal@(CS/Cys-β-CD)8 [262] and
Pal/Fe3O4/polyaniline adsorbents [264], which show superior adsorption capability
to noble metal ions and dyes. The highly dispersed palygorskite would be potential
as an ideal matrix to develop new organic-inorganic composite adsorbents.

The surface modification of clay minerals with natural polymers provided an
environment-friendly approach to improve the adsorption properties of clay minerals
because of their low production cost and outstanding physicochemical properties.

Fig. 17 Schematic illustration of the surface modification of attapulgite (ATP) by 3-aminopropyl-
triethoxysilane (APTES) (Reproduced with permission from Ref. [261])

FeCI3+ATP

3 4

2

CS,

Fe3O4/ATP

Solvothermal method

Cys-β-CD, Repeating 2 and 3 for
seven times

Fe3O4/ATP@CS1 Fe3O4/ATP@(CS/Cys-β-CD)1 Fe3O4/ATP@(CS/Cys-β-CD)8

Fig. 18 The mechanism proposed for the preparation of Fe3O4/ATP@(CS/Cys-β-CD)8 composite:
(1) the synthesis of Fe3O4/ATP; (2) the self-assembly of CS on Fe3O4/ATP; (3) the self-assembly of
Cys-β-CD via electrostatic interactions between CS and Cys-β-CD; (4) the alternate deposition of
CS and Cys-β-CD repeated seven times (Reproduced with permission from Ref. [262])
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Peng et al. [265] prepared chitosan-modified palygorskite by surface grafting of Pal
with chitosan and used for the adsorption of dyes. The maximum adsorption capacity
of CTS-modified PA reached 71.38 mg/g, which is greatly higher than that of
unmodified palygorskite (6.3 mg/g). In addition, CTS-coated montmorillonite is
proved to be an efficient adsorbent for tungsten removal from contaminated sites,
reducing the tungsten concentration in product water to below 1 μg/L [266]. CTS/
zeolite composites have comparable capacity to other anion exchangers with a
nitrate ion exchange capacity of 0.74 mmol NO3

�/g [267]. CTS/bentonite has
been used in removing Pb (II), Cu (II), and Ni (II) from aqueous solution under
static conditions, which established inexpensive large-scale barrier filters for the
removal of heavy metals contaminations in wastewater [268]. Zhai et al. [269]
synthesized chitosan–halloysite nanotubes adsorbent with hierarchically porous
structure by the assembly of chitosan onto halloysite nanotube via electrostatic
interaction (Fig. 19). The as-prepared adsorbent showed excellent immobilization
capacity for horseradish peroxidase (HRP), with the maximum enzyme loading
amount of 21.5 mg/g (only 3.1 mg/g for raw halloysite). And the immobilized
HRP exhibited high removal efficiency for phenol from wastewater. Marrakchi et
al. [270] modified sepiolite with chitosan by a combination of surface assembly and
crosslinking process. When the ratio of chitosan to sepiolite is 1:1, the resultant
adsorbent shows the best adsorption capacities of 40.986 mg/g and 190.965 mg/g for
MB and RO 16, respectively.

As described above, the organic molecules containing different functional groups
can be attached onto clay minerals with negative charge characteristics by electro-
static or hydrogen bonding interaction, and thereby the adsorption capacity of clay
minerals can be enhanced. In addition to the nature of the charge, there are a large
number of functional groups on the surface of clay mineral, which can serve as active
sites to allow the active organic molecules graft onto it [182, 271, 272]. The
functional groups of these molecules may chemically bond to clay minerals, and

Fig. 19 The assembly process of chitosan onto halloysite nanotube (Reproduced with permission
from Ref. [269])
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thereby the adsorption capacity of the clay mineral was greatly enhanced due to the
introduction of functional groups. Celis et al. [273] prepared functionalized sepiolite
and montmorillonite by grafting the organic ligands containing thiol (-SH) groups
and evaluated their chelating capability to heavy metal ions Hg(II), Pb(II), and Zn
(II). The fiber-like sepiolite was modified by chemically grafting of 3-mercapto- pro-
pyltrimethoxysilane (MPS) on the surface silanol groups, while the 2:1 sheet-like
montmorillonite was modified with 2-mercaptoethylammonium (MEA) by an ion-
exchange process. The functionalized sepiolite or montmorillonite are a good adsor-
bent for Hg(II) ions. The adsorption capacity of sepiolite and montmorillonite for Hg
(II) was enhanced from 170 � 25 mmol/kg to 590 � 15 mmol/kg, and from
250 � 30 mmol/kg to 660 � 25 mmol/kg, respectively, but their adsorption
capacities for Pb(II) and Zn(II) are not ideal, which indicate that the adsorbent can
selectively adsorb Hg(II). Mercier and Detellier [274] modified montmorillonite
with 3-mercaptopropyl trimethoxysilane by a covalent grafting reaction, which
shows good adsorption capacities for Pb(II) (70 mg/g) and Hg(II) (65 mg/g), but
poor adsorption capacities for Cd(II) and Zn(II). Yuan et al. [96] have modified
natural halloysite clay nanotubes with γ-aminopropyltriethoxysilane (APTES). It
was found that APTES not only directly graft onto the hydroxyl groups of the
internal walls, edges, and external surfaces of the nanotubes, but also condensed
with the directly grafted APTES to form a cross-linked structure (Fig. 20). The
modification of attapulgite with 3-aminopropyltriethoxysilane (APTES) to introduce

Fig. 20 The proposed mechanism of the formation of cross-linked network (a), and of the grafting
between bidentate bonded Si and AlOH groups (b) (Reproduced with permission from Ref. [96])
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–NH2 groups, and so the NH2–attapulgite showed better adsorption capability to Hg
(II) [261] and high adsorption rates of 99.32%, 99.67%, and 96.42% for Reactive
Red 3BS, Reactive Blue KE-R, and Reactive Black GR, respectively [275]. In
addition, many other modifiers such as 2-(3-(2-aminoethylthio)propylthio)
ethanamine (AEPE) [276], (3-mercaptopropyl)trimethoxysilane [276, 277], and
2,2-bis (hydroxymethyl) propionic acid (bis-MPA) [278].

Organified Modified Clay Minerals by Intercalation Method
As known, most of the clay minerals in nature usually have sandwiched structure,
which are composed of the nanoplates constructed by two SiO4 tetrahedral sheets
and one AlO6 octahedral sheet and interlayer exchangeable cations, such as Ca2+,
Na+, K+, and Mg2+. These cations can be replaced by other cationic species such as
surfactants (i.e., quaternary ammonium salt, quaternary phosphonium salts), posi-
tively charged polymers (i.e., chitosan, cationic polyacrylamide) or small molecules
(i.e., amino acids, dimethyldiallylammonium chloride), and inorganic polymer (i.e.,
polyaluminium chloride) [279]. The interlayer spacing tends to increase when the
cations were replaced by other larger molecules or polymer, and the intercalated or
exfoliated organic/inorganic nanocomposites were formed. The cationic surfactants-
intercalated clay minerals such as montmorillonite [280, 281], bentonite [282],
rectorite [283, 284], illite [285], muscovite [286], and kaolinite [287] have been
widely studied and used for the adsorption of various pollutants. The introduction of
surfactants may tune the charges of clay minerals and alter their hydrophilic or
hydrophobic features, so that the affinity of clay minerals with different types of
pollutants could be controlled by altering the type or structure of surfactants.
However, the small surfactant molecules are susceptible to leakage into the environ-
ment after use, causing secondary contamination. In addition, the price of the
surfactant is relatively expensive. Recently, natural cationic polymer such as
chitosan has been used as the organic component to fabricate various intercalated
nanocomposites [288]. The nanocomposites of chitosan with different clay minerals
including rectorite [289], bentonite [290], and montmorillonite [291, 292] have been
prepared and used for the adsorption removal of different pollutants, e.g., dyes,
phenol, heavy metals, and others. The intercalation of chitosan into the
interlayer spacing of layered clay minerals may increase their interlayer spacing,
and simultaneously the –NH2 functional groups were introduced, which are favor-
able to improve the chelating capability of the nanocomposite toward dyes or heavy
metals (Fig. 21) [293]. Fig. 21 is the schematic illustration of the adsorption
mechanism of the chitosan-intercalated montmorillonite. The chitosan polymer
chains are presented in the interlayer spacing, whose –NH2 groups may chelate
with Cu(II) to form a stable complex, which is helpful to enhance the adsorption
capability of clay minerals.

Solvothermal/Hydrothermal Modified Clay Minerals
Solvothermal and hydrothermal process is a highly effective approach to alter the
crystal structure and improve the adsorption properties of clay minerals [294, 295].
In this process, the mineral crystal could be transformed as another crystalline phase
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[180], or the inert Si-O-Si or Si-O-M bonds could be broken to form Si-O� groups
with adsorption activity [296]. These groups as adsorption sites may complex with
various cationic species such as heavy metal ions, dyes, or antibiotic to enhance the
adsorption capacity of the clay minerals. In addition, the structure and adsorption
properties of clay minerals could be controlled by altering reaction condition or
introducing different organic groups. Tian et al. modified palygorskite by a hydro-
thermal reaction in the presence of sodium sulfide [297] and ammonium sulfide
[298] and studied the effect of hydrothermal process on the structure and adsorption
performance of palygorskite. It was found that the modification with ammonium
sulfide greatly enhanced the adsorption capacity of palygorskite for Methyl violet
from 156.05 to 218.11 mg/g, and the modification with sodium sulfide may enhance
the adsorption capacity of palygorskite for methylene blue for MB from 129.71 mg/g
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to 187.56 mg/g. It has also been confirmed that the high-pressure homogenization
treatment associated with the hydrothermal process could improve the adsorption
performance of palygorskite more effectively [299], and the presence of moderate
amount of alkaline is favorable to the structure evaluation and performance improve-
ment of palygorskite [300].

In the hydrothermal reaction process, the organic small molecules can be intro-
duced to improve the adsorption performance further. Zhang et al. [301] introduced
chloroacetic acid (CA) in the hydrothermal treatment process of palygorskite, and
found that the modified palygorskite could almost completely remove MB in the
200 mg/L of MB solution with a removal ratio of 99.8%, while the removal ratio of
raw palygorskite for MB is only 59.52%. Similarly, different types of organic acids
[302] and glycine [303] have been introduced to enhance the adsorption capability of
palygorskite for organic dyes or heavy metal Pb(II) ions.

Clay Minerals-Derived Porous Hybrid Adsorbents
Due to the complex geologic origin, it is difficult to obtain pure clay mineral in the
nature. In other word, naturally available clay minerals are usually associated with
one more other minerals [304]. The presence of the associated minerals limited the
adsorption properties of natural clay minerals. In general, the separation or purifica-
tion of clay minerals is costly and energy-consuming, which is not suitable for the
large-scale industrial application. So, the comprehensive utilization of main minerals
and associated minerals is desirable in both of academic or industrial applications.
The simultaneous transformation of main mineral and associated minerals as new
porous silicate adsorbent is an effective and feasible approach to fully utilize the clay
minerals with complex components. It has been reported that palygorskite and
associated minerals could be simultaneously transformed as mesoporous hybrid
silicate adsorbents by a simple hydrothermal process in the presence of sodium
silicate and metal salts. The mesoporous Zn-silicate adsorbent has been prepared by
one-step hydrothermal process in the presence of sodium silicate and zinc sulfate
[305], which shows the best adsorption capacities of 384 mg/g (only 154 mg/g for
raw palygorskite) for aureomycin. Similarly, the mesoporous Mg-silicate adsorbent
with spherical morphology and mesopores (Fig. 22) has been also prepared by
hydrothermal process using low-grade brick-red palygorskite as the raw materials
[306]. It has been confirmed that the palygorskite and associated minerals (Fig. 22a)
were transformed as uniform spherical amorphous silicate adsorbent (Fig. 22e),
which exhibits a large pore size of 37.74 nm and a high specific surface area of
489.81 m2/g, and its maximum adsorption capabilities reached 407.95 mg/g and
397.22 mg/g for methylene blue (MB) and crystal violet (CV), respectively. Besides
palygorskite, the hydrothermal synthesis method can also be used to prepare meso-
porous adsorbent using other clay mineral as raw material, such as illite/smectite clay
[307]. The resultant adsorbent shows high specific surface area of 363.52 m2/g
(about 8.7 folds higher than that of illite/smectite clay) and very negative Zeta
potential (� 34.5 mV), and the optimal silicate adsorbent can adsorb 408.81 mg/g
of chlortetracycline (only 159.7 mg/g for raw illite/smectite clay) and remove 99.3%
(only 46.5% for raw illite/smectite clay) of chlortetracycline from 100 mg/L initial
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solution (pH 3.51; adsorption temperature 30 �C; adsorbent dosage, 3 g/L). It has
been confirmed that the introduction of the organic small molecules with functional
groups (i.e., chloroacetic acid, glucine) during hydrothermal reaction process may
promote the structure evolution of clay minerals and improve the adsorption perfor-
mance of the adsorbent. Tian et al. [308] successfully prepared a mesoporous
adsorbent by the one-step hydrothermal reaction in the presence of chloroacetic
acid and found that the carboxyl groups were introduced onto the adsorbent, and the
palygorskite and associated minerals have been converted to new hybrid silicate
adsorbent with the specific surface area of 410.61 m2/g, and the adsorption capacities
of 329.84 mg/g for chlortetracycline and 207.47 mg/g for oxytetracycline, respec-
tively. The simultaneous conversion of main mineral and associated minerals has
provided an effective approach to utilize comprehensively low-grade clay minerals.

Clay Minerals/Carbon Composites
In recent years, carbon/clay minerals composites as new types of adsorbents have
received much attention because they have the advantages of both clay minerals and
carbon materials [309]. Many types of clay minerals including one-dimensional
nanorods and two-dimensional nanosheets have been used to prepare the carbon/

Fig. 22 SEM images of (a) RPAL and the adsorbents (b) SiMg-21-2, (c) SiMg-21-4, (d) SiMg-21-
8, (e) SiMg-21-12, and (f) SiMg-21-24; and the (g) TEM image of SiMg-21-12 adsorbent, and the
respective SAED pattern (h) (Reproduced with permission from Ref. [306])
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clay minerals composites. The palygorskite/carbon composites were prepared by a
hydrothermal process using different carbon sources, including glucose [310, 311]
and cellulose [312], rich hull [313], and it has been confirmed that the composites
show good adsorption capacity for cationic dyes and Pb(II) ions, and the generated
carboxyl groups during reaction process mainly contribute to the improvement of
adsorption capability. In addition, carbon/montmorillonite composites have also
been prepared using glucose biomass and d-glucose monohydrate. It was found
that the composite prepared using glucose biomass as carbon sources shows the
maximum adsorption capacity of 194.2 mg/g [314], and the composite derived from
d-glucose shows the maximum adsorption capacity of 20.76 mg/g at pH 3.95 toward
U(VI), and the functional carbonaceous species on the composite improved its
sorption capacity [315]. Wu et al. [316] studied the formation mechanism of the
carbon/montmorillonite nanocomposite. It has been confirmed that proton-
exchanged montmorillonite acted as a catalyst that could promote reactions in the
hydrothermal condition, an adsorbent, and an inorganic template for the formation of
carbon species. The nanocomposite was formed by two stages: (1) the hydrolysis of
cellulose yielding degraded liquid products (e.g., glucose, fructose, and organic
acids); second, the formed liquid products were adsorbed by montmorillonite,
which catalyzed condensation and aromatization to form carbon particles on the
surface of montmorillonite (Fig. 23).
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In addition to small organic molecules, natural polymer has also been used as
carbon sources to prepare carbon/clay minerals composite adsorbents. Tian et al.
[317] prepared carbon/attapulgite composites using chitosan as carbon sources by a
simple one-step calcinations process and used for the bleaching of palm oil. The
natural and nontoxic chitosan was firstly self-assembled onto the surface of
attapulgite by electrostatic interaction to form a precursor, and then the precursor
was calcined at 280 �C to obtain the optimal adsorbent. The bleaching efficiency of
the composite for palm oil was greatly improved after the introduction of carbon
species. After bleached with the composites, the Red value and the content of
peroxide and phospholipid decreased by 57.36%, 76.34%, and 43.11%, respectively;
but the commercial bleaching earth can only decrease these values by 38.76%,
71.59%, and 10.15%, respectively.

It has been confirmed that the organic matters can be transformed into carbon
species in the presence of clay minerals. This provides a new idea to recycle and
reuse the waste clay minerals containing organic matters. Spent bleaching earth
(SBE) is a solid waste generated during refining process of the edible oil after
bleaching of crude oil, which is usually disposed in a landfill near the factory. SBE
usually contains 20–40% by weight of the residual oil, oxidation products, free fatty
acids fat, and phosphatides. It was desired that the solid waste can be converted to
useful material by a simple approach, and great progress has been made over the past
decades. Acid or acid-heating treatment methods have been employed to regenerate
the SBE, and the new adsorbents with good adsorption performance has been
obtained [318, 319]. Likewise, the salt-activation process was also used to regener-
ate the SBE [320]. In addition to acid treatment, the regeneration of SBE by a direct
pyrolysis method to produce adsorbents has been widely concerned [321, 322]. In
comparison with the calcination process, the hydrothermal treatment and SBE has
been concerned in recent years, and many carbon/clay composite adsorbents have
been prepared [323], and the adsorbent shows the maximum adsorption capacities of
t 199.99 mg/g and 166.64 mg/g toward brilliant green and Pb(II), respectively. In
order to make the regenerated adsorbent easy to be separated from the solution, the
SBE was functionalized with Fe3O4 by an in situ hydrothermal process [324]. It has
been revealed that the adsorbent can rapidly adsorb methylene blue and Pb(II) with
the capacities of 254.83 mg/g and 312.73 mg/g, respectively. In order to further
improve the adsorption performance, the calcined SBE was usually activated with
zinc chloride [325] and surfactant [326]. Besides, the oil in SBE can also be
extracted [327] or reused to produce biodiesel [328, 329], lubricating grease [330],
and bricks [331].

However, the clay mineral adsorbents become solid waste after adsorption of
dyes, not only by polluting the environment but also by causing a huge waste of
resources. In order to take full advantage of these waste dye adsorbents, the spent
dye-loaded palygorskite was further treated by a hydrothermal process in the
presence of Ag+ ion to prepare a multifunctional nanocomposite [332]. In this
process, the dye adsorbed on palygorskite was oxidized as carbon species, and
simultaneously Ag+ was reduced as Ag0 nanoparticles. The presence of carbon
makes the nanocomposite having very good adsorption properties, and the presence
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of Ag0 nanoparticles makes the complex having catalytic activity. The adsorbent can
remove 99.2% of methylene blue (MB), 86.9% of methyl violet (MV), 68.7% of
chlortetracycline hydrochloride (CTC), and 46.2% of tetracyclines (TC) from
100 mg/L of the aqueous solution at the adsorbent dosage of 0.5 g/L. The nano-
composites could rapidly catalyze the conversion of 4-nitrophenol (4-NP) to 4-
aminophenol (4-AP) within 6.5 min with a catalytic rate constant of 0.0120 s�1.
This opens a new avenue for the highly efficient utilization of dye-loaded adsorbent.

Three-Dimensional Network Adsorbents
In recent years, the design and development of adsorbents with three-dimensional
network structure have become the subject of great interest in both academic and
industry because such adsorbents have better adsorption capacity and faster adsorp-
tion rate than the conventional adsorbents, such as clay minerals and activated
carbon [333–335]. The special three-dimensional polymer network could slightly
swell and expand the network size, which reduces the mass transfer resistance during
adsorption process and enhances the adsorption rate. In addition, large number of
functional groups in the network enables the adsorbent to adsorb pollutants with
high capacity [336]. More importantly, the type and number of functional groups
could be controlled by altering the monomers or polymerization condition, so that
through the molecular design, different functional groups can be introduced in the
hydrogel, and the use of hydrogel with the intelligent response could achieve the
selective adsorption of pollutants in water. Compared with other adsorbents, hydro-
gel adsorbents have the advantages of fast adsorption speed, high adsorption capac-
ity, easy separation, and regeneration. It is a kind of new adsorbent material which is
environment friendly and sustainably developed. It is divided into three categories:
natural polymer hydrogel, synthetic polymer hydrogel, and composite hydrogel.
Natural polymer hydrogels are mainly formed by graft polymerization of hydrophilic
natural polysaccharides. The synthetic hydrogels are formed by copolymerization of
hydrophilic monomers, such as acrylic acid, acrylamide, and acrylonitrile; and the
composite hydrogels are formed by introducing inorganic components such as clay
minerals into the polymer network.

Three-dimensional network adsorbent has higher adsorption capacity, fast
adsorption rate, and better regeneration properties. The conventional adsorbent
prepared by solution polymerization is a bulk gel product, which requires much
energy to be dried or prilled. Wang’s groups firstly synthesized granular 3D network
adsorbent using solution polymerization [333, 337], which can be directly used in
practice with no need of prilling. It has been proved that the disaggregation of
palygorskite crystal bundles is extremely important to fabricate a uniform granular
3D network adsorbent. Zheng et al. [338] synthesized a granular chitosan-g-poly
(acrylic acid-co-itaconic acid)/palygorskite adsorbent by one-step solution polymer-
ization at room temperature and air atmosphere. The introduction of palygorskite
nanorods may increase the adsorption rate and improve the network strength of the
as-prepared adsorbent. The nanocomposite adsorbent shows extremely higher
adsorption capacity of the dye malachite green (2433 mg/g) and excellent adsorption
selectivity to cationic dyes in the binary mixture solution of dyes. After years of
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development, different types of three-dimensional network adsorbents have been
developed (Table 1), showing excellent adsorption properties for different types of
pollutants, and have shown very good application prospects in wastewater treatment
and environmental remediation.

Table 1 Comparison of adsorption capacities of different 3D network adsorbents

Adsorbents

Clay
content
(%) Adsorbates

Initial
concentration
(mg/L)

Adsorption
capacities
(mg/g) Ref.

PAM-AA/MMT 50 Fe(III) 1120 159.04 [339]

SA-g-P(AA-co-AMPS)/APT 5 Pb(II) 150 1016.77 [340]

SA-g-P(AA-co-AMPS)/APT 5 Cd(II) 150 79.38 [340]

SA-g-P(AA-co-AMPS)/APT 5 Cu(II) 150 406.71 [340]

SA-g-P(AA-co-AMPS)/APT 5 Zn(II) 150 294.86 [340]

PAA/MMT 9 Pb(II) 100 1666.67 [341]

PAA/MMT 9 Ni(II) 100 270.27 [341]

PAA/MMT 9 Cd(II) 100 416.67 [341]

PAA/MMT 9 Cu(II) 100 222.22 [341]

PAA/TM/PVA 20 Pb(II) 1280 645.84 [342]

PAA/TM/PVA 20 Cu(II) 4140 190.72 [342]

S-g-AA/MMT 5 Cu(II) 512 131.84 [343]

S-g-AA/MMT 5 Pb(II) 1656 346.02 [343]

OB-Fe3O4 PSA 30 Th(IV) – 1519.84 [344]

AAm-AMPS/MMT 10 Cu(II) 256 68.48 [345]

AAm-AMPS/MMT 10 Cd(II) 449.64 143.89 [345]

AAm-AMPS/MMT 10 Pb(II) 828.48 213.42 [345]

PAM/PA 76.9 Hg(II) 350 135.5 [346]

PAM/APT 30 Cu(II) 453.12 115.85 [347]

CTS-g-PAA/SH/APT 21.71 Pb(II) 1500 718.5 [348]

PE-g-PAA-co-starch/
OMMT

5.8 Pb(II) 500 430 [349]

CTS-g-PAA/APT 10 Cu(II) 1220 241.33 [337]

CTS-g-PMAA/Bent 10 U(VI) 100 117.2 [350]

PMAA-g-Cell/Bent 12 Th(IV) 100 45.75 [351]

CMC-g-PAA/APT 5 Pb(II) 4500 941.28 [352]

CMC-g-PAA/APT 30 Pb(II) 4500 737.15 [352]

ATP/PAA 14.28 Pb(II) 104.22 38.95 [353]

ATP/P(AA-co-AM) 14.28 Cu(II) 200 69.75 [354]

Org-ATP/PAA 25 Pb(II) 100 42.32 [355]

PAA/BT 30 NH4
+-N 100 32.87 [356]

CTS-g-PAA/APT 20 NH4
+-N 100 21 [357]

CTS-g-PAA/REC 10 NH4
+-N 100 40.61 [358]

CTS-g-PAA/UVMT 40 NH4
+-N 100 21.7 [359]

PAAM-IANa/MMT 3 BCB 500 457.4 [360]

PAAm/Lap 30 CV 30 40 [361]

(continued)
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Superabsorbent Composites

Superabsorbent is a new type of functional polymer material with a special three-
dimensional network structure, excellent water absorption, and water retention
capability [370]. It can quickly absorb water with hundreds of times or even
thousands of times its weight. Compared with traditional absorbent materials such
as sponge, paper, cotton, towels, and silica gel, the superabsorbent resin exhibited
more excellent performance and wider application prospects. It has become an
indispensable product in human daily life and national economy. The application
of superabsorbent resins in physical hygiene and agroforestry is the main research
areas. With the global climate is warming, the drought caused by regional vegetation
damage and lack of water caused desertification of land. So, to develop a new type of
water-saving materials with high water absorption and retention, salt tolerance, low
cost, and environment-friendly superabsorbent have become particularly important
and increasingly urgent. However, the currently used superabsorbent resin is mainly
neat organic synthetic polymer, which is costly, poor in salt tolerance, and environ-
mental unfavorable. In order to improve the environmental friendliness of the
superabsorbent, natural macromolecules, cellulose, and chitosan have been intro-
duced into the superabsorbent resin as a matrix, but natural polymers have little
contribution to improve the salt-resistant properties.

The introduction of inorganic materials into the organic superabsorbent network
to form organic-inorganic superabsorbent composite has become an ideal strategy
and preferred method because such materials exhibited better water-absorbing
capability and rate, salt-resistance, and gel strength than the pristine organic super-
absorbent [371]. Meanwhile, the production cost can also be reduced due to the
addition of cheap inorganic materials, which are favorable to the industrialization of
superabsorbent. The inorganic matters that can compound with SAM can be divided

Table 1 (continued)

Adsorbents

Clay
content
(%) Adsorbates

Initial
concentration
(mg/L)

Adsorption
capacities
(mg/g) Ref.

PAA-co-2-DRAEMA/MMT 5 Indigo
carmine

– 319.34 [362]

Poly(AA-co-AM)/APT 10 MV 1000 1194 [363]

PAM/SH/Lap 2 MB – 800 [364]

PAA-co-VP/Lap 2 CV 4 0.2953 [365]

CTS-g-PAA/VMT 10 MB 1000 1612.32 [366]

NaAlg-g-p(AA-co-St)/
organo-I/S

2.5 MB 1000 1843.46 [170]

SA/Na+REC 2 Basic Blue
9

500 493 [367]

CTS-g-PAA/BT 10 MB 1150 2125.70 [368]

CTS-g-AA–IA/APT 5 MG 1000 2433 [338]

LCL-g-PAA/MMT 20 MB 2500 1994.38 [369]
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into two classes: (1) inorganic hydrogels such as aluminium, iron, tin, titanium,
silicon, and chromium gel; (2) inorganic clay minerals such as kaolin, bentonite,
sericite, attapulgite, rectorite, vermiculite, and diatomite. Usually, the inorganic
hydrogels or minerals have good salt-resistant properties and the introduction of
inorganic matter can improve the salt-resistant property of the organic superabsor-
bents [372, 373]. Because inorganic minerals are low cost, easy to be deep-processed
and compounded with organic monomers or polymer, a superabsorbent composite
based on organic minerals has been extensively studied throughout the world in
recent years.

Synthetic Polymers/Clay Minerals Superabsorbent Composites
A superabsorbent is a polymer material that can absorb and reserve large volumes of
aqueous fluids owing to its unique 3D hydrophilic network, even under pressure.
Since the first superabsorbent material has been reported by the US Department of
Agriculture [374], the research and development of superabsorbent material has
caused great global concerns, and the products were widely used in many fields, such
as disposable diapers, agriculture, food packaging, artificial snow, biomedicines,
healthcare, and agriculture [375]. The most commonly used method for preparing
organic-inorganic superabsorbent composite is solution polymerization. Figure 24
depicted the production process of the popular poly(sodium acrylate)/clay super-
absorbent composites. By using the similar procedure, a lot of superabsorbent
composites derived from various organic polymers and inorganic minerals have
been prepared and evaluated. The comparison of the water absorbency of different
superabsorbent composites are listed in Table 2, which comprehensively summa-
rized the synthetic polymers/clay minerals superabsorbent composites reported in
literature.

Natural Polymer-Based Superabsorbent Composites
Because of the advantages over conventional absorbents (e.g., sponge, cotton, towel,
and colloidal silica), superabsorbents have attracted unwavering attention and found
extensive application in various fields, such as agriculture, hygienic products,
wastewater treatment, catalyst supports, and drug delivery systems. With the
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increasing importance of resource and environment issues, new types of natural
superabsorbents have attracted considerable attention owing to their renewability,
nontoxicity, biocompatibility, and biodegradability; the organic-inorganic super-
absorbent composites, derived from a natural polysaccharide and inorganic clay
minerals, are representative families of natural superabsorbents. Many natural super-
absorbent composites based on starch, cellulose, chitosan, gelatin, dextrin, and
alginate have been developed, and the resultant materials exhibited satisfactory
properties and environmental-friendly characteristics. Aqueous solution

Table 2 Comparison of the water absorbency of different superabsorbent composites

Superabsorbent
Clay content
(%)

Swelling
medium

Water absorbency
(g/g) Ref.

PAA/APT 5 Distiled water 1325 [376]

PAA/APT 5 0.9% NaCl
solution

117 [376]

PAA/APT 10 Distiled water 1017 [376]

PAA/APT 10 0.9% NaCl
solution

77 [376]

PAA/DTM 10 0.9% NaCl
solution

99 [377]

PNaA/MMT 2 Distiled water 452 [378]

PSSNa/MMT 2.5 Distiled water 178 [379]

PAM/HAPT 10 Distiled water 1964 [380]

PAM/AAPT 10 Distiled water 1469 [380]

PAA/IMMT 5 Distiled water 198 [381]

PAA/ST 5 Distiled water 1419 [382]

PAA-MAA/MMT 4.76 Distiled water 532 [383]

Poly(AA-co-AM)/HNTs 10 Distiled water 1276 [384]

PAA-AAm–HNT–GO 0.1 Distiled water 743.9 [385]

PAA-co-AM/KAO 10 Distiled water 433 [386]

PAA-co-AM/KAO 10 0.9% NaCl
solution

108 [386]

PAA-co-PAM/CloisiteVR
30B

2 Distiled water 80 [387]

Poly(AA–AM)/
DMAEA–DB–MMT

10 Distiled water 1100 [388]

Poly(AA–AM/
CTAB–MMT)

10 Distiled water 875 [388]

PAA-AM/BT 4 Distiled water 1246 [389]

PAA-AM-IA/MT 15 Distiled water 1218 [390]

PAA-Am/EVMT 50 Distiled water 850 [391]

PAM-PVA/Cloisite 2 Distiled water 56.25 [392]

PAM-IA/Mica 5 Distiled water 748 [393]

P(AA-co-AMPS)/APT 8.76 0.9% NaCl
solution

47 g/g [394]

PE-g-PAA/KAO 5 Distiled water 760 [395]
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polymerization as a commonly recognized green polymerization method has been
frequently used to prepare superabsorbent composites based on natural polymer and
clay minerals. Figure 25 shows the typical preparation procedure of a guar gum-g-
poly(sodium acrylate-co-styrene)/muscovite superabsorbent composite by grafting
polymerization reaction. At the initial step, the initiator ammonium persulfide was
decomposed under heating to generate a high concentration of sulfate anion radicals.
Subsequently, these radicals stripped down the hydrogen from the –OH groups
of guar gum and formed macroradicals. These macroradicals can act as the active
sites during the reaction and can initiate vinyl groups of monomers to process
chain propagation. During the chain propagation, the crosslinker N,N0-methylene-
bisacrylamide with double vinyl groups takes part in the polymerization reaction,
whereas muscovite combined with a polymeric network through its reactive silanol
groups makes the copolymer to form a crosslinked network structure.

Fig. 25 Proposed grafting and composite mechanism of guar gum-g-poly(sodium acrylate-co-
styrene)/muscovite superabsorbent [396]
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Graft copolymerization of polyacrylic acid (PAA) onto the backbone of natural
polymers can also be achieved via 60Co γ-radiation. The mechanism for polymeri-
zation process is showed in Fig. 26. First, most of the irradiation energy is absorbed
by the water to produce hydroxyl radicals. Initiation occurs mainly by an indirect
effect. Second, hydroxyl radical was added to one side of the acrylic acid double
bond leading to the formation of an unpaired spin on the other side of a vinyl bond,
then homopolymerization of acrylic acid started. At the same time, the hydroxyl
radical attacks sodium alginate leading to the breakage of C–H bond to form
alginate-based radical, then it will react with an acrylic acid molecule, followed by
propagation leading to the growth of a branched chain, following the network was
formed via crosslinking. In addition, the carboxylate groups of the grafted poly
(acrylic acid) can react with the –OH groups on the Na+-rectorite surface to produce
ester. These reactions should lead to the formation of polyacrylic acid grafted onto
sodium alginate and Na+-rectorite.

Intercalation polymerization has also been widely used for the preparation of
chitosan (CTS)-based superabsorbent nanocomposite. In this process, a part of
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protonated CTS chains containing the radicals, generated on CTS under the exis-
tence of initiator, intercalate into MMT layers and lead to an increase in the d-
spacing. Subsequently, these radicals initiate the graft copolymerization of the
adsorbed AAm molecules into the clay interlayer spaces, where the growth of
PAAm chains provokes the exfoliation of MMT sheets [398]. The most probable
formation process of CTS-g-PAAm/MMT superabsorbent composite was illustrated
in Fig. 27.

In recent years, a large number of environmental friendly superabsorbent resin
was developed through the use of different natural polymers, different clay minerals,
or different polymerization methods, which show a better water absorption and
environmental friendliness. Table 3 listed the water absorption capacities of different
types of superabsorbent composites.

Among numerous natural polymers, chitosan is the only cationic polysaccharide
with amine groups, so it can form stronger hydrogen-bonding interaction with the in
situ formed poly(acrylic acid) chains. In the presence of crosslinker, the chitosan-g-
poly(acrylic acid) polymer may entangle together to form a granular product, and the
introduction of attapulgite makes the granular product easy to be formed (Fig. 28)
[419]. This is the first report about the preparation of granular superabsorbent
materials by aqueous solution polymerization reaction, which opens a new avenue
to prepare new granular superabsorbent by one-step reaction.

Multifunctional Superabsorbent Composites
As a water-saving and water-retention materials for agroforestry application, it has
been expected that the materials can also slowly release functional components such
as fertilizer or pesticides. Among numerous organic-organic superabsorbent poly-
mers, the superabsorbent containing sodium humate is an important family. Sodium
humate is composed of multifunctional aliphatic and aromatic components and
contains large numbers of functional hydrophilic groups such as carboxylates and
phenolic hydroxyls [438]. Sodium humate can regulate plant growth, accelerate root
development, improve soil cluster structures, and improve the absorption of nutrient
elements. It can participate in polymerization with superabsorbent polymer network
through its active –OH or –COOH groups. The simultaneous introduction of sodium
humate and clay minerals can improve the water absorbency, reduce the production
cost, and make the superabsorbent having fertilizer-release function. The preparation
procedure is very simple and is similar that of clay-based superabsorbent, and the
sodium humate powder can be directly added to the reaction system without further
treatment. So far, several research were carried out for preparing superabsorbent
containing sodium humate (Table 4). With the increasing attention to the utilization
of naturally occurred resource as a substitute for the petroleum-based polymer, the
composite of superabsorbent network with other fillers, including clay and sodium
humate, will be a promising research field.

The SH in the superabsorbent can be slowly released when the superabsorbent
composite was contacted with water. As shown in Fig. 29, the external solution
became brown-black, and became more and more opaque with prolonging the
contact time, which confirmed the release of SH from superabsorbent into the
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Table 3 Comparison of the water absorbency of different natural polymer-based superabsorbents

Superabsorbents
Clay
content (%) Swelling medium

Water
absorbency
(g/g) Ref.

St-g-PAA/zeolite 10 Distilled water 410 [399]

St-g-PAA/O-zeolite 10 0.12 mol/L of urea
solution

530.3 [400]

St-g-PAM/KAO 13 Distilled water 4000 [401]

St-g-PAM/APT 10 Distilled water 1317 [402]

St-g-PAM/APT 10 0.9% NaCl solution 68 [402]

St-g-PAM-AA/MMT 8 Distilled water 1120 [403]

St-g-PAM-AA/MMT 8 0.9% NaCl solution 128 [403]

P-St-AM/APT 10 Distilled water 1268 [404]

GG-g-PAA/cloisite 10 Distilled water 134.81 [405]

GG-g-P(NaA-co-St)/APT 10 Distilled water 530 [406]

GG-g-P(NaA-co-St)/APT 10 0.9% NaCl solution 65 [406]

GG-g-P(NaA-co-St)/MVT 5 Distilled water 598 [396]

GG-g-P(NaA-co-St)/MVT 5 0.9% NaCl solution 59 [396]

GG-g-PNaA/CTA+-REC 10 Distilled water 601 [203]

GG-g-PAA/MS 10 Distilled water 632 [407]

Alginate-g-PAMPS/MMT – Distilled water 3465 [408]

NaAlg-g-PNaA/APT 20 Distilled water 685 [409]

NaAlg-g-poly(NaA-co-NaSS)/
APT

10 Distilled water 532 [410]

NaAlg-g-PAA/KAO – Distilled water 308 [411]

St-g-PAM/KAO 20 Distilled water 4000 [412]

SA-g-AA/Na+REC – Distilled water 641 [413]

NaAlg-g-poly(NaA-co-St)/
APT

10 Distilled water 587 [414]

NaAlg-g-poly(NaA-co-St)/
APT

10 0.9% NaCl solution 73 [414]

NaAlg-g-p(AA-co-St)/I/S 2.5 Distilled water 810 [415]

NaAlg-g-PAA/O-loess 10 Distilled water 656 [416]

NaAlg-g-PAA/O-loess 10 0.9% NaCl solution 69 [416]

Dextrin-graft-AA/Na-MMT 5 Distilled water 1241.1 [417]

COL-g-PAA-co-AM/MMT 6.97 Distilled water 952.2 [418]

CTS-g-PAA/APT 2.5 Distilled water 159.6 [419]

CTS-g-PAA/APT 2.5 0.9% NaCl solution 42.3 [419]

CTS-g-PAA/kaolin 2 Distilled water 385 [420]

CTS-g-PAA/NONT 10 Distilled water 433 [421]

CTS-g-PAA/MMT 11.04 Distilled water 160.1 [422]

CTS-g-PAA/MMT 11.04 0.9% NaCl solution 46.6 [422]

CTS-g-PAA/OREC 10 Distilled water 265.2 [423]

CTS-g-PAAm /MMT 5 Distilled water 450 [424]

CTS-g-PAA/VMT 5 Distilled water 223.3 [425]

CTS-g-PAA/VMT 5 0.9% NaCl solution 51 [425]

(continued)

Nanoscale Clay Minerals for Functional Ecomaterials: Fabrication. . . 51



external solution. The variation of carbon content in solution was determined to
study the slow-release character of SH (Fig. 29d). It is obvious that the carbon
content increased with increasing swelling time at initial stage and tends to be

Table 3 (continued)

Superabsorbents
Clay
content (%) Swelling medium

Water
absorbency
(g/g) Ref.

PSY-g-PAA/APT 10 Distilled water 568 [426]

PSY-g-PAA/APT 10 0.9% NaCl solution 64 [426]

HEC-g-PAA/VMT 10 Distilled water 575 [427]

HEC-g-PAA/diatomite 6 Distilled water 1174.85 [428]

HEC-g-PAA/diatomite 6 0.9% NaCl solution 99.55 [428]

SS-g-PAA/APT 12 Distilled water 1236 [429]

SS-g-PAA/APT 12 0.9% NaCl solution 108 [429]

PAA/CMC-mMMT 3 Distilled water 844 [430]

PL-g-P(AA-AM)/OMMT 5 Distilled water 773 [431]

PL-g-P(AA-AM)/OMMT 5 0.9% NaCl solution 68 [431]

PULL/PVA/MMT 5 Distilled water 143.42 [432]

PULL/PVA/MMT 5 0.9% NaCl solution 39.75 [432]

CMC-g-poly(AA-co-AM-co-
AMPS)/MMT

– Distilled water 680.2 [433]

CMC-g-poly(AA-co-AM-co-
AMPS)/MMT

– 0.6% NaCl solution 193.4 [433]

CMC-g–PNaA/APT 10 Distilledd water 614 [434]

CMC-g-PAA/MS 20 Distilled water 634 [435]

CMC-g-PAA/REC 5 Distilled water 599 [436]

HEC-g-PAA/MS 10 Distilled water 810 [437]

O OH Si AI or MgH2O H2O

a b

Fig. 28 Structure of attapulgite and the granular shape of chitosan-g-poly(acrylic acid)/attapulgite
[419]

52 W. Wang and A. Wang



constant after 50 days, indicating the release of SH reached equilibrium. In this
process, the physical filled SH can be rapidly released, while the chemically bonded
SH slowly released with prolonging the swelling time [449]. This observation
indicated that the introduction of SH endowed the superabsorbent composite with
the slow-release function of fertilizers.

The superabsorbent composite with fertilizer-release function also shows better
practical water retention capability in sand soil [439]. The water content in sand soil
decreased as prolonged time, and the addition of PAA-AM/O-MMT/SH super-
absorbent composite obviously improved the water retention capacity of sand soil.
After 20 days, the water content in the blank sample was only 0.4 wt %, whereas the
water content in sand soil still reach 3.8, 21.7, or 35.2 wt% after adding 0.1, 0.5, or
1.0 wt% of PAA-AM/O-MMT/SH composite, respectively. Even after 30 days,
24.4 wt% of the water was still retained in the sand soil after adding 1.0 wt % of
superabsorbent composite, indicating that the superabsorbent composite can
enhance the water retention capacity of sand soil greatly.

Ni et al. [450] developed multifunctional slow-release organic � inorganic com-
pound fertilizer (MSOF) and evaluated its water-holding capacity of soil. It was
concluded that the water-holding capacity of soil is 43.5, 47.5, 50.1, and 53.7% for
MSOF application rate of 0, 1, 2, and 3%, respectively. The water-holding capacity
of the soil increases with increasing the dosage of MSOF. In soil, the MSOF granules
were surrounded by soil particles and subjected to a confining pressure by these

Table 4 Comparison of the water absorbent of the multifunctional superabsorbent composites

Superabsorbent
Clay content
(%)

Swelling
Medium

Water absorbency
(g/g) Ref.

PAA/APT/SH 20 Distilled water 583 [438]

PAA/APT/SH 20 0.9% NaCl
solution

63 [438]

PAA-AM/O-MMT/SH 20 Distilled water 591 [439]

PAM/Lap/SH 1.95 Distilled water 600 [440]

PAA-AM/SH/APT 10 Distilled water 996 [441]

PAA-AM/SH/APT 10 0.9% NaCl
solution

63 [441]

PAA-AM/O-APT/SH 10 Distilled water 1282 [442]

PAA-AM/O-APT/SH 10 0.9% NaCl
solution

68 [442]

PAA-AM/Ca-MMT/SH 20 Distilled water 641 [443]

PAA-AM/Li-MMT/SH 20 Distilled water 723 [444]

PAA-AM/Na-MMT/SH 20 Distilled water 638 [444]

PAA-AM/Al-MMT/SH 20 Distilled water 363 [444]

PAM/SH/LAP 2 Distilled water 600 [445]

NaAlg-g-poly(AA-co-
AAm)/MMT

15 Distilled water 460.02 [446]

kC-g-PAA/Celite 2.5 Distilled water 344 [447]

CMWS-g-PAA/APT 14 Distilled water 186 [448]
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particles [451], which limited the swelling degree of the superabsorbents in soil, but
the MSOF still effectively improve the water-holding capacity of soil, even though at
low application rate. In addition, the MSOF can slowly release nitrogen (total
content of 11.7%), potassium (total content of K2O is 8.7%), and phosphorus
(total P2O5 content of 10.3%) to provide nutrient for plant growth, which would
be the future development in agricultural fields.

Environment-Friendly Catalytic Materials

Nanoclays with different morphology, composition, and surface activity can serve as
the carrier of active species to fabricate functional nanocomposite, which opens a new
avenue to fabricate new type of ecofriendly catalysts. The nanorod-like, fibrous, or
sheet-like carriers may restrain the aggregation of active particles and allow the small-
size nanoparticles to be formed on the carrier, which greatly increased the contact area
of catalyst with the reactants and promoted to the proceeding of catalysis reaction.
Many active components, e.g., noble metals, transition metals, semiconductor, and
solid acid, have been loaded on palygorskite, sepiolite, or other layered clay minerals
to prepare a variety of catalysts [452, 453]. The disaggregated palygorskite was
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adopted to prepare the Pal/Fe3O4/AuNPs catalyst [454] and Pal/AgNPs [455] nano-
composite catalyst by a facile in situ reaction approach. The nanocomposite shows
higher catalytic activity for decoloration of Congo red. The palygorskite shows better
dispersion and the AgNPs have a uniform distribution on the surface of palygorskite.
Mu and Wang [456] prepared the Pal/Fe3O4/polyaniline nanocomposite using high-
pressure homogenized Pal and used as a carrier to fabricate Pal/Fe3O4/polyaniline/
AuNPs nanocomposite catalyst, and the desirable catalytic activity for reduction of 4-
nitrophenol was obtained. With the increasing industrial requirement to highly active
and ecofriendly catalyst, the nanoscale palygorskite will show a great prospect to
fabricate new-type nanocomposite catalysts.

Ecofriendly Hybrid Pigments

Pigments provide a colorful world for mankind and are indispensable materials for
promosiing social development. However, the organic pigment is not stable enough, and
the inorganic pigment is not bright in color. In addition, most of chemical pigments are
toxic and hazardous to environment and health. So, the development of ecofriendly
pigments with excellent stability and bright color become the hot topic in recent years.
Maya blue, an organic-inorganic hybrid pigment, has bright color and superior stability,
which does not fade even though it was exposed to the external environment for more
than thousands of years [457]. Numerous research confirm that palygorskite is the
irreplaceable carrier to prepare a stable Maya blue hybrid pigment. In the preparation
procedure, the grinding process is fundamental to achieve a uniform dispersion of dye
and better stability [458–460]. The grinding process may disperse the crystal bundles,
release more pores, and intensify the interaction between dye and palygorskite, which
may promote dye molecules to enter the tunnel, and thus the dispersion of the hybrid
materials was improved. The contribution of grinding to the dispersion of crystal
bundles causes the increase of specific surface area and the change of surface activity,
which are all favorable to the loading of dyes. We have studied the effect of grinding
time and the water content during grinding on the stability of the methylene blue/
palygorskite hybrid [461]. It was confirmed that grinding time plays a key role in the
formation of a stable hybrid structure, because it greatly influenced the dispersion of
palygorskite crystal bundles and the interaction between MB molecules and
palygorskite. The aggregates of palygorskite rods were highly dispersed as individual
nanorods after being ground for 30 min, and the MB molecules are more easily to be
adsorbed on the palygorskite nanorod or encapsulated in its tunnels, so the thermal
stability, acidity, and UV-light resistance of the nanocomposites were enhanced, which
are consistent with previous report [462]. The optimal water content during grinding is
36.9%. These researches confirm that the nanoscale dispersion of palygorskite will be
helpful to fabricate a stable inorganic “host” framework that is suitable for holding a
“guest” molecule into the channels.

Inorganic pigments have recently received more and more attention because of their
excellent heat-resistant properties and stability. The utilization of clay minerals for the
fabrication of inorganic–inorganic composite pigments can not only reduce the
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production cost greatly but also improve the color performance of pigment. The series of
cobalt blue/clays hybrid pigments have been developed byWang’s groups [463, 464] by
in situ precipitation and crystallization process. It was found that the composite pigment
can still show good blue color and excellent stability even the content of clay minerals
are higher than 50%, which greatly reduce the production cost and improve the
ecofriendly properties. The pigments can be dispersed and suspended in aqueous
solution well, which makes it available for aqueous coatings. The iron red/clays hybrid
pigments were also prepared by a one-step hydrothermal process using sepiolite [87],
halloysite [87], and attapulgite [66] as the green inorganic precipitant. The pigment
shows the red color that is superior to commercial iron red pigment and is highly stable
in resisting acid, alkaline, heat, solvents, and UV lights. These research pave a solid
foundation to develop new types of ecofriendly hybrid pigments for the applications in
coating, paints, ink, plastic, and others.

Packing Materials

With the development and progress of society, the protection of human survival
environment has received more and more attention, so that the development of
ecofriendly materials and their replacement for traditional plastic products become
an inevitable trend. In the daily use of polymer materials, packaging materials
accounted for a considerable proportion, and much effort has been made to design
and develop new types of packaging materials with good mechanical strength, water
permeability, light transmittance, and safety [465]. The synthetic nanomaterials such
as carbon nanotubes, graphenee, and metal oxides have been widely applied in the
packing membrane material to improve the mechanical properties, but these syn-
thetic nanomaterials are expensive, and the film’s light transmittance and safety were
limited. Comparatively, natural nanomaterials such as silicate clay minerals are not
only nontoxic and low cost, but also can improve the mechanical properties of films.
So far, many nanoclays such as attapulgite [466], sepiolite [467–469], halloysite
[470], montmorillonite [471, 472], laponite [473], and talc [474] have been used for
preparing polymer composites. After the introduction of attapulgite nanorods, the
elongation at break of the membrane was obviously increased, and the water
resistance of the membrane was obviously improved. The mechanical properties of
the film depend on the dispersion degree of attapulgite nanorods. The better the rods
dispersion is, the better the reinforcing properties of the films are, and the optimum
dosage of attapulgite is usually 1–3% [191]. The well-dispersed attapulgite rods can
increase the mechanical properties of films with no expense of light transparency.
Different form one-dimensional nanoclay, the two-dimensional nanoclay with
sandwhich-type structure could form intercalation or exfoliation nanocomposite
with a polymer, which leads to a nanoscale dispersion of clay nanosheets in the
polymer matrix, and thereby increase the mechanical parameters, such as modulus
and tensile strength [475]. The silicate nanosheets can form a barrier layer within the
polymer matrix to improve its water resistance or gas barrier performance, and can
also improve the heat and flame retardant properties of films [476, 477]. The highly
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dispersed nanofiber, nanorods, nanotubes, or nanosheets in the polymer matrix can
serve as “rebar” to reinforce the “concret” (polymer matrix), and nanoclays are
nontoxic, safe, and cost-efficient, which is potential nanofiller to be used to prepare
new types of eco-friendly food packing materials.

Sand-Fixing Materials

Desertification is the most serious local and global environmental problem, which
has become a major obstacle to many countries. Sand fixation measurements are
indispensable to solve the problem. Engineering sand fixation, chemical sand fixa-
tion, and biological sand fixation are generally in use nowadays. Targeting the
problem of available water conservation in sand fixation, clay-based sand-fixing,
and grass-planting material was proposed. Zhang and Wang [478] have developed
the sand-fixing and grass-planting materials with clay modified by emulsifying
vegetable waxes and octylphenol polyoxyethylene ether (OP4). It was shown that
the materials are excellent for water retention and sand-fixing, and the vegetable
waxes made the clay pores changing from hydrophilic to hydrophobic, which
effectively inhibited the water evaporation. Grass-planting experiment showed
that, with a reasonable mass ratio of clay, vegetable waxes, and surfactants, the
materials not only inhibited water evaporation but also maintained sound air perme-
ability so that the germination rate and survival rate of grass were significantly
improved. Qu et al. [479] prepared the water retention materials with montmorillon-
ite (MMT) modified by castor oil polyoxyethylene ether (10) (EL-10) emulsifying
vegetable waxes. It was shown that the original big hydrophilic pores between the
clay particles turned into capillary hydrophobic pores. So the clay particles formed a
bonding layer which could inhibit water evaporation. Grass-planting experiment
showed that reasonable mass ratio of vegetable waxes and EL-10 was 1:18. The
materials not only had great water retention property but also maintained sound air
permeability so that the germination rate of grass seed significantly increased from
8% to 52%.

Conclusions and Further Outlook

Nanoclays have long been used in several applications and their uses are based on
their structural and physical characteristics that are discussed in detail in this chapter.
The latest progress on the nanoclays and derived ecomaterials has been concluded
and discussed based on reviewing a comprehensive literature combined with our
group’s relevant research achievements. It can be concluded that the nano-
crystallization and surface functional modification of clay minerals is a necessary
prerequisite for the development of ecological functional materials, and the nano-
meter fraction of clay minerals can produce composite materials with better perfor-
mance than primary mineral. The applications of the nanoscale clay minerals are
mainly focused on the adsorption materials for the removal of pollutants from
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wastewater, the superabsorbent materials for water-saving and water retention, the
carrier of catalyst or pigments, the polymer composites, and so on. Beyond all
question, it is also the main approach to realize the reasonable application of
nanoscale clay minerals in the future. Although clay minerals have been proved to
be extremely successful in preparation of many ecomaterials with different distinc-
tive structures and functional groups, there are still many aspects to need study,
especially the practical application.

The synthesis of clay mineral needs to pay more attention in the future. Natural
clay minerals are rich in nature, but there are obvious differences in the structure and
physicochemical properties of clay minerals in different mines or different areas due
to the complex geology mineralization environment and the existence of isotopic
substitution in the process of minerals. For most minerals, it is difficult to find pure
products in nature, often associated with a variety of minerals. It is also difficult to
get a purer single mineral using the traditional purification methods, which restrict
the industrial applications of clay minerals in many fields, especially in the polymer
materials. In recent years, the synthesis or modification of clay minerals has made
great progress, and many minerals such as zeolite, laponite, and mica have been
synthesized on a large scale. These synthetic minerals show more stable structure
and performance than natural mineral, so they have gained large-scale application in
the industry. With the development of mineral synthesis technology, a variety of
different forms of clay minerals will be synthesized. Their introduction as fillers or
additives in polymers for various desired effects has been of enormous interest for
research and development studies. These minerals that are similar to carbon nano-
tubes, graphene, and other carbon nanomaterials in functional aspects will be widely
used in the field of polymer composites. In addition, finding new applications of such
synthetic clay minerals, including pillared clay minerals, porous clay hetero-struc-
tures, and nanocomposites, will be another promising work.

Apart from the synthesis methods existed and proposed during the review
process, there are other potential methods which are suitable for the dispersion,
modification, and nanocomposite of clay minerals. It is essential to develop novel
and environment-friendly technologies for producing clay minerals-based materials
with suitable properties in a cost-effective way in the future. For instance, the
physical process such as high-pressure homogenization can effectively disaggregate
attapulgite crystal bundles into single nanorods, and this process can promote the
interaction of organic molecules with clay minerals and then improve the modifica-
tion efficiency. The traditional modification methods such as mechanical grinding,
acid treatment, and heat activation have proven to be effective to enhance the
adsorption properties of clay minerals, but these methods have a certain limit on
improving the performance of clay minerals. The development of modern ray
physics and instrumentation technology makes it possible to modify clay minerals
using a simple physical ray. The surface properties of clay minerals could be
changed by only a short-time ray treatment, but the adsorption performance could
be improved greatly.

With the continuous progress of the research on dispersion, modification, and
composite technology of clay minerals, it is becoming more and more important to
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study its related mechanism. The traditional structure characterization methods such
as X-ray diffraction, scanning electron microscope, transmittance electron micro-
scope, and others played an important role in revealing the structure of clay minerals
and the derived materials, but these traditional methods are limited in revealing the
fine structure, change of crystalline structure, the interface properties, and the change
of chemical bonds during modification, and so on. The advanced analysis techniques
that are used to characterize nanoclays or their nanocomposites need to be paid more
attention. However, little information is available about the study on mechanism and
principle, which are needed to be systematically studied in the future. The break-
through of advanced analysis technology will lead to the rapid development of clay
minerals and their derived ecological materials.
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