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Halloysite is a natural nanosized tubular clay mineral that has many potentially important uses in different
industrial fields. In this paper, the key structural characteristics and properties of halloysite and their related
applications are comprehensively reviewed. Research advances on halloysite, especially those from the past
20 years, are summarizedwith some critical comments. Attention ismainly paid to the structure andmorphology
of halloysite and their changes, the formation of tubular structures, the physicochemical properties, the surface
chemicalmodifications, and the halloysite-based advancedmaterials and some related applications. Additionally,
future prospects and key problems to be solved in halloysite studies are discussed. This review shed new light on
both fundamental and applied studies that focused on halloysite.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nanosized tubular halloysite, also called halloysite nanotube (HNT)
in somematerials science publications, is the dominant form of natural-
ly occurring halloysite. It was first described by Berthier (1826) as
a dioctahedral 1:1 claymineral of the kaolin group. Themultilayer tubu-
lar structure of halloysite results from the wrapping of the 1:1 clay
mineral layers under favorable geological conditions, driven by a
mismatch in the oxygen-sharing tetrahedral and octahedral sheets in
the 1:1 layer (Bates et al., 1950; Singh, 1996). Halloysite is chemically
similar to kaolinite, but the unit layers in halloysite are separated by a
monolayer of water molecules; accordingly, halloysite has a structural
formula of Al2(OH)4Si2O5·nH2O. The hydrated form of halloysite
(when n = 2) is named “halloysite-(10 Å)”, in which one layer of
water molecules is present between the multilayers and where
the “10 Å” designation indicates the d001-value of the layers.
The dehydrated structure of halloysite (when n = 0) is named
“halloysite-(7 Å)”, andmay be obtained through the loss of the interlay-
er water molecules under mild heating and/or a vacuum environment
(Joussein et al., 2005). A schematic diagram of the structure of
halloysite-(10 Å) is shown in Fig. 1. In this paper, “halloysite” is used
chemistry, Chinese Academy of
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hereafter for simplicity, regardless of hydration or dehydration, unless
otherwise noted and will be abbreviated “Hal”.

Worldwide, large Hal deposits have been found in Australia, the
United States, China, New Zealand, Mexico, and Brazil (Joussein et al.,
2005). However, the overall yield of Hal is much lower than the huge
production of kaolinite (which will be abbreviated Kaol in this review).
Natural Hal often contains impurity phases and varies in morphology
and porosity in the different deposits (Pasbakhsh et al., 2013). In gener-
al, Hal nanotubes vary in length from the submicron scale to several
microns, sometimes even N30 μm (Joussein et al, 2005), in external
diameter from approximately 30 to 190 nm, and in internal diameter
from approximately 10 to 100 nm (Yuan et al., 2008, 2013).

In the past decade, again Hal became a focus of many studies and
patents, although its nanoscale structure had been identified already
since few decades (Bates et al., 1950) via spectroscopic methods.
This renewed interest should be ascribed to the rapid developments of
nanoscience and nanotechnology in the past two decades, which drive
the increasing interest on naturally occurring nanometric structures.
Natural Hal exhibits several advantages in applications over synthetic
nanotubes such as carbon nanotube (CNT). According to Lvov et al.
(2008), Hal is a low-cost material (at about $4 per kg though the purifi-
cation process could arise the price of raw ores, and this cost is much
less expensive in developed countries) and its global supply exceeds
thousands of tons per year, meaning that true mass-scale industrial
applications can readily be achieved, unlike the gram-scale yielding of
CNT with a very high price ($500 per kg). Furthermore, the advantage
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Fig. 1. Schematic diagram of (a) crystalline structure of Hal-(10 Å), (b) structure of Hal particle, (c–f) TEM and AFM images of Hal.
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of Hal is not limited to its economic viability. Hal possesses a
one-dimensional tubular porous structure on the mesoporous
(2–50 nm) and even macroporous (N50 nm) scale (Churchman et al.,
1995), which is larger than many synthetic porous materials such as
CNT. This property enables versatile potential applications such as
nanoscale support for the loading of functional guests; for example, a
mesoporous lumen may enable Hal availability for the immobilization
of large-sized enzymes, e.g., serum albumin and conalbumin, which
cannot even be hosted by SBA-15 (Yiu et al., 2001). In addition, the
unique tubular structure of Hal is combinedwith site-dependent alumi-
nosilicate chemistry, i.e., the reactivity of the external surface, the
internal lumen surface, and the interlayer surface of Hal is different,
thus enabling abundant possibilities for the post-modification of Hal
targeted for various applications (Yuan et al., 2008). It is also worth
emphasizing that Hal has a high biocompatibility and low cytotoxicity,
which promises its safe use in various fields (Vergaro et al., 2010).

Some very interesting research advances focusing on the novel
properties and related applications of Hal have been successively
reported in the past 20 years. For example, the use of Hal as a viable
nanoscale container for the encapsulation of biologically active mole-
cules such as biocides and drugs as well as for their controlled release
was first demonstrated by Price et al. (2001), and Hal as a nanofiller in
clay–polymer nanocomposites (CPN) was proposed (Du et al., 2006).
Concerning the formation of Hal, Gardolinski and Lagaly (2005)
proposed a multistep intercalation of Kaol for the transformation of
platy Kaol to Hal-like nanotubes and Kuroda et al. (2011) recently
proposed a simple one-step preparation of Hal-like nanotube through
the delamination and rolling of Kaol. In addition, some key fundamental
properties of Hal, such as structural stability under heating (Yuan et al.,
2012a) or in acidic/alkaline aqueous dispersions (White et al., 2012)
and site-specific availability for surface organosilane grafting modifica-
tion (Yuan et al., 2008), were comprehensively investigated.

In view of the abovementioned research advances, there are great
prospects for Hal-based materials. In this regard, a comprehensive and
critical review on previous Hal studies is no doubt necessary and
might constitute a premise for a better understanding of the specificity
of Hal. Accordingly, the objective of this review is to outline the primary
properties of the structure and reactivity of Hal as well as related
applications by collating the disparate results from the literature.
Moreover, some critical assessments on the collated results or discus-
sions on related prospects are made to initiate possible new ideas
in the future. The main focus of this review is directed to the research
advances of the past decade because earlier advances have been
comprehensively summarized by Joussein et al. (2005). In addition,
topics such as the geological genesis andmorphology/structure diversi-
ty of natural Hal are briefly reviewed because they have already been
detailed in the literature.

2. Geological occurrence of halloysite (Hal)

Generally, Hal can be derived by the weathering, pedogenesis or
hydrothermal alteration of ultramafic rocks, volcanic glass, and pumice
(Joussein et al., 2005). The main geological occurrence of Hal is in
weathered or hydrothermally altered rocks, saprolites, and soils. With
different genesis, Hal is accompanied by different types of associated
minerals. For instance, the Matauri Bay Hal deposit (in Northland,
New Zealand), formed by the low temperature hydrothermal alteration
of rhyolite and dacite volcanic rocks, is mainly associated with quartz,
cristobalite, and feldspar. The Dragon Mine Hal deposit (in Utah, USA),
formed by the hydrothermal alteration of dolomite, is associated with
Kaol, gibbsite, alunite, and quartz (Pasbakhsh et al., 2013). In addition,
the crystallization conditions and geological occurrence of Hal are close-
ly related to its morphology. For example, the Hal exhibits spheroidal
morphology when recrystallized from supersaturated solutions of
volcanic glass and pumice (Joussein et al., 2005); however, the Hal
exhibits a tubularmorphologywhen formed by the hydrothermal alter-
ation of biotite (Papoulis et al., 2009), by the weathering of feldspar in
granitic rocks (Adamo et al., 2001), and by the topological alteration of
platy Kaol (Singh andGilkes, 1992).More details concerning the geolog-
ical genesis of Hal can be found in previous reports (Joussein et al., 2005;
Pasbakhsh et al., 2013).

3. Structure and morphology of halloysite (Hal)

3.1. Mechanism of tubular structure formation of Hal

Naturally occurring Hal appears in varied morphologies, such as
platy, spheroidal, and tubular. However, the tubular structure is the
dominant morphology of Hal in nature. The formation of the tubular
structure is triggered by atomic-scaled stress in the unit layer of Hal,
which is originally caused by the mismatch in the larger tetrahedral
(a = 5.02 Å, b = 9.164 Å) and the smaller octahedral (a = 5.066 Å,
b = 8.655 Å) sheets (Bates et al, 1950; Bailey, 1990). Because these
octahedral and tetrahedral sheets are connected by sharing the apical
oxygen of the tetrahedron, the stretched Al–O bond in the octahedron
could constrain the shared apical oxygen and induce structural stress
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in the plane of the apical oxygen (or in the plane of the inner hydroxyl).
This induced stress is transmitted through Si–O covalent bonds to the Si
plane and the basal oxygen plane but is attenuated by the angular
flexibility of the Si–O bonds. The structural stress of Hal can be generat-
ed on the plane of the basal oxygen and also on the plane of the apical
oxygen (Singh, 1996).

In the case of hydrated Hal, the stress on the plane of the basal
oxygen is readily relieved by the separation of the layers because of
the presence of interlayer water molecules. However, the stress on the
plane of the apical oxygen, lying in themiddle of the unit layer, is hardly
affected by the interlayer water molecules. To compensate this stress,
Hal adopts both a rotation of the tetrahedron and a rolling of the unit
layer (Fig. 2) to correct the mismatch between the plane of the apical
oxygen and the plane of the inner hydroxyl and merges them into a
single plane. In the rotation mechanism, adjacent tetrahedrons rotate
in opposite directions to reduce the lateral dimension of the tetrahedral
sheet by shrinking the distances to an equal value for the basal oxygen,
silicon, and the apical oxygen in all directions in the ab plane. Conse-
quently, the configuration of the tetrahedral sheet is transformed from
hexagonal to ditrigonal. In the rolling mechanism, the constriction
occurs only along the rolled axis and the apical oxygen located relatively
more inside the curvature than the Si and basal oxygen, could generate a
greater constriction and therefore adjust the mismatch with a higher
efficiency than the rotation mechanism. Generally, the natural Hal first
undergoes the more efficient rolling mechanism to relieve the stress
to the maximum extent and then undergoes the tetrahedral rotation
to compensate the residual stress (Singh, 1996). The long axis of natural
Hal is predominantly parallel to the b axis, and partially parallel to the a
axis (Honjo et al., 1954; Singh and Gilkes, 1992), which means that the
orientation of rolling/curling is [100] and [010], respectively. This
phenomenon also occurs in synthetic Hal-like nanotubes (Singh
and Mackinnon, 1996; Kuroda et al, 2011). In addition to the
abovementioned curling orientations, Niu et al. (2014) found that there
were four new curling orientations, [110], [110], [310], and [310],
and that these multiple curling orientations were ascribed to the
incompatible matching between tetrahedrons and octahedrons,
and to the hexagonal distributions and the zigzag distributions of
two matching types (two-one type and two-two type).

In the case of platy Kaol, the structural stress is effectively compen-
sated by the formation of hydrogen bonds between the basal oxygen
and the inner-surface hydroxyl of the adjacent layer. Based on this
theory, the obtention of Hal through rolling of the Kaol layers by weak-
ening the interlayer hydrogen bonds attractedmuch interest. Singh and
Mackinnon (1996) experimentally demonstrated the formation of
Hal-like nanotubes through the use of repeated intercalation and
deintercalation of Kaol using potassium acetate. Gardolinski and
Lagaly (2005) proposed a method for the transformation of platy Kaol
Fig. 2. (a) Rotation and (b) rolling mechanisms of tetrahedr
to Hal-like nanotubes with high transformation efficiency, where the
interlayer-grafted Kaol was intercalated with n-alkylamines and
deintercalated by toluene, and the rolling of thin Kaol particles was
observed. Using the same method, Matusik et al. (2009) investigated
the effect of the structural order of the parent Kaol on the formation of
Hal-like nanotubes and found that the production of nanotubes primar-
ily depends on the efficiency of the interlayer modification and on the
low crystallinity of the Kaol. The preparation of Hal-like nanotubes
through the delamination and rolling of Kaol was further developed
by Kuroda et al. (2011), who proposed a simple one-step method
where some quaternary ammonium salts, such as hexadecyl trimethyl-
ammonium chloride and dodecyl trimethylammonium bromide, were
intercalated in the interlayer space of methoxy-modified Kaol. The
trimethylammonium group of the intercalated guest interacted weakly
with the tetrahedral sheets of Kaol, inducing the formation of a flex-
ible array of intercalated guest for swelling and the concurrent
transformation of platy Kaol to nanotubes. This transformation
was quite dependent on the interaction between the intercalated
guests and the interlayer surface of the methoxy-modified Kaol.
If this interaction is too weak, the intercalation of the guest is
hard; if this interaction was too strong, the transformation via
one-step cannot be accomplished because of the formation of a
rigid array of intercalated guests. Instead, this transformation was
accomplished via two-step in which the intercalation and swelling
proceed separately (Fig. 3). Yuan et al. (2013) investigated the effect
of intercalation reaction parameters, including temperature, time,
and concentration of quaternary ammonium salts, on the transfor-
mation of platy Kaol to Hal-like nanotubes. Overall, the synthesized
Hal-like nanotubes are of high tubule quality with uniform mor-
phology, and could be used in industrial fields as alternatives to natural
Hal, the performance of which is often affected by the diverse quality of
the natural Hal sourced from different deposits. However, the large-
scale production of Hal through the delamination and rolling of Kaol re-
mains limited by the economic viability of this route.

3.2. Morphology and porous structure of Hal

The morphological parameters of Hal (length, internal/external
diameter, ratio, and tube thickness) vary significantly between and
even within deposits, as summarized in Table 1, and this diversity is
due to the formation of Hal under various crystallization conditions
and geological occurrences (Joussein et al., 2005; Yuan et al., 2008;
Pasbakhsh et al., 2013). For example, Hal sourced from Kalgoorlie in
Western Australia is thin-walled and highly uniform in length, diame-
ter, and morphology; Hal sourced from Camel Lake in South Australia
is thick-walled and has a relatively uniform morphology with good
tubule quality; and Hal sourced from Northland in New Zealand has a
al in Hal. Adapted from Singh (1996) with permission.
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Fig. 3. Schematic representatives of the exfoliation and transformation ofmethoxy–modifiedKaol into nanotubes by the one- and two-step routes. Reprintedwith permission fromKuroda
et al. (2011). Copyright (2015) American Chemical Society.

78 P. Yuan et al. / Applied Clay Science 112–113 (2015) 75–93
low tubular quality, characteristic of high irregularity in diameter, wall
thickness, and morphology (Yuan et al., 2008). Furthermore, tubular
Hal with different wall-thicknesses also have different spiral structures,
for example, the thick-walled Hal presented by a Power spiral and the
thin-walled Hal presented a Logarithmic spiral (Mitra, 2013).

Hal possesses a relatively high specific surface area (SSA) and a total
pore volume (Vpore) that is much higher than that of platy Kaol but usu-
ally lower than that of montmorillonite. This should be ascribed to the
abundant pores in the structure of Hal. There are three types of pores
in Hal: i) the newly formedmesopores in the tube-wall during dehydra-
tion, resulting from the originally tightly connected rolled layers in fully
hydrated Hal separating because of dehydration and thus creating
slit-shaped longitudinal pores with a width of several nanometers
(Kohyama et al., 1978; Churchman et al., 1995); ii) the inherent
Table 1
Morphological and textural characteristics of Hal samples sourced from different deposits.

Sample Deposit L (nm)

CLAa Camel Lake, South Australia 800–900
CLAb Camel Lake, 63 km of Maralinga, South Australia 100–1500
PATCHa Kalgoorlie, Western Australia 3500–4500
PATCHb Siberia, 85 km NW of Kalgoorlie, Western Australia 200–5000
HGa Northland, New Zealand 100–300
MBb Matauri Bay, Northland, New Zealand 100–3000
JAb Jarrahdale, Western Australia 50–1000
DGb Dragon Mine, Utah, USA 50–1500
TPb Bay of Plenty, New Zealand 100–1500

L, the length of Hal particle. D, the external diameter. d, the internal diameter. R, the aspect rati
a Yuan et al., 2008.
b Pasbakhsh et al., 2013.
mesoscopic or evenmacroscopic lumens (the inner cavity of the tubular
Hal particle); and iii) the voids formed among particles in agglomerates
(50–100 nm) (Liu et al., 2007; Forsgren et al., 2010). The porosity values
of Hal from different deposits are also significantly different (Table 1)
because of the different morphologies and the presence of various
associated minerals (Joussein et al., 2005; Pasbakhsh et al., 2013).

3.3. Structural and morphological changes under thermal treatment

The behavior of Hal under heating has been postulated to be analo-
gous to that of Kaol because of its structural and chemical similarity
with Kaol. Numerous studies on the calcination of Kaol have been
conducted in the past half-century, since Brindley and Nakahira
(1959) pioneered the study of the Kaol-to-mullite reaction sequence.
D (nm) d (nm) T (nm) R SSA (m2/g) Vpore (cm3/g)

40–64 17–23 15–21 16 49.5 0.25
20–70 10–50 5–30 17 74.7 0.17
33–39 17–21 5–11 1100 40.3 0.08
40–55 12–22 8–20 50 81.6 0.18
19–40 8–26 8–18 6 23.2 0.13
50–200 15–70 20–100 12 22.1 0.06
30–80 10–30 10–25 10 44.6 0.12
20–150 5–30 5–50 9 57.3 0.12
30–50 10–20 8–12 – 33.3 0.09

o, where, R= L/D. T, the wall thickness. SSA, specific surface area. Vpore, total pore volume.
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The thermal dehydroxylation and transformation of Kaol is one of the
most thoroughly investigated reactions (Rocha and Klinowski, 1990)
because of its importance in ceramic processing. The intermediate states
and the equilibrium end point of the Kaol–mullite reaction have been
well defined using variousmethods, includingmagic angle spinning nu-
clear magnetic resonance (MAS NMR) (Brown et al., 1985; MacKenzie
et al., 1985; Rocha and Klinowski, 1990; Massiot et al., 1995), transmis-
sion electron microscopy (TEM) (Bergaya et al., 1996; Lee et al., 1999),
infrared spectroscopy (Vassallo et al., 1992; Frost and Vassallo, 1996),
electron paramagnetic resonance (Djemai et al., 2001), X-ray diffraction
(XRD), and thermal analysis (Dion et al., 1998; Kristóf et al., 1998).

Much less attention has been paid to the thermal transformation of
Hal than to that of Kaol. Smith et al. (1993) conducted a comprehensive
study to investigate the structural changes upon the thermal decompo-
sition of tubular Hal under progressive heating up to 1400 °C using a
combination of 29Si and 27Al solid state NMR, XRD, and TEM. These
authors demonstrated that the thermal transformation of Hal is largely
similar to that of Kaol. In principle, it can be concluded from the above
mentioned studies that the reaction scheme for the calcination of Kaol
or Hal initially involves dehydroxylation between 600 °C and 850 °C,
wheremost of the hydroxyl groups are removed, leading to the reduced
coordination of the originally octahedral aluminum. Moreover, a large
exothermic event at approximately 980–1000 °C, believed to be
triggered by the removal of the last hydroxyls, is due to the formation
of a distinct alumina-rich phase. Further heating to 1400 °C results in
the final equilibrium products, namely a 3:2 mullite (3A12O3·2SiO2)
and cristobalite. In particular, Smith et al. (1993) presented clear
evidence that the major exotherm of Hal at approximately 1000 °C
was mainly associated with the formation of γ-Al2O3 on a very fine
scale (b5 nm). This result could be considered as a convincing answer
to the debate as to whether the alumina-rich phase formed in this
event is a spinel-like γ-Al2O3 or an alumina-rich mullite (Okada et al.,
1986; Sonuparlak et al., 1987).

Yuan et al. (2012a) further investigated the morphological and
textural characteristics aswell as the surface reactivity of calcined tubu-
lar Hal. This study is based on the assumption that when Hal is calcined,
significant changes in porosity arise because of the one-dimensional
porous structure of tubular Hal, in contrast with the plate-like
non-porous nature of Kaol. A high purity tubular Hal sample was used
in thementionedwork to avoid the effects of impurities on the interpre-
tation of the spectroscopic characterization and to increase the reliabil-
ity of the obtained results. This study provided a detailed description of
themorphological changes such as the closing of the nanotube at one or
both ends for some Hal at approximately 1100 °C. Moreover, a direct
HRTEM observation (Fig. 4) showed the formation of nanocrystalline
γ-Al2O3 at approximately 1000–1100 °C, evidenced by SAED and by
the high-resolution lattice image of nanocrystalline γ-Al2O3 domains
with a width and length of approximately 5 nm and 5–15 nm,
respectively.

Another interesting observation in the same work (Yuan et al,
2012a) is that the rough tubular morphology and the mesoporosity of
Fig. 4. TEM images of calcined Hal. Adapted fr
Hal remained largely intact as long as the heating temperature was
lower than 900 °C. The values of the SSA and Vpore of Hal calcined at
900 °C are even 10% larger than those of the dried initial Hal, which
might be attributed to the formation of micropores during surface
breakage, resulting fromeither structural rearrangement or transforma-
tion. The high thermal persistence of the tubular structure of Hal should
be meaningful for the design of novel Hal-based nanocomposite or
ceramicmaterials. For example, a high thermal stability can be postulat-
ed for nanosized products of Hal-metal oxide reactions although they
have rarely been investigated (Antill, 2003). Moreover, the curving
and closing of the ends of the tubes may provide a solution for the
encapsulation of materials within guest-loaded Hal-derived nanotubes
for controlled-release purposes. This encapsulation for release control
has been attempted using several methods (Lvov et al., 2008;
Abdullayev and Lvov, 2011; Yuan et al., 2012b). It is noteworthy that
small variations in the threshold values of the critical thermal stability
temperature, i.e., the highest temperature point at which the porosity
of Hal remains almost intact, are very likely to exist among natural Hal
specimens of different sources (Ouyang et al., 2014). This may be due
to the diversity in morphological parameters (length, internal/external
diameter, and thickness of tube) of the Hal nanotubes (Pasbakhsh
et al., 2013) and to the presence of impurity minerals possibly affecting
the behavior of Hal upon heating.

3.4. Structural andmorphological changes under acid or alkaline treatment

Acid or alkaline treatment is one of the most commonly used
methods for the processing of industrial minerals. Theoretically, both
acid and alkaline treatment could potentially damage the structure of
Hal, since dealumination and desilication would occur under strong
acid and alkaline conditions, respectively. However, Joo et al. (2013)
demonstrated that the chemical structure of Hal was maintained after
a relatively mild acid or alkaline treatment, i.e., in solutions with pH
values from 2 to 11; instead, the pH of a solution can substantially influ-
ence the overall charge of Hal, indicated by changes in ξ-potential.
These authors found that the ξ-potentials were −3.5, −32.4, and
−44.8 mV at solution pH = 2, 7, and 11, respectively; moreover, an
apparent correlation exists between the pH of the solutions, the disper-
sion behavior of Hal in the solutions, and the porosity of dry Hal pow-
ders. It is noteworthy that the dry Hal powders were obtained after
freeze-drying, which was used to achieve a maximum preservation of
the aggregation state of the Hal particles. In addition, at pH = 2 the
Hal dispersionwas unstable leading to aggregation of theHal nanotubes
which formed large bundles. But at higher pH (N8), the agglomeration
and precipitation of Hal particles did not occur due to van der Waals
interaction between the particles and particularly, at pH = 11, the de-
gree of Hal dispersion was the highest among the tested pH (Joo et al.,
2013). These phenomena significantly affect the pore diameter, pore
surface area, and pore volume of Hal. As schematically illustrated in
Fig. 5, in alkaline solution, Hal was well dispersed and each end was
separated from other Hal nanotubes, allowing the opening access of
om Yuan et al. (2012a) with permission.
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Fig. 5. Aggregation and dispersion behaviors of Hal nanotubes in solution with different pH. Reprinted from Joo et al. (2013) with permission.
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the Hal inner pores; whereas, in acidic solution, Hal bundles were locat-
ed adjacent to the ends of other Hal nanotubes, resulting in a blocking of
the Hal inner pores. This effect was verified by porosity characteriza-
tions using nitrogen adsorption desorption isotherms of the dry Hal
products. The changes in pore volume, pore area, and pore size are in
good agreement with the aforedescribed opening and blocking of Hal
nanotubes based on aggregation and dispersion upon mild alkaline,
acid, or neutral treatment.

In highly concentrated acid and/or alkaline solutions, the structure
of Hal undergoes significant changes. White et al. (2012) conducted a
detailed study of the long-term stability of natural Hal under strong
acidic and alkaline conditions. These authors showed that the Hal nano-
tubes were corroded in quite different ways in 1 M solutions of strong
acidity and/or basicity. As schematically presented in Fig. 6, in the
acid-assisted corrosion of Hal, the inner AlO6 octahedral surface is first
attacked by the acid, resulting in the release of Al3+ in the solution
after an induction period. Further dissolution continues predominantly
on the inner surface of the lumen, leading to the release of Si4+, which
Fig. 6. Scheme of transformation of Hal in strong acid and alkaline s
rapidly reaches a saturated concentration and gradually precipitates in
the form of amorphous SiO2 in the lumen of the nanotubes. The forma-
tion of amorphous SiO2 as small spheroidal nanoparticles approximate-
ly 10 nm in diameter in the lumen was observed via TEM. The
decomposition of Hal in 1 M NaOH solution is also initiated on the
inner surface of the nanotubes, leading to the release of Si4+ in the
solution, whose solubility in alkaline environments is greater than that
of Al3+. Unlike corrosion in an acid environment, the crystallization of
saturated Al3+ occurs predominantly outside the nanotubes in the
form of flat Al(OH)3 nanosheets, which is possibly a result of crystalliza-
tion induced by the partially dissolved fragments of the Hal walls
composed of AlO6 octahedrons.

The strong acid and alkaline treatments led to an increase in both
SSA and Vpore compared with the original Hal (24.3 m2/g and
0.09 cm3/g, respectively). The treatment with both HCl and H2SO4

resulted in an almost linear increase in SSA and Vpore with time, whereas
the initial growth was followed by steady state values after 28 days in
the case of NaOH. The treatment with 1 M H2SO4 resulted in the largest
olutions. Reprinted from White et al. (2012) with permission.
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increase in SSA and Vpore (approximately threefold after 28 days and
fourfold after 84 days). Moreover, the acid and base treatments also
substantially altered the wall thickness of the Hal nanotube. After 1 M
H2SO4 treatment for 84 days, the average external diameter of the nano-
tubes remained unchanged, whereas the average internal diameter
increased from 15 nm for the original Hal to 22.9 nm and the average
wall thickness decreased from 15 nm to 10.3 nm. After treatment with
1 M NaOH for 84 days, the average internal diameter increased to
22.8 nm, the averagewall thickness decreased to 11.4 nm, and the aver-
age external diameter remained unchanged. A similar increase in SSA
and Vpore with treatment time, as well as the destruction of the AlO6

octahedral layer structures and the formation of amorphous silica nano-
particles were observed by Zhang et al. (2012a) and Abdullayev et al.
(2012). However, to test the stability of Hal over a relatively short
time (b60 h), an acid was used with a higher concentration, i.e. 2 M or
even 3 M H2SO4 than that used in the above-mentioned study (White
et al., 2012). A 29Si solid-state MAS NMR investigation evaluating the
structural changes of the Hal at the atomic scale showed that the hydro-
lysis of two Si–O–Al and two Al–OH–Al bonds occurred during the
release of single Al3+ ions. Two newly formed broad chemical shifts
centered at approximately −100 ppm and −109 ppm were assigned
to theQ3-type silicon siteswith one secondnearest-neighbor aluminum
Si(OSi)3–(O+AlH) and to the Q4-type Si(OSi)4 sites of amorphous silica-
like regions in the dealuminated Hal products, respectively (Abdullayev
et al., 2012). 27Al solid-stateMASNMR spectra showed that the environ-
ment of atoms of aluminawas identical to that of the original Al–OH–Al
layers of Hal but that significant alterations occurred at a very high level
of dealumination (above 90%).

The structural changes induced by acid treatment are expected to
change the mechanical properties of Hal. Abdullayev et al. (2012)
estimated that the Hal bending stiffness and tensile strength were
reduced due to the decrease in wall thickness resulting from the acid
treatment. However, a more accurate evaluation of the effects of the
acid treatment on the change in the mechanical properties of Hal
could be achieved only by directly measuring the Young's modulus of
Hal using proposedmethods based on TEM (Lu et al., 2010) and atomic
force microscopy (AFM) (Lecouvet et al., 2013a). The aforementioned
studies revealed the stability of Hal in acid or alkaline solutions, which
is meaningful for the understanding of the behavior of Hal in natural
environments, e.g., how its surface reactivity is possibly modified in
acidic soils. In addition, these results are useful for applications where
Hal interacts with acids or bases. The increased SSA and Vpore of the
resulting nanotubes, without any significant shape alteration after the
acid or alkaline treatment, could be desirable for applications of modi-
fied Hal; for example, the acid-modified Hal has been proven to be an
effective adsorbent formethylene blue (Zhang et al., 2012b). In concen-
trated NaOH solutions, the thinning of the tubewalls of Hal without the
creation of SiO2 nanoparticles inside the tubesmight have uses in appli-
cations where a larger internal diameter is required, such as the encap-
sulation of large proteins or DNA molecules (White et al., 2012).
Moreover, the enlargement of the Hal lumen i) increased the loading
efficiency of benzotriazole (a corrosion inhibitor) by 4 times, which is
comparable to the conventional polymeric microencapsulation tech-
nique, and ii) allowed increasing diameter of the silver nanorods to be
encapsulated in the acid-modified Hal (Abdullayev et al., 2012).

4. Physico-chemical properties and surface chemical modifications
of halloysite (Hal)

4.1. Mechanical properties of Hal nanotube

The clay mineral layer has by itself several excellent mechanical
properties. For example, the in-plane elasticity of a single layer ofmont-
morillonite is as high as 270 GPa, according to aMonte Carlo simulation
(Manevitch and Rutledge, 2004). Theoretically, the mechanical proper-
ties of Hal are also important for its practical applications. As Hal is used
as inorganic filler in CPN, its mechanical properties, combined with
other important factors such as loading amount and aspect ratio of the
filler, dispersion extent, and compatibility between filler and organic
substrate, strongly influences the mechanical properties of the final
CPN product (Liu et al., 2014). Until now, there were only few studies
investigating the mechanical property of a single Hal nanotube because
it is difficult to directly assess themechanical property of nanosized Hal.
Guimaraes et al. (2010) calculated the mechanical properties of zigzag
and armchair single-walled Hal nanotubes using the self-consistent
charge density-functional tight-binding method, and they found that
the Young's modulus for the zigzag and armchair Hal was in the range
of 230–300 GPa and 300–340 GPa, respectively. This discrepancy arises
from the different diameters of the zigzag (15–36 Å) and of the armchair
(21–46 Å) Hal.

Lu et al. (2010) directly measured the Young's modulus of a single
Hal nanotube by using a TEMwith a bending stage. The obtained exper-
imental Young's modulus (130 ± 24 GP) is lower than the calculated
value for the single-walled Hal (230–340 GPa) because Hal is composed
of multi-walled nanotube rolled by 15–20 aluminosilicate layers (Lvov
et al., 2008) including structural defects. Moreover, the Young's modu-
lus of Hal decreased with the increase in wall diameter because Hal
with a greater diameter has a higher density of structural defects. In
addition, these authors also found that the Hal nanotubes are surpris-
ingly flexible and could be bent to almost 90° without fracture.

Lecouvet et al. (2013a) measured the elastic modulus of Hal nano-
tubes using AFM with three-point bending tests. When the external
diameter of Hal ranged between 50 and 160 nm, the average elastic
modulus was 140 GPa. This result is in agreement with the observation
made by Lu et al. (2010). When the external diameter of Hal was less
than 50 nm, the elastic modulus suddenly increased to 460 GPa.
This value is even greater than the calculated elastic modulus of
single-walled Hal nanotube (Guimaraes et al., 2010) and that of a single
layer of montmorillonite (Manevitch and Rutledge, 2004). This unex-
pected steep jump in elastic modulus for the Hal nanotubes with
small diameters is principally due to the surface tension effect and the
absence of structural defects.

4.2. Interlayer water molecules and dehydration behaviour

The interlayer water molecules in Hal-(10 Å) can be classified into
two types: i) “hole water”, embedded into the ditrigonal cavities in
the basal oxygen plane with two main different orientations and
forming hydrogen bonds with the basal oxygen; and ii) “associated
water”, located at a different levels in the interlayer space, with an
ice-like configuration and a high degree of mobility and forming hydro-
gen bonds with each other and/or with inner-surface hydroxyls
(Hendricks and Jefferson, 1938; Lipsicas et al., 1985; Smirnov and
Bougeard, 1999). Because the more stable “hole water” is lost more
slowly than the “associated water”, Hal occurs in an intermediate state
betweena fully hydrated and fully dehydrated form, similar to the inter-
mediate states for Kaol: Kaol-(8.6 Å) and Kaol-(7.9 Å) reported by Giese
(1988). The two intermediate states of Hal-(8.6 Å) and Hal-(7.9 Å)were
directly observed on the SAED pattern of hydratedHal obtained via TEM
with an environmental cell (Kohyama et al., 1978).

Generally, the interlayer water molecules, weakly held by hydrogen
bonds, are readily and irreversibly lost. This dehydration of Hal-(10 Å)
depends on the drying history, relative humidity (RH), and sample
origin (Hughes et al., 1966; Joussein et al., 2005). For instance,
Hal-(10 Å) undergoes dehydration at 40 °C at 40% RH but at 65 °C for
100% RH (Kohyama et al., 1978). The dehydration of Hal-(10 Å) by
heating at 100–350 °C induced the basal spacing to decline to 7.2 Å,
which is slightly larger than the basal spacing of Kaol (7.14 Å). This is
accomplished only under the condition that 15 layers of Kaol contain
one layer of water (Brindley and Robinson, 1946). The complete remov-
al of the interlayer water molecules is achieved upon heating at 400 °C
without dehydroxylation (Brindley et al., 1949).
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Dehydration can have different effects on spheroidal and tubular
Hal. For spheroidal Hal, dehydration induced a reduction in particle
diameter (Joussein et al., 2005). For tubular Hal, dehydration unfolded
the layer of Hal showing a 10–20% increase in diameter. This unfolding
process also generated the splitting of the tightly connected layers,
forming slit-shaped nanopores (Kohyama et al., 1978). In addition,
dehydration could impact the structure of Hal. High-resolution TEM
observation showed that dehydrated Hal consists of helically rolled
parallel cylinders containing spiral cell structures, whereas hydrated
Hal has a more doughnut-like structure (Ece and Schroeder, 2007).

The presence of interlayer water molecules has a great influence on
the reactivity of Hal. The interlayer water is favorable for the intercala-
tion of organic compounds; however, the dehydrated Hal is only partly
intercalated with formamide and ethylene glycol (Joussein et al., 2005).
Moreover, the interlayer water could significantly influence the grafting
of organosilanes on Hal by affecting their hydrolysis (Yuan et al., 2008;
Tan et al., 2013).

4.3. Surface modification of Hal

Surface modification refers to the introduction of functional groups
onto the surface of a host material, which can be achieved by either
physical modifications (wrapping the modifier onto the host by van
der Waals forces, hydrogen bonding, and electrostatic attraction) or
chemical modifications (by covalently attaching the modifier to the
host). The physical properties (solubility, dispersion, hydrophilicity/
hydrophobicity, etc.) and the chemical properties (reactivity, bio-
toxicity, etc.) of the host can be carefully tailored for a specific surface-
modification, and will consequently promote the performance of the
host when used in some applications. In the case of Hal, multiple
surfaces (the external surface, the interlayer surface, and the internal
lumen surface) could potentially be modified. The external surface is
composed of siloxane (Si–O–Si) groups and of a small number of
aluminol (Al–OH) and silanol (Si–OH) groups exposed on the edges
and surface defects of the Hal (Yuan et al., 2008). The interlayer surface
and the internal lumen surface consist of a gibbsite-like array of
aluminol (Al–OH) groups. The chemical difference between the external
and internal surfaces of Hal results in a positive zeta potential for the
internal surface and a negative zeta potential for the external surface
over a pH range of 2.5 to 8.5 (Veerabadran et al., 2007). In addition,
Hal is highly hydrophilic, with the water contact angle for Hal being as
low as 10 ± 3° (Abdullayev et al., 2009). When Hal was used as filler
in polymers, as adsorbent for pollutants, and as carrier for active guest
molecules, Hal showed only a weak affinity (ion exchange, hydrogen
bonding, and vanderWaals forces) for the guest. To improve the perfor-
mance of Hal in the abovementioned areas, a surface modification of
Hal, normally site-specific and sometimes selective, is highly desirable.
Fig. 7. LBL assemble of Hal. Reprinted from Abd
4.3.1. Modification of the external surface
The external siloxane surface of Hal has a low chemical activity and

is unavailable for grafting by organic compounds. However, due to the
negative surface potential in a wide pH range, it is possible to modify
the external surface property of Hal by adsorbing some specific cations.
Lvov et al. (2002) adsorbed poly(ethyleneimine) (PEI) on the surface of
Hal to form amonolayer with a thickness of 54 nm and then alternately
adsorbed Hal and PEI to generate thin films with a thickness of 720 nm
(approximately 14 sets of Hal-PEI monolayers). Due to the loosely
packed Hal in the Hal-PEI monolayer, the thin film consists of a network
with 50% empty space, which could be used as loading space for the
subsequent controlled release of guest molecules. Veerabadran et al.
(2009) used layer-by-layer (LBL) assembly to form organized shells on
the pre-loadedHal for the controlled release of dexamethasone. As illus-
trated in Fig. 7, the organized shells were synthesized by alternately
adsorbing polycations (poly(allylamine) hydrochloride; PAH; PEI;
chitosan) and polyanions (sodium poly(styrene sulfonate): PSS;
poly(acrylic acid): PAA; gelatin) on the external surface of Hal. The
sequential polycation/polyanion assembly changed the surface poten-
tial of Hal from a positive value to a negative value. The organized
shell could significantly decrease the diffusion of dexamethasone from
the lumen of Hal.

Shamsi and Geckeler (2008) developed an interesting method to
modify the external surface of Hal by wrapping DNA on the surface of
a Hal nanotube through a mechanochemical reaction in the solid state.
The DNA-wrapped Hal is obtained by simply milling DNA and Hal.
After the milling, the Hal nanotubes were cut into shorter lengths but
the DNA remained intact and completely covered the surface of the
Hal. This modification afforded Hal with a high aqueous solubility and
revealed some potential biomedical applications for Hal nanotubes.
Chang et al. (2011) wrapped amylose on the surface of Hal to improve
their biocompatibility. The obtained Hal amylose nanocomposite has a
good dispersion in a DMSO/H2O solution.

In addition to modifications on the external siloxane surface of Hal,
Yuan et al. (2012a) demonstrated that the original siloxane groups at
the external surface could also partially or entirely replaced by hydroxyl
groups after calcination at 600–900 °C, and that the newly formed
surface hydroxyl groups of the calcined Hal were available for covalent
grafting with organosilanes (3-aminopropyltriethoxysilane: APTES).
The formation of the hydroxyl groups occurred before the breakdown
of the tubular structure and accompanied the disconnection and further
disordering of the silica and alumina originally present in the tetrahe-
dral and octahedral sheets. Based on this finding, novel applications of
calcined Hal could be postulated. For example, the hydroxyl groups
formed could act as new active sites for attracting and fixing functional
guests because of their availability for ion exchange and silylation
reactions. Moreover, the organo-modification of the external tube
ullayev and Lvov (2011) with permission.
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surface of calcined Hal promises to be a particularly versatile yet site-
specific approach to improve the affinity between the calcined Hal and
the polymer substrate in Hal–polymer nanocomposites. To our knowl-
edge, this last approach has not yet been explored. These external
tube surface-based potential applications may significantly extend the
utility of current lumen-based applications of Hal. These applications
are summarized in detail in the following sections.

4.3.2. Selective modification of the internal lumen surface
The Al–OH groups on the internal lumen surface of Hal have a high

chemical activity toward many organic compounds such as organo-
silanes. The surface modification of Hal could be accomplished through
the covalent grafting of functional groups on the internal lumen surface.
Yuan et al. (2008) investigated themodification of Hal by the grafting of
3-aminopropyltriethoxysilane (APTES) on the lumen surface; a layer of
aminopropyl groups was introduced and implanted through the forma-
tion of covalent Al–O–C bonds by the condensation of the Al–OH groups
of Hal and the hydroxyl groups of the hydrolyzed APTES. As shown in
Fig. 8a, the general mechanism of APTES grafting on Hal can be de-
scribed as follows: i) condensation occurs between the hydroxyl groups
of the hydrolyzed APTES and those of Hal, including the Al–OHat the in-
ternal lumen surface and the Al–OH and Si–OH at the edges or surface
defects, resulting in the grafting of APTES mainly in the lumen of Hal;
and ii) some of the hydrolyzed APTES condenses with each other to
form oligomers which grafted by covalent and/or hydrogen bonds
with the already grafted APTES, forming a cross-linked network in the
lumen.

The grafting of APTES could promote the functionality but sacrifice
the porosity of Hal (Yuan et al., 2008). The extent of the APTES grafting
is determined by i) the origin of the Hal. For instance, Hal with a high
SSA have a higher content of grafted APTES than Hal with a low SSA
because Hal with higher SSA have a higher density of hydroxyl groups
on the surface allowing more grafted APTES. ii) by its pretreatment
(heating, evacuation, etc.). For instance, a thermal pretreatment at
Fig. 8. Schematic representation of the grafting of (a) APTES and (b) octadecylphosphonic
acid on Hal. Reprinted with permission from Yuan et al. (2008) and Yah et al. (2012a).
Copyright (2015) American Chemical Society.
400 °C reduces the water content and leads to a restriction of the
APTES oligomerization and the subsequent formation of the cross-
linked network in the lumen, which consequently preserved the
lumen space. Also the removal of air from the lumen by evacuation
treatment is useful for enhancing the loading of APTES, and hence for
increasing the extent of grafting or oligomerization. Therefore, the
pretreatment conditions must be carefully tailored to optimize the
organosilane-grafting of Hal.

The grafting of APTES introduced, on the surface of Hal, amino
groups which have a high chemical activity and can react with other
functional groups to further modify the surface of the Hal. Joo et al.
(2012) synthesized a carboxylic acid functionalized Hal (Hal–COOH)
from amino-functionalized Hal (Hal–NH2) through the reaction
between the succinic anhydride and Hal–NH2 in dimethyl formamide.
The obtained Hal–COOH formed aggregates in neutral solution because
of the hydrogen bonds between the carboxyl groups of Hal–COOH;
however, Hal–COOH was well dispersed in acidic solution, and even
monodispersed in basic solution, which can be rationalized as resulting
from the decrease in hydrogen bonding in acidic solutions, and the
repulsive forces generated between the carboxylate anions in basic
solution. The carboxylic acid functionalized Hal with excellent disper-
sion is of great potential application in CPN, catalysts, drug delivery
systems, and cosmetics.

In addition to the internal lumen surface modification of Hal by
grafting of organosilanes, other organic compounds for the selective
modification of the internal lumen surface were explored. Yah et al.
(2012a) found that octadecylphosphonic acid could selectively bind
onto the lumen of Hal through bidentate and tridentate P–O–Al linkages
(Fig. 8b). This modification afforded Hal with a hydrophobic lumen and
a hydrophilic external surface. Compared with unmodified Hal, the
modified Hal has a higher adsorption capacity for hydrophobic ferrocene
because the hydrophobic tubular core acts like a sponge to embed ferro-
cene into its alkyl chains but has a lower adsorption capacity for hydro-
philic ferrocenecarboxylic acid because of the favorable hydrogen
bonding in the unmodified Hal. In addition, the Hal already modified by
organophosphonic acid on the internal lumen surface could be further
grafted by N-(2-aminoethyl)-3-aminopropyltrimethoxysilane on the
external surface, thus achieving a bifunctionalization of the Hal. This
bifunctionalized Hal might enable different potential applications from
water purification to drug immobilization and controlled release.
Furthermore, Yah et al. (2012b) immobilized 2-bromo-N-[2-(3,4-
dihydroxyphenyl)ethyl]-isobutyryl amide (Dopa), a dopamine
derivative, onto the internal lumen surface of Hal. Theoretically,
Dopa binds to both the silica-like external surface and the alumina-
like internal lumen surface of Hal through silica–catechol bonds
and alumina–catechol bonds, respectively. However, the weak
silica–catechol bonds could be readily removed by sonication and
tetrahydrofuran–water solution rinses. Therefore, the more stable
alumina–catechol bonds could be maintained, allowing the selective
modification of the Al–OH groups on the lumen of Hal.

4.3.3. Modification of the interlayer surface
Although the surface hydroxyl groups of the internal lumen surfaces,

edges, and external surfaces of Hal could be grafted by organic com-
pounds (Yuan et al., 2008; Yah et al., 2012a,b), the interlayer inner-
surface Al–OH groups were unavailable for grafting because they were
blocked by the strong hydrogen bonds between adjacent layers.
For Kaol, the grafting of APTES onto the interlayer inner-surface hydrox-
yl groups could be achieved only under severe conditions (e.g., pre-
intercalation of dimethyl sulfoxide (DMSO), pure APTES liquid, high
temperatures, and N2 atmosphere) (Tonlé et al., 2007; Yang et al.,
2012). The reaction temperature had a significant influence on the
grafting of APTES onto the interlayer inner-surface hydroxyl groups of
Kaol. In the case of a high reaction temperature (220 °C), the APTES
arranged in a cross-linked monolayer in the interlayer space, with a
basal spacing of 1.00 nm; in the case of low reaction temperatures
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(175, 185, and 195 °C), the APTES acted as a pseudo-bilayer arrange-
ment in the interlayer space, with a basal spacing of 1.73–1.89 nm
(Fig. 9). However, this interlayer surface modification by APTES has
not yet been achieved in the case of Hal under the same conditions
(Yang et al., 2012).

Regardless of the strong hydrogen bonds between adjacent layers
of Kaol andHal, some organicmolecules, such as DMSO andmethyl form-
amide, could directly intercalate into the interlayer space of Kaol and Hal
(Joussein et al., 2005). Theorganicmolecules that cannot bedirectly inter-
calated into the interlayer space, such as methanol, diethanolamine,
triethanolamine, tris(hydroxymethyl)aminomethane, pyridine–
carboxylic acids, APTES, 1-(2-Hydroxyethyl)-3-methylimidazolium, and
terbium pyridine–picolinate, could be intercalated by replacing the
pre-intercalated organic precursors and reacting with the interlayer
inner-surface Al–OH groups to accomplish the modification of the inter-
layer space of Kaol and Hal (Tunney and Detellier, 1996; Letaief and
Detellier, 2007; Tonlé et al., 2007, 2009; de Faria et al., 2009, 2010,
2011; Yang et al., 2012; Matusik and Wścisło, 2014). For example, the
grafting of methoxy groups on the interlayer inner-surface Al–OH groups
of Kaol was first proposed by Tunney and Detellier (1996). The grafting
mechanism is as follows: methanol molecules are intercalated into the
interlayer space of Kaol by replacing the pre-intercalatedDMSOormethyl
formamide and thenonemethanolmolecule is condensedwith one inter-
layer inner-surface Al–OH group to form Al–O–C bonds and one H2O
molecule. Part of the grafted methoxy groups was keyed into the (SiO)6
macro-ring of the adjacent silicate sheet. The grafting of the methoxy
groups induced an increase in basal spacing of 0.82–0.86 nm, depending
on the number of interlayer watermolecules generated by the condensa-
tion between methanol molecules and Al–OH groups.

The interlayer space of themethoxy-modified Kaol has been used as
host for guest molecules, such as ε-caprolactam (Komori et al., 1999a),
poly(vinylpyrrolidone) (Komori et al., 1999b), alkylamines (Komori
et al., 1999c), p-nitroaniline (Kuroda et al., 1999; Takenawa et al.,
2001), nylon 6 (Matsumura et al., 2001), some quaternary ammonium
salts (Kuroda et al., 2011), 5-fluorouracil (Tan et al., 2014a), and ami-
trole (Tan et al., 2015). In addition, the interlayer space of the
methoxy-modified Hal is also available for the loading of guest mole-
cules, such as the anticancer drug 5-fluorouracil and the herbicide
amitrole. The methoxy-modification introduced a plane of methoxy
groups into the interlayer space of Kaol/Hal weakening the original hy-
drogen bonds between adjacent layers. This interlayer space became
Fig. 9. the interlayer grafting of APTES on kaolinite. Re
available for further intercalation. The intercalated guest exhibited a
high level of loading and a controlled release because of the develop-
ment of this additional loading space and the significant diffusional
restriction by the lamellar structure (see more details in Section 5.2).

5. Hal-based advanced materials and their applications

The abundant nanosized tubular Hal has excellentmechanical prop-
erty and good biocompatibility. These advantages allowed a variety of
potential applications in many fields, e.g., as filler in polymers, carrier
for the loading and controlled release of guest molecules, adsorbent
for pollution remediation, and a nanoreactor/nanotemplate for the
synthesis of functional materials.

5.1. Hal–polymer nanocomposites

Hal is expected to be a promising filler for Hal–polymer nanocom-
posites due to its aforedescribed high SSA, high aspect ratio, good
dispersion, and excellent mechanical properties. Many studies investi-
gated the effect of Hal as filler on the mechanical properties, thermal
stability, and flame retardancy of polymers (Du et al., 2010a; Liu et al.,
2014). These polymers included natural rubber (Guo et al., 2010; Rooj
et al., 2010; Ismail et al., 2013), ethylene propylene diene monomer
(EPDM) (Ismail et al., 2008; Pasbakhsh et al., 2010), butadiene–styrene
rubber (SBR) (Du et al., 2008; Guo et al., 2008; Jia et al., 2011), polyam-
ide 6 (PA6) (Marney et al., 2008; Guo et al., 2009), polypropylene (PP)
(Du et al., 2006, 2010b; Ning et al., 2007; Liu et al., 2008, 2009a,b;
Lecouvet et al., 2013c), polyethylene (PE) (Jia et al., 2009; Zhao et al.,
2014), epoxy resin (Liu et al., 2007; Ye et al., 2007; Deng et al., 2009;
Tang et al., 2011), poly(hydroxybutyrate-co-hydroxyvalerate) (Carli
et al., 2014), poly(vinylidene fluoride) (Thakur et al., 2014) etc. In gen-
eral, there are two crucial factors determining the performance of
Hal–polymer nanocomposites: a good dispersion of the Hal in the poly-
mer matrix and a desirable interfacial affinity between the Hal and the
polymer (Du et al., 2010a; Liu et al., 2014). Although Hal has a good
dispersion in aqueous solutions because of the negatively charged
external surface and the hydrophilic surface, it remains difficult to
achieve a good dispersion of Hal in the polymer matrix and the Hal
nanotube readily forms micron-sized aggregates. To enhance the
dispersion of Hal in the polymer matrix and the interfacial interactions,
Guo et al. (2008) used methacrylic acid (MAA) as a coupling agent to
printed from Yang et al. (2012) with permission.
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Fig. 10. the TEM image of Hal–polymer nanocomposite. Reprinted from Deng et al. (2009) with permission.
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enhance the compatibility between Hal and SBR by direct blending. Hal
and SBR generated strong interfacial bonds through zinc methacrylate
(ZDMA) and MAA intermediated linkages formed in situ. Hal and SBR
were connected by ZDMA via a grafting/complexation mechanism,
and connected by MAA via grafting/hydrogen bonding mechanism.
Due to the substantial improvement of the dispersion of Hal by virtue
of the strong interfacial interactions, the MAA-modified Hal–SBR
nanocomposite showed excellent mechanical and vulcanization
properties. Pasbakhsh et al. (2010) proposed another way to achieve
this purpose by grafting γ-methacryloxypropyl trimethoxysilane on
the surface of Hal. This modification increased the interactions between
Hal and EPDM and the degree of dispersion of Hal in the EPDM matrix,
consequently leading to the improvement of the tensile strength and
the tensile modulus.

Overall, the three main effects of Hal addition on the properties of
the resulting CPN can be summarized as follows:

i) Hal acted as a reinforcing agent in the CPN and significantly
improved its mechanical properties (tensile strength, impact
strength, flexural property, etc.) (Fig. 10). For instance, Du et al.
(2010a) investigated the effect of Hal content on the mechanical
property of Hal–PA6 nanocomposites obtained by melt bending.
With the increase in Hal content, the flexural strength of the CPN
was significantly promoted from 110.0 MPa (neat PA6) to
135.5 MPa (CPN) and the flexural modulus increased from
2711 MPa (neat PA6) to 4557 MPa (CPN); however, the tensile
strength and the impact strength were only slightly enhanced.
These results were ascribed to the good dispersion of Hal in the
PA6 matrix and to the strong interfacial interactions (hydrogen
bonding) between the acylamino groups of PA6 and the hydroxyl
or the siloxane groups of Hal. Ye et al. (2007) found that bending
merely 2.3 mass% Hal into the epoxy matrix could enhance the
impact strength by 4 times, from 0.54 kJ/m2 (neat epoxy) to
2.77 kJ/m2 (CPN), without a decrease in flexural strength and
flexural modulus. This high increase in the impact strength was
attributed to the dissipation of the impact energy via the
nanotube bridging/pulling-out/breaking and via the formation
of damage zones with a large number of micro-cracks in front
of the main crack. This work demonstrated that Hal was an
effective impact modifier for some brittle polymers.

ii) Hal acted as a flame-retardant agent, and significantly increased
the thermal stability and flame retardancy of the CPN. Du et al.
(2006) demonstrated that Hal had drastic effects on the thermal
stability of Hal–PP nanocomposites. The decomposition temper-
ature of the CPN was 60 °C higher than that of neat PP.
The improvement of flame retardancy by Hal arose from a syner-
gistic effect between physical (i.e. ceramic-like structure forma-
tion and mechanical reinforcement of the char) and chemical
(i.e. charring promotion) processes takingplace in the condensed
phase (Lecouvet et al., 2013b). Some other researchers also
ascribed the improvement of flame retardancy to that Hal acted
as a barrier against heat and mass transport, as well as from the
trapping of polymer decomposition products in the lumen
(Lecouvet et al., 2013c; Liu et al., 2014). This improvement in
thermal stability and flame retardancy by Hal is also achieved
on PA6 (Marney et al., 2008), epoxy (Ye et al., 2007), natural
rubber (Rooj et al., 2010), PE (Jia et al., 2009; Zhao et al., 2014),
etc.

iii) Hal affected the crystallization behavior of semicrystalline poly-
mer, such as PP and PA6 nanocomposites (Ning et al., 2007; Liu
et al., 2008, 2009a,b, 2014; Guo et al., 2009; Du et al., 2010b).
For instance, the well-dispersed Hal in a PP matrix served as nu-
cleation agents, and accelerated the overall crystallization rate;
however, Hal had no effect on the spherulite growth rate because
the nucleation and growth of spherulite are two independent
processes (Ning et al., 2007). Hal also exerted a great effect

https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/233459170_Reinforcing_and_Flame-Retardant_Effects_of_Halloysite_Nanotubes_on_LLDPE?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/259097159_A_comprehensive_study_of_the_synergistic_flame_retardant_mechanisms_of_halloysite_in_intumescent_polypropylene?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/276971760_Thermal_and_flammability_properties_of_polyethersulfonehalloysite_nanocomposites_prepared_by_melt_compounding?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/244306471_Halloysite_nanotubes_as_a_novel_b-nucleating_agent_for_isotactic_polypropylene?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/261840155_Recent_Advance_in_Research_on_Halloysite_Nanotubes-Polymer_Nanocomposite?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/244305964_Crystallization_behavior_and_mechanical_properties_of_polypropylenehalloysite_composites?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/244305964_Crystallization_behavior_and_mechanical_properties_of_polypropylenehalloysite_composites?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/264647019_Synergistic_Flame-Retardant_Effect_of_Halloysite_Nanotubes_on_Intumescent_Flame_Retardant_in_LDPE?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/244063442_Thermal_stability_and_flame_retardant_effects_of_halloysite_nanotubes_on_polypropylene?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/244063442_Thermal_stability_and_flame_retardant_effects_of_halloysite_nanotubes_on_polypropylene?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/239725420_Effects_of_halloysite_nanotubes_on_kinetics_and_activation_energy_of_non-isothermal_crystallization_of_polypropylene?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-73f1dcc3c5d1d718b0d45e3625fcd08c-XXX&enrichSource=Y292ZXJQYWdlOzI3NzE4NjE4MDtBUzoyMzMzMDgxNzI4NDUwNTZAMTQzMjYzNjQxMTgxOQ==


86 P. Yuan et al. / Applied Clay Science 112–113 (2015) 75–93
upon the crystallinity of Hal–PA6 nanocomposites. In addition to
acting as a nucleating agent and accelerating the crystallization of
PA6, Hal could induce the formation of α-phase PA6 during
non-isothermal crystallization. The proportion of α-phase PA6
increased with the percentage of Hal in the CPN (Guo et al.,
2009).

Apparently, Hal is an effective and low-cost additive and looks
promising for use in CPN. However, for the large-scale use of Hal in
polymer fabrication, the nonuniform tubule quality of natural Hal
must be carefully considered because this inhomogeneity may induce
huge quality discrepancies between different batches of CPN. Moreover,
the applications of Hal–polymer nanocomposites with high perfor-
mance in biomedicine, aircraft/automotive manufacture, environmen-
tal protection etc. should be further developed.

5.2. Support for loading and controlled-release of guests

Hal has great uses as a host for the loading and controlled-release of
various guests, including inorganic salts and organic substances ranging
from simple organic molecules to high molecular mass biochemical
molecules because of its mesoscopic or even macroscopic lumen and
high biocompatibility. Price et al. (2001) first used Hal as a carrier for
the loading of different types of guest, including tetracycline HCl
(hydrophilic), khellin (hydrophobic), and nicotinamide adenine dinu-
cleotide (biochemical). These guests were loaded into the lumen and
adsorbed onto the external surface of Hal from the solution or melt.
Some inorganic salts, such as silver acetate, ammonium molybdate,
potassium permanganate, sodium silicate, and sodium chromate
(Abdullayev and Lvov, 2011; Abdullayev et al., 2011), could be loaded
into the lumen of Hal from their saturated solution in water via vacuum
cycling. Moreover, the lumen-loaded silver acetate could be further
processed into silver nanorods by thermal decomposition. TheHal/silver
composite was proved to be a good filler for paint, which could enhance
the tensile strength and endow the paint with antimicrobial activity
(Abdullayev et al., 2011).

Based on its molar mass also called molar weight (MW), guests
loaded on Hal could be listed in either of the following categories:

i) low MW substances with MW b 300 g/mol, e.g., propranolol
hydrochloride (Levis and Deasy, 2003), 5-aminosalicylic (Viseras
et al., 2008, 2009; Aguzzi et al., 2013), benzotriazole (Shchukin
and Mohwald, 2007; Abdullayev et al., 2009; Abdullayev and
Lvov, 2010), 8-hydroxyquinoline (Fix et al., 2009), glycerol (Suh
et al., 2011), stearic acid (Mei et al., 2011a), capric acid (Mei
et al., 2011b), resveratrol (Vergaro et al., 2012), ibuprofen (Tan
et al., 2013, 2014b), and 5-fluorouracil (Rao et al., 2014);

ii) mediumMWsubstanceswith 300 g/mol bMW b 1000 g/mol, e.g.,
dexamethasone, furosemide, nifedipine (Veerabadran et al., 2007,
2009), fentanyl (Forsgren et al., 2010), doxorubicin (Mitchell et al.,
2012), and orange II (Yuan et al., 2012b);

iii) high MW substances with MW N 1000 g/mol, e.g., metal-
loporphyrins (Machado et al., 2008), α-amylase (Zhai et al.,
2010), urease (Shchukin et al., 2005; Zhai et al., 2010),
antisense oligonucleotides (Shi et al., 2011), and insulin
(Abdullayev and Lvov, 2011).

Generally, the guest is mainly encapsulated in the lumen, and partly
loaded onto the external surface of Hal. The interlayer space of Hal is
available for the direct intercalation of some small molecules, e.g.,
most potassium and ammonium salts, ethylene glycol, glycerin, form-
amide, DMSO, and phenylphosphonic acid (Carr et al., 1978; Costanzo
and Giese, 1986; Hillier and Ryan, 2002; Joussein et al., 2005, 2007;
Tang et al., 2011). These substanceswere classified into three categories
by Frost and Kristof (1997): i) compounds that form strong hydrogen
bonds with the silicon tetrahedral sheet, such as urea, hydrazine, and
acetamide; ii) molecules with strong dipole interactions, which can
interact with the silicate layers, such as DMSO; and iii) the alkali salts
of short-chain fatty acids, in particular, acetic and propionic acids.
In addition to the direct intercalation of the abovementioned
substances, the interlayer space of Hal following methoxy-
modification is also available for the loading of organic compounds
with specific functional groups and/or molecular dimensions (Tan
et al., 2015).

The loading capacity of guests on Hal is affected by several factors,
such as the morphology of Hal, the pH of the solution, and the solvent.
Yuan et al. (2012b) found that Orange II had a higher loading
(5.91 mass%) on Hal CLA (see Table 1 for the description of the speci-
men) than on Hal HG (1.81 mass%). This is because the Hal CLA with a
uniform tubular morphology has a higher SSA and Vpore (49.5 m2/g
and 0.25 cm3/g) than Hal HG with a low tubular quality (23.2 m2/g
and 0.13 cm3/g). The pH of the solution also produces a significant effect
on the loading of drugs. For instance, the loading content of dexameth-
asone at pH = 1.4 was 5.5 mass%, much higher than at pH = 9.4
(2.0 mass%). This occurred because at lower pH the drug had a higher
solubility and the lumen of Hal had an increased positive charge
(Abdullayev and Lvov, 2011).

The release of guests from Hal depends on the physico-chemical
property of the guest and on the interactions between the guest and
the host. The complete release of inorganic salts from Hal is accom-
plished within 1–2 h, much faster than the release of organic
compounds (Abdullayev and Lvov, 2011). This is because inorganic
salts have a higher solubility in water, a greater mobility, and weaker
interactions with Hal. The release of organic compounds from Hal has
a close relationship with the MW and the number of functional groups
in the organic compounds. For instance, guests with low MW, e.g.,
propranolol hydrochloride (Levis and Deasy, 2003), could be complete-
ly released in 2–10 h because the large lumen of Hal had little limitation
for the diffusion of such a guest with small molecular dimensions.
Veerabadran et al. (2007) investigated the loading and release of
mediumMW substances (dexamethasone, furosemide, and nifedipine)
on Hal. The complete release of furosemide, dexamethasone, and
nifedipine bulk crystals occurred in 15, 30, and 40 min, respectively.
However, due to the confinement of the lumen and the interactions
between Hal and the drugs, the release of these drugs was 20 times
slower than in bulk. In addition, the release of nifedipine was the
slowest because nifedipine has the highest number of functional groups
among the three drugs and therefore the strongest interactions with
Hal. However, the release of high MW substances, e.g., proteins and
polymers, could last 100–500 h. For instance, only 70% of insulin was
released within 140 h. This slow release was ascribed to the large
diameter (2 nm) and the high number of functional groups of insulin,
which generated a slow diffusion in water and strong interactions
with Hal (Abdullayev and Lvov, 2011).

Generally, due to the weak interactions (ion exchange, hydrogen
bonding, and van der Waals forces) and the fast outward diffusion of
the lumen-loaded guest, the guest exhibited a fast release behavior on
Hal. This drawback seriously restricted the application of Hal as carrier
in long-term release fields. Theoretically, prolonging the release of the
guest from Hal can be achieved by enhancing the interactions between
theHal and the guest and by slowing the outward diffusion of the guest.
For example, ibuprofen only participated in hydrogen bonding and van
der Waals interactions with unmodified Hal, resulting in a fast release;
however, in the case of APTES-modifiedHal, ibuprofen and themodified
Hal interacted via electrostatic attraction between the carboxylate
(–COO–) of ibuprofen and the protonated aminopropyl group (–NH3

+)
of the grafted APTES, which was formed by proton transfer from the
carboxyl groups of ibuprofen to the aminopropyl groups of the grafted
APTES. This strong interaction prolonged the release of ibuprofen
(Fig. 11), which was achieved by introducing more encapsulated
ibuprofen into the lumen and by retarding the dissolution and diffusion
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Fig. 11. Schematic representation of the effect of APTES modification on the loading and release of ibuprofen on Hal. Reprinted from Tan et al. (2014b) with permission.
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of ibuprofen from the lumen of the APTES-modified Hal (Tan et al.,
2014b).

Two approaches have been proposed to slow the outward diffusion
of guests from Hal: i) LBL assembly of polyelectrolytes shells on Hal and
ii) formation of stoppers at the tube end.

Veerabadran et al. (2009) alternately assembled polycations
(PAH, PEI, and chitosan) and polyanions (PSS, PAA, and gelatin) on the
external surface of pre-loaded Hal to form organized shells. The orga-
nized shell acted as a diffusion barrier and significantly decreased the
release of dexamethasone from Hal. In addition, this retardation of the
diffusion of dexamethasone was significantly related to i) the type of
polyelectrolytes, strong polyelectrolytes with a high degree of ioniza-
tion (PEI and PSS) offered a remarkable retardation of diffusion as
compared with weak polyelectrolytes (PAH and PAA) and ii) the MW
of the coated polyelectrolytes, with the release of dexamethasone
decreased with the increasing MW of polyelectrolyte.

Creating stoppers at the tube end is another approach to retard the
outward diffusion of guests from the lumen and was first proposed by
Lvov's group. The stopper could be a precipitate or insoluble complex,
formed by the reaction between the loaded agent and the sealed
agent. The presence of stoppers could significantly slow the release of
the loaded agent by reducing the outward diffusion process (Fig. 12).
This approach was first proposed by Abdullayev and Lvov (2010)
when they loaded the corrosion inhibitor benzotriazole into the
lumen of Hal and then rinsed it with a transition metal (Fe2+, Co2+,
Cu2+) salt solution. The benzotriazole reacted with the metal ions
to form thin films that capped the tube ends and acted as stoppers.
The benzotriazole hardly released from the lumen under the suppression
Fig. 12. Schematic representation of the formation tube stoppers on the
effect of the stoppers. However, the release of benzotriazole could be trig-
gered by the addition of concentrated ammonia solution because the
metal ions form more stable but soluble complexes with ammonia; the
stoppers were then opened and the benzotriazole was released from
the lumen of Hal.

5.3. Adsorbent for pollution remediation

Naturally occurring porous minerals as adsorbents for the remedia-
tion of environmental pollution have been listed as one of the hottest
topics in environmental science as well as material science because of
the economic viability and the desirable properties of porous minerals
such as high SSA and excellent adsorption capacity. Microporous
(with pore size smaller than 2 nm) minerals such as zeolite (Motsi
et al., 2009) and montmorillonite (Yuan et al., 2009) as well as
macroporous minerals (pore size N 50 nm) such as diatomite have
been widely used for the removal of various contaminants from aque-
ous solutions (Yuan et al., 2010). Curiously, the use of tubular Hal for
applications in environmental remediation has not received much
attention until the last decade during which a resurgence of interest in
this topic occurred. A possible reason for this previous lack of interest
is the chemical similarity of tubular Hal to platy Kaol, which was
thought a less reactive adsorbent for contaminants such as heavy
metal cations in comparison with other clay minerals with a high
cationic exchange capacity (CEC) such as montmorillonite. With a
better understanding of the structure and reactivity of Hal, it has been
gradually realized that Hal possesses several properties that are advan-
tageous for contaminant adsorption. For example, the SSA of nanosized
Hal. Reprinted from Abdullayev and Lvov (2010) with permission.
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porous Hal is normally much higher than that of micron-sized
non-porous Kaol; moreover, Hal has multiple surface groups, external
siloxane groups, interlayer inner-surface aluminol groups, and internal
aluminol groups, which allow for diverse post-modification possibilities
to improve the performance of Hal as adsorbent for contaminants.

Exposure to excessive amounts of harmfulmetals constitutes a great
threat to human health and may sometimes lead to serious health
problems even at trace concentrations, although some heavy metals
such as zinc and copper are important nutrients needed in small
quantities. Therefore, removing hazardous heavy metals from aqueous
media is of high environmental importance, and the adsorption-based
route is among the most used techniques for the remediation of heavy
metal pollution. Kilislioglu and Bilgin (2002) studied the adsorption of
uranium, U(VI), from aqueous solutions on Hal as a function of initial
U(VI) concentrations, amounts of adsorbent, and pH. The results show
that the adsorption of U(VI) by Hal was endothermic and occurred
more spontaneously at high temperature. Instead of directly using Hal
powder in the adsorption study,Wang et al. (2014a) prepared amolded
material of Hal-alginate hybrid beads, which they applied to a continu-
ous fixed bed adsorption of Cu(II). The results showed that the adsorp-
tion capacity of the hybrid beads reached 74.1 mg/g when the initial
inlet concentration of Cu(II) was 100 mg/L with a bed height of 12 cm
and flow rate of 3 mL/min. The hybrid material exhibited a good
performance for regeneration because it retained a high adsorption
capacity after 3 adsorption–desorption cycles.
Fig. 13. The structuremodel of the (a) TEA-modifiedHal and (b)DEA-modifiedHal, and the kinetic
samples. Adapted fromMatusik and Wścisło (2014) with permission.
In principle, the adsorption of metal ions on raw Hal usually takes
place via ion exchange and surface complexation at permanently
charged and pH-dependent variable charge sites. However, the adsorp-
tion was relatively low because the interlayer space of Hal is originally
not accessible to ions and molecules unlike montmorillonite, whose
interlayer space readily accommodates cations. Matusik and Wścisło
(2014) showed that the efficiency of heavy metal uptake by Hal was
influenced by the hydrolysis constant of the metals and that the
removal followed the sequence Pb(II) N Cu(II) N Zn(II) ≈ Cd(II),
although the overall adsorption capacities of these ions in Hal was
low. For this purpose, these authors proposed to use interlayer grafted
Hal as adsorbent for the mentioned metal ions. Diethanolamine (DEA,
(CH2CH2OH)2NH) and triethanolamine (TEA, (CH2CH2OH)3N) were
intercalated into the interlayer space of Hal, resulting in stable interlayer
distances of 3.1 Å and 3.6 Å, respectively (Fig. 13a, b). The intercalation
modification substantially improved the Hal adsorption capacity
(e.g., the adsorption capacity increased by approximately 10 times for
Cd(II)) with respect to the above-mentioned metal ions, mainly due to
the amine nitrogen of DEA or TEA grafted in the interlayer of Hal acting
as an additional site for ion adsorption. Specifically, the improvement in
metal removal was attributed to a two-steps gradual diffusion of the
ions into the interlayer space and the subsequent attraction by the
amine nitrogen. It is of particular interest that the Cu(II) ions were
found to be preferentially removed from the solution as they readily
form complexes with N-donor ligands (Fig. 13c, d).
s of Pb(II), Cd(II), Zn(II), and Cu(II) uptake in (c) TEA-modifiedHal and (d)DEA-modifiedHal
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The effects of the intercalation of acetates Mn+(CH3COO)n (M =
Na+, NH4

+ or Pb2+) on Cu(II) adsorption by Hal was also studied by
Mellouk et al. (2009). These authors found that Cu(II) adsorption by
the NaCH3COO intercalated Hal was approximately 2.2 times larger
than that by the non-intercalatedHal. This increase in adsorption capac-
ity was explained by cation exchange on negative surface sites
and cation exchange associated with the intercalated acetate. In addi-
tion to interlayer modification, external surface modifications using
hexadecyltrimethylammonium bromide (HDTMA) was also applied
for metal ions adsorption. Wang et al. (2010) reported the removal of
Cr(VI) from its aqueous solution by HDTMA-modified Hal, which
exhibited a rapid adsorption rate for chromates, approaching 90% of
its maximum adsorption capacity within 5 min. The adsorption process
was primarily driven by the electrostatic attraction between the
surfactant cations and the Cr(VI) anions HCrO4

− and Cr2O7
2−. Duan

et al. (2010) also proposed a method for the removal of Cr(VI) by Hal
materials modified with γ-mercaptopropyltrimethoxy silane, however,
the Cr(VI) adsorption capacity was somewhat low, 2.79 mg/g, and
the mechanism of the reaction of silane with Cr(VI) anions was not
given. Moreover, Ballav et al. (2014) investigated the performance
of polypyrrole-coated Hal as adsorbent for Cr(VI), and found that the
Cr(VI) adsorption on polypyrrole-coated Hal was spontaneous and
endothermic in nature; the maximum adsorption capacity was as high
as 149.25 mg/g at pH 2.0, and some part of Cr(VI) was reduced to
Cr(III) by electron-rich polypyrrole moiety.

Organic contaminants are also widely produced from industrial
processes, and many of them are very harmful to human beings and
microorganisms. The removal of organic contaminants from aqueous
solutions has therefore received considerable attention in recent
decades. Synthetic dyes are the most studied organic contaminants
using Hal as adsorbent, most likely because they are widely used in
various industries such as paper, textile, leather, printing, food, and
plastic, and their discharge into water causes serious environmental
problem, related to their carcinogenicity or toxicity to aquatic life and
human beings (Liu et al., 2012). The adsorption of a series of dye
molecules, including methylene blue (Zhao and Liu, 2008; Luo et al.,
2011; Zhang et al., 2012b), neutral red (Luo et al., 2010), methyl violet
(Liu et al., 2011), methyl orange (Xie et al., 2011; Li et al., 2015), and
malachite green (Kiani et al., 2011) byHal has been reported. Generally,
the results demonstrated that Hal could be used as an effective low-cost
adsorbent for the removal of dye contaminants from wastewater,
although the adsorption capacity is relatively low in comparison to
other synthetic high surface area adsorbent such as activated porous
carbon (Liu et al., 2013) and mesoporous silica. The adsorption of dye
molecules on Hal depends on the adsorption conditions, including
adsorbent dose, temperature, initial pH, ionic strength, and contact
time. Regarding the solid–liquid separation after the adsorption, Xie
et al. (2011) proposed a convenient magnetic separation rather than
the commonly used filtration or centrifugation processes. In this study,
magnetic Fe3O4 nanoparticles were deposited on the surface of Hal to
enable the product magnetic to react to an extra magnetic field. This
method is comparable with the previously reportedmethod for the prep-
aration of hybrid Fe3O4/montmorillonite or Fe3O4/diatomite materials.

In addition to synthetic dyes, the adsorption of organic contaminants
such as naphthalene (Lee and Kim, 2002), ammonium (Zheng
and Wang, 2010), and chloroaniline (Szczepanik et al., 2014) by Hal
has also been studied. HDTMA modification was used to improve
naphthalene adsorption by Hal because naphthalene is hydrophobic.
For the adsorption of ammonium, a hybrid CPN composed of Hal,
chitosan, and acrylic acid exhibited well-formed three-dimensional
polymeric networks with a high adsorption capacity, rapid adsorption
kinetics, and good regenerability for ammonium removal. In the case
of chloroanilines, acid-activated Hal was used as the adsorbent for the
removal of 3-,4-chloroaniline and 3,4-dichloroaniline from aqueous
solution. The chloroanilines were chemically adsorbed on Hal and fitted
with a pseudo-second order kinetic model.
The tendency to abuse antibiotics in some developing countries and
the subsequent improper disposal has resulted in potential threat to
aquatic organisms andhuman health via the food chain, causing a grow-
ing concern on this issue. Wang et al. (2014b) investigated the adsorp-
tion of ofloxacin on Hal, and found that the adsorption occurred via
electrostatic interactions between protonated ofloxacin and the
negative Hal surface. Dai et al. (2014) prepared a highly controllable
core–shell hybrid nanomaterial based on magnetically modified Hal
for tetracycline adsorption. A desirable selective recognition and rapid
adsorption of tetracycline from aqueous solution was achieved by
using this nanomaterial, which also exhibits good stability and regenera-
tion property, enabling its potential use in practical applications not only
for wastewater treatment but also for other uses such as the purification
of biological molecules and drug extraction. In a study conducted by
Zhang et al. (2014), the application of modified Hal in reducing the
toxic effect of zearalenone in rats by adsorption was demonstrated, and
the result suggested that Hal can be used as additive in animal feed for
zearalenone adsorption. In addition to the above-mentioned uses for liq-
uid contaminants in environmental remediation, Hal was also used for
the adsorption of ionic liquids such as 1-butyl-3-methyl-imiazolium
hexafluorophosphate (Guo et al., 2010); the interaction between this
type of ionic liquid and Hal was proposed to be hydrogen bonding.
When used for the preparation of a Hal-rubber nanocomposite, the prod-
ucts with ionic liquidmodified Hal showed significantly faster curing and
the resulting vulcanizates showed substantially higher tensile strength
and much lower hardness. The adsorptive properties of Hal have also
been shown to have uses in analysis techniques such as inverse gas chro-
matography. Czech and Slomkiewicz (2013) reported the fast measure-
ment of dichloroethylene, trichloroethylene, and tetrachloroethylene
using acid-activated Hal as adsorbent. More applications making use of
the adsorptive properties of Hal are reported in the following section.

5.4. Nanoreactor/nanotemplate for synthesis of hybrid functional materials

In addition to being a space for the loading of guests, themesoporous
lumen of Hal can also act as a nanoreactor/nanotemplate for biomimetic
synthesis at the nanoscale. Shchukin et al. (2005) first used Hal nano-
tubes as an enzymatic nanoreactor for the biomimetic synthesis of
CaCO3 (Fig. 14). Urease was first embedded into the lumen of Hal, and
the product was dipped into a solution containing a high concentration
of CaCl2 and urea. The urea decomposed into ammonia and CO3

2− by the
in situ catalysis of the lumen-loaded urease. Then, precipitation of CaCO3

occurred in the lumen of Hal. Due to the exclusive loading of urease into
the lumen, the CaCO3 precipitate completely filled the lumen as ameta-
stable vaterite phase, resulting from the influence of the confined
reaction nanovolume on the polymorph modification of CaCO3. This
idea enlightens promising possibilities for studying crystal engineering
and fundamental aspects of the biomineralization process. Based on
the nanotubular structure, Hal has also been used as a nanotemplate
to synthesize porous carbon. The porous carbon was obtained via the
polymerization and carbonization of a carbon precursor (sucrose,
furfuryl alcohol, etc.) with Hal and subsequent demineralization using
HF and HCl to remove the Hal template (Liu et al., 2006; Wang et al.,
2006, 2008; Huang et al., 2010). The mesoporous carbon replicated
the tubular morphology of the Hal template and exhibited tubular,
rod, as well as the dominant nanosheet morphology, which was caused
by the carbon precursor beingmostly deposited on the external surface
of the Hal. The resulting mesoporous carbon exhibited a high degree of
mesoporosity (78–84%), high SSA (1130 m2/g), and large Vpore

(2.32 cm3/g). This porous carbon also had a high specific capacitance
(232 F/g) and could be used as a promising double layer electric capac-
itor. In addition, Hal was also used as template to fabricate somemetal-
lic or polymeric nanoparticles/nanowires (Baral et al., 1993; Fu and
Zhang, 2005a; Fu et al., 2005b; Zhang and Liu, 2008; Li et al., 2009).
For instance, Fu and Zhang (2005a) demonstrated that amorphous Ni
nanoparticles (within a diameter of 20–30 nm) were deposited onto
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Fig. 14. Schematic illustration of the urease-catalyzed synthesis of CaCO3 inside Hal nanotubes. Reprinted from Shchukin et al. (2005) with permission.
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the external surface of Hal and that some discontinuous Ni nanowires
(approximately 15 nm in diameter) were simultaneously deposited
into the lumen of Hal. The Ni wire was in a super-paramagnetic state
because the size of the Ni wire was far smaller than the size of a single
magnetic domain of Ni (20–40 nm). Consequently, there was no
contribution of the Ni wire to the magnetic property of the Ni/Hal
nanocomposite.

6. Conclusion

Overall, three main properties and related applications of Hal are
summarized from the literature:

(1) The first property is the nanosized hollow tubular structure with
one-dimensional mesoporosity or macroporosity, enabling the
encapsulation of various active guests in the lumen of Hal that
acts as a nanoscale container, as well as the subsequent
controlled release of the guests. The Hal nanotube is also an
effective nanofiller in CPN because Hal is naturally dispersed,
unlike the traditional micron-sized counterparts such as glass
fibers and other claymineral nanofillers such asmontmorillonite
that have to undergo exfoliation pretreatments to produce
nanolayers. Moreover, the hollow structure is quite useful for
decreasing the density of CPN and for a lower loading that still
achieves equivalent properties. A drawback of these applications
is that the morphological properties (length, external diameter,
internal diameter, and wall thickness) of Hal significantly affect
its performance in these applications, and the morphology and
structure of natural Hal are highly variable and dependent on
the deposits. This means that the purification and size classifica-
tion techniques from the perspective of mineral processing need
to be developed in the future. In addition, there are already some
research advances on the preparation of Hal-like nanotubes with
high purity and morphological uniformity via the delamination
of Kaol; however, the production remains on the laboratory
scale, and new preparation routes with better productivity and
cost-saving properties deserve to be studied.
(2) The second property is the controllable surface reactivity with
site-dependent availability for post-modification. In principle,
the surface groups of Hal can be divided into two types. One
type is the easily available surface group including the internal
lumen (cylindrical channel) aluminol groups and the external
siloxane surface of the tubules. The second type is the aluminol
group at the interlayer surface. The former affects the surface
charge of Hal through the combined action of pH-dependent
variable charge and constant negative charges, resulting in a
significant influence on the aggregation and dispersion of Hal
nanotubes in aqueous dispersions as well as the interactions
between Hal and charged guests especially in adsorption or
environmental remediation applications. Compared with the
understanding of the internal and external surfaces, the interlay-
er host–guest chemistry of Hal is not yet clearly understood.
However, there is no doubt that much more attention deserves
to be paid to this topic because the availability of the interlayer
space of Hal for hosting guests may enable many new applica-
tions such as loading, controlled release, adsorption, and cataly-
sis; moreover, the applications of Hal can even be further
extended, especially for uses as hybrid materials with novel
functionalities. In particular, techniques to introduce different
functionalities such as variable hydrophobicity or hydrophilicity,
controllability, or selectivity via separate modifications to the
different surfaces of Hal would be highly meaningful and are
still subjects to be developed.

(3) The last property is the structural stability and phase trans-
formation of Hal under thermal or acid/base treatments.
The high-temperature-resistant property of Hal is useful for
applications in producing advanced ceramics with special
properties. The finding that calcination at 600–900 °C creates
new hydroxyl groups on the external surface, which is now
available for grafting modifications might find uses in hybrid
materials or guest adsorption or loading. The significant in-
crease in the SSA and Vpore of Hal after strong acid or base
treatments help to improve the adsorption performance of
treated Hal products in related adsorption applications and
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most likely for encapsulation-related uses because of the en-
largement of the lumen space. A combination of different pro-
cessing techniques has to be carefully selected to cater for the
specific requirements of a target industry.

In conclusion, this review highlights that tubular Hal is a low-
cost, natural material having many interesting properties that
allow for versatile potential uses in a variety of domains. Future
studies should pay more attention to the unresolved fundamental
structure and properties, as well as to the reasonable combination
of methods based on the already obtained knowledge to develop
novel Hal-related hybrid materials for high efficiency applications
of the precious Hal resource.
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