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Newly emerging applications of halloysite
nanotubes: a review

Mingliang Du,?”* Baochun Guo®* and Demin Jia®

Abstract

Halloysite nanotubes (HNTs) are types of naturally occurring 1:1 clays with nanotubular structures and similar chemical
composition to kaolin. Due to various characteristics such as nanoscale lumens, high length-to-diameter ratio, relatively low
hydroxyl group density on the surface, etc., numerous exciting applications have been discovered for this unique, cheap and
abundantly deposited clay. After briefly summarizing applications in controlled release, nanotemplating and sorption, we
emphasize the applications of HNTs in the fabrication of polymer nanocomposites. The unique structures and performance
of HNT-incorporated polymer nanocomposites processed by various routes are described. The results suggest that these
nanocomposites exhibit remarkable performance such as reinforcing effects, enhanced flame retardancy and reduced thermal
expansion. Accordingly, HNTs should be of interest in the area of polymer nanocomposites for structural and functional
applications.
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GENERAL INTRODUCTION TO HALLOYSITE the surface of HNTs. The surface of HNTs is mainly composed
NANOTUBES of O-Si-0 groups, and the siloxane surface can be confirmed
from Fourier transform infrared spectra, in which the very
strong absorption of 0-Si-O (ca 1030cm™') is observed.'®
Consequently, compared with other silicates such as kaolinite
and montmorillonites, the density of surface hydroxyl groups of
HNTSs is much smaller.

Due to characteristics such as nanoscale lumens, high length-
to-diameter (L/D) ratio, low hydroxyl group density on the surface,
etc, HNTs have been focused on by researchers recently, as
indicated by the rapid growth in related publications. Traditionally,
due to the high L/D ratio and superior high-temperature-resistant
property, HNTs were exploited to produce high-quality ceramics,
such as thin-walled porcelain or crucible products, which has
been the main application of HNTs.'”~20 Recently, scientists and
engineers have discovered and developed a large range of exciting
new applications for these unique, cheap and abundantly available
naturally occurring clays with nanoscale lumens.

Halloysite nanotubes (HNTs), a type of natural occurring clay
minerals with nanotubular structures, are increasing becoming
the focus of investigations. As a type of well-crystallized kaolin,
HNTs were firstly reported by Berthier as a dioctahedral 1:1
clay mineral of the kaolin group in 1826, and are found widely
deposited in soils worldwide.!~* Many countries, such as China,
France,® Belgium” and New Zealand,® have deposits of HNTSs.
According to the state of hydration, HNTs are generally classified
into two groups: hydrated HNTs with a crystalline structure of 10 A
doo1 spacing and dehydrated ones with 7 A dgo; spacing. The
typical crystalline structure of HNTs is shown in Fig. 1. As has
been reported,® the presence, or history, of interlayer water in
HNTs is one of the most important features distinguishing HNTs
from kaolinite. With the dehydration process, the doo; spacing
of HNTs changes from 10 to 7 A and the process is irreversible.

HNTSs have. a similar chemical composition to !<aolinite and the After briefly introducing the application of HNTs to controlled
ideal chemical formula can be exprgssed as Al2Siz0s(OH)q - nH20,  release, nanotemplating and sorption, this review then emphasizes
where n equals 2 and 0, representing hydrated and dehydrated  ¢y,qjy applications in the fabrication of polymer nanocomposites.
HNTs, respectively.®'0

Due to the variety of crystallization conditions and geological
|

occurrence, HNTs adopt different morphologies such as tubular,
heroidal and ol l.E icl f E h hg bul . * Correspondenceto:Mingliang Du, Key Laboratory of Advanced Textile Materials
spheroidal and plate-like particles, of which the tubular structure is and Manufacturing Technology, Ministry of Education, Zhejiang Sci-Tech
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CONTROLLED RELEASE, NANOTEMPLATING
AND SORPTION

Controlled or sustained release

As the lumens of HNTs could be loaded with drugs or other
chemicals, HNTs are expected to be ideal materials for controlled
or sustained release of drugs, other bioactive molecules or other
additives, and much related work has been reported. Results show
that HNTs are ideal substrates for the controlled or sustained
release of drugs or bioactive molecules.?'~3> Shchukin and co-
workers developed a new type of active corrosion protection
coatings composed of hybrid sol-gel films doped with HNTs
filled with corrosion inhibitors and found that the corrosion
inhibitors can be released in a controllable way.3%37 HNTs can
also be utilized to encapsulate other substances for controlled
or sustained release, such as additives for paints and sealants,
lubricants, herbicides, pest repellents, household, food and
personal products, cosmetics, and other agents that could benefit
from controlled release 33843

Nanoreactors or nanotemplates

Filling or loading of nanotubes and using them as nanoreactors
have been of interest for decades.**~% However, the relatively
high price or the complicated fabrication process confines their
application in mass production. Based on their nanotubular struc-
tures, recently HNTs have been used as alternative nanoreactors
to fabricate nanowires and nanoparticles and for similar purposes.
For instance, Luca and Thomson“® studied the intercalation and
polymerization of aniline within a tubular aluminosilicate, and the
results suggest that the polyaniline, which can act as a molecular
wire, could be prepared in the lumens of HNTs. According to the
studies of Shchukin etal.* HNTs could be used as biomineral-
ization nanoreactors for carrying out enzyme-catalyzed inorganic
synthesis. The idea of using HNT lumens as biomimetic nanoreac-
tors offers promising possibilities for studying crystal engineering
and fundamental aspects of the biomineralization process. In

addition, many other investigations of HNTs acting as nanore-
actors or nanotemplates to prepare nanoparticles, nanowires,
nanocoatings, etc., have been reported.”’°~>8 Porous carbons rich
in mesopores and with large pore volumes have been prepared by
polymerization and carbonization of a carbon precursor, sucrose,
within HNTs. The process is relatively simple and expected to
cost less than the high-temperature carbonization process in the
preparation of mesoporous carbons with total pore volume and
large specific surface areas.”® In addition, as reported by Li etal.,
polymeric nanotubes and nanowires have been fabricated using
HNTs as templates by atom transfer radical polymerization, and,
furthermore, a non-woven porous fabric exhibiting interesting
wetting characteristics has been prepared by direct casting of a
composite dispersion followed by sequent thermal crosslinking.®°

Recently, HNTs have also been used as catalyst carriers especially
in the petroleum refining industry. Rong and Xiao introduced
HNTs to the catalytic cracking of heavy oils and studied the
catalytic cracking activities.®' Machado et al. encapsulated anionic
and cationic metalloporphyrins into the lumens of HNTs and
investigated the catalytic activity of these novel materials in the
oxidation of organic substrates. The results showed that these
novel immobilized catalysts are a promising system for selective
oxidation reactions.5?

Sorbents for contaminants and pollutants

Due to the nanotubular structures, it is also expected that HNTs
will possess the capability of adsorption to specific substances.
Recently, applications of HNTs in the adsorption of contaminants
and other substances have been reported. Zhao and Liu used HNTs
as nano-adsorbents for the removal of the cationic dye methylene
blue from aqueous solutions and the experimental results
suggested the method worked well.%3 Lu etal. developed HNTs
for environmental treatment on the basis of their nanotubular
structure, and the results showed that HNTs are promising for
applications in the decomposition and elimination of various
pollutants in air and water.* Adsorption onto HNTs of uranium
from aqueous solutions was studied by Kilislioglu and Bilgin. The
adsorption mechanism and kinetics were studied and the results
showed that the adsorption reaction was endothermic and more
spontaneous at high temperature.®®> A novel biofilter containing
an organic, bentonite and HNTs was applied for elimination of
microbial pollutants from the air of an industrial hatchery. The

Figure 1. Crystalline structure of HNTs.3.
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Figure 2. SEM images of HNTs from (a) France and (b) Hubei Province, China.
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Figure 3. Transmission electron microscopy images of HNTs from (a) Hubei Province, China and (b) New Zealand.

investigation showed the biofilter to be effective in the elimination
of potentially pathogenic bacteria, dust and endotoxins from the
air of the hatchery.5667

FABRICATION OF POLYMER/HNT NANOCOM-

POSITES AND THEIR PROPERTIES

As described above, HNTs are nanotubes with high L/D ratio
and possess a low density of surface hydroxyl groups compared
with other silicates. Consequently it is expected that HNTs
will be promising as reinforcing fillers for polymer materials.
Recently, an increasing number of studies have focused on the
fabrication of polymer/HNT nanocomposites and their properties.
In 2008 NaturalNano Inc. announced a pilot-scale production of
polypropylene (PP) with 5-13% of functionalized HNTs. Recently,
researchers introduced HNTSs to various polymeric matrices such as
PP, polyamide, epoxy resin and rubbers to form nanocomposites.
Many approaches and techniques have been utilized to realize
nanocomposites with unique structures and desired performance.
The fabrication of polymer/HNT nanocomposites and their
properties are reviewed in the following.

Fabrication of HNT-incorporated polymer nanocomposites

For thermoplastics such as polyolefins and polyamides, melt
blending is an industrially favored method to fabricate their
composites with inorganics. Due to the easy dispersibility of HNTSs,
it is expected that HNTs could be dispersed relatively uniformly
in thermoplastics by direct melt blending, especially for polymers
with high polarity such as polyamides. As has been reported,
some HNT-incorporated polymer nanocomposites such as those

of polyamide 6 (PA6), PP and poly(butylene terephthalate) have
been prepared successfully via a melt-blending process without
any surface modification of HNTs, 36869

Compatibilization between polyolefins and inorganics is chal-
lenging due to the great polarity discrepancy and the chemical
inertness of the polyolefins. To increase the compatibility between
PP and HNTs, Du et al.”® proposed a two-step method of grafting PP
chains onto the surface of HNTs, which is shown in Fig. 4. The inves-
tigation suggests that the approach works well and can effectively
increase the mechanical performance of nanocomposites.

Some other methods, such as fabricating composites by
hydrogen bonding and charge transfer mechanisms, have also
been proposed for the fabrication of PP/HNT nanocomposites.
Du etal. demonstrated a facile method to fabricate PP/HNT
nanocomposites by the formation of a reinforcing inorganic
networkin a polymer matrix viaa hydrogen-bonding self-assembly
process’"73 The authors believe that, with the incorporation of
certain organics with hydrogen-bonding functionalities, HNTs
could form a network structure via the hydrogen bonding
between the hydroxyls and oxygen atoms from Si-O-Si on
the HNT surfaces and the functionalities of the organics. It is
expected that the process could facilitate the dispersion of HNTs
in the matrix and, more importantly, the assembled inorganic
network partially transfers the stress, resulting in a significantly
improved mechanical performance of the composites. Another
approach to fabricating PP/HNT nanocomposites was proposed
by Liu etal. via an electron charge-transfer mechanism.’2=7°
Two types of nanocomposite, a 2,5-bis(2-benzoxazolyl)thiophene
(BBOT)/HNT nanocomposite and a 2,2'-(1,2-ethenediyldi-4,1-
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Figure 4. Surface grafting of HNTs.

phenylene)bisbenzoxazole/HNT nanocomposite, were fabricated
by Liu et al. via this charge-transfer mechanism.

For rubber/clay nanocomposites, it is well known that a
good dispersion of the clay and strong interfacial interactions
are two crucial factors in determining the performance of
the nanocomposites.”® As described previously, due to fewer
hydroxyl groups on their surfaces, HNTs can only with difficulty
be effective fillers for rubber due to the unsatisfactory interfacial
bonding. Different ways have been attempted for better interfacial
bonding. Recently, Guo etal. utilized methacrylic acid (MAA)
to improve the performance of styrene-butadiene rubber
(SBR)/HNT nanocomposites by direct blending.”” Carboxylated
butadiene-styrene rubber (xSBR) is a copolymer of styrene,
butadiene and a small amount of acrylic acid. Due to the presence
of carboxyl groups, it is expected that HNTs will have good
compatibility with xXSBR. HNTs and xSBR have been utilized to
prepare nanocomposites with strong interfacial interactions via
hydrogen bonding.”® In order to obtain a good dispersion of HNTs
in xSBR, a co-coagulation process of xSBR latex and HNTs aqueous
solution was utilized. The process is shown in Fig. 5.

Dispersion of HNTs and morphologies of nanocomposites
Due to their fewer surface hydroxyl groups, it is expected
that HNTs will disperse better than other silicates such as
montmorillonite and kaolinite. It is reported that HNTs can be
dispersed relatively uniformly by a direct melt-blending method,
especially in polyamides with high polarity (Fig.6).'>%¢ Du et al.
found that the approaches to fabricating nanocomposites via
hydrogen bonding also facilitate the dispersion of HNTs in PP
matrices. Morphological investigation suggests that with the
introduction of hydrogen bonding, the dispersion of HNTs is
obviously improved. In another approach to fabricating PP/HNT
nanocomposites via an electron charge-transfer mechanism,”? it
is concluded that the electron transfer between HNTs and BBOT
induces the formation of BBOT microfibers and the hybrid fibrils
formed induce the transcrystallization of PP on the fibrils. The
morphology of the nanocomposites is shown in Fig. 7.
Incorporation of MAA would facilitate significantly the disper-
sion of HNTs in SBR matrix.”” The excellent dispersion of HNTs
in the vulcanizates is evidenced by the good transparency. Using
the co-coagulation process of xSBR latex and HNTs, xXSBR/HNT

aminapropyltriethaoxysilane

g-halloysite

nanocomposites with good interfacial bonding and uniform dis-
persion of HNTs were achieved.”® Hybrids containing up to 65 wt%
HNTs were fabricated in an SBR matrix with the in situ formation
of zinc disorbate by Guo et al. Apart from the mechanical strength
and heat resistance comparable to general engineering plastics,
the hybrids exhibit very good transparency, which is attributed to
the excellent dispersion of the nanotubular clay.””

For thermosetting resins, which are traditionally processed
by casting or potting, it is rather difficult to achieve a uniform
dispersion of HNTs. For a satisfactory state of dispersion, Liu
et al.fabricated epoxy/HNT nanocomposites with good dispersion
of HNTs via co-curing with cyanate ester resin and surface
modification of HNTs.8081

Properties of HNT-incorporated nanocomposites

Mechanical performance

Mechanical properties, especially the modulus of PP, can be
effectively improved using HNTs. As indicated in Tables 1 and 2,
the flexural properties, tensile strength and impact strength all
are noticeably improved with the incorporation of HNTs,!36869
It is expected that the reinforcing effects of HNTs on PP
and PA6 be correlated to the rod-like and high aspect ratio
structures of HNTs and the unique surface chemical properties.
In addition, investigation shows that only traces of heavy metals
were detected, much lower than standards of the restriction of
harmful substances of the European Union. Consequently it can be
concluded that HNTSs are a type of ‘green’, unique and promising
reinforcing material for thermoplastics.

The mechanical properties of PP/HNT nanocomposites can be
further improved by introducing organics bearing functionalities
via hydrogen bonding or charge transfer (Tables 1and 2)”! (Du ML,
Guo BC, Liu MX, Cai XJ and Jia DM, unpublished). The assembled
inorganic network or aggregates, which can partially transfer the
stress, and the unique transcrystallization behavior are responsible
for the improved mechanical properties”' =73 (Du ML, Guo BC, Liu
MX, Cai XJ and Jia DM, unpublished). These methods provide novel
reinforcing routes to polymer nanocomposites with improved
mechanical properties.

Epoxy/HNT nanocomposites also exhibit markedly increased
storage moduli and flexural strength. The markedly positive effects
of the HNTs on the performance of epoxy resins are correlated
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Figure 5. Preparation process of xXSBR/HNT nanocomposites.

Figure 6. Transmission electron microscopy images of PA6/HNT (100/10) nanocomposite (left) and SBR/HNT/MAA (100/40/2) nanocomposite (right).

with the unique characteristics of the HNTSs, the uniform dispersion ~ amount of micro-cracking, nanotube bridging/pull-out/breaking
and the possible interfacial reactions between the modified HNTs ~ and crack deflection were responsible for the unusual 400%
and the matrix. Epoxy/HNT nanocomposites with high impact  increase in impact strength.

strength were successfully prepared by Ye et al. without scarifying Carbon black has been used as a reinforcing filler for rubbers
flexural modulus, strength and thermal stability.* The toughening  for a long time, and recently silica, especially fumed silica, has
mechanisms were investigated and it was believed that the large  also been utilized as an alternative to carbon black due to the
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Figure 7. SEM image of impact-fractured surface of PP/HNT/BBOT nanocomposite.
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Table 1. Mechanical properties and crystallinity of PP and PP
nanocomposites

Flexural Flexural Tensile Impact
modulus strength strength strength Crystallinity

Material® (GPa) (MPa) (MPa)  (kJm™2) (%)

Neat PP 1.37 44.5 33.5 4.05 45.7

PP/HNT 1.75 51.5 35.2 5.51 -
(100/5)

PP/HNT 2.06 52.8 33.2 4.22 -
(100/30)

PP/HNT/MEL 2.65 58.5 35.5 3.55 -
(100/30/3.75)

PP/HNT/MEL 2.70 57.3 344 3.39 -
(100/30/10)

PP/HNT/BBOT 242 56.6 36.5 3.91 60.4
(100/30/1)

PP/HNT/BBOT 2.83 61.4 38.8 3.13 62.7
(100/30/10)

2@ MEL, melamine.

Table 2. Mechanical properties of engineering plastics and their
nanocomposites

Flexural Flexural Tensile Impact

modulus  strength  strength strength
Material? (GPa) (MPa) (MPa) (kJm=2)
Neat PA 2.71 110.0 77.0 5.25
PA/HNT (100/5) 3.23 1185 82.1 5.75
PA/HNT (100/8) 3.85 127.4 77.5 5.25
PA/HNT (100/10) 413 130.9 84.4 5.75
PA/HNT (100/13) 4.56 1355 84.1 6.50
Neat PBT 23 79.7 523 5.65
PBT/HNT (100/5) 26 82.7 54.9 4.65
PBT/HNT (100/10) 3.0 90.1 58.0 3.78
PBT/HNT (100/20) 39 92.9 56.0 3.46
PBT/HNT (100/30) 4.7 82.7 45.2 3.20

@ PA, polyamide; PBT, poly(butylene terephthalate).

future petroleum crisis. However, most other inorganic fillers
such as montmorillonite, kaolinite and calcium carbonate still lack
alternatives. Preliminary results show that HNTs have promising
prospects in the rubber industry. With the incorporation of MAA,
both the stress and strain of SBR/HNT vulcanizates increased
significantly. Using the co-coagulation process, Du et al.”® obtained
HNT/sXBR nanocomposites with strong interfacial bonding; the
mechanical properties, especially the modulus and hardness, are
significantly increased on inclusion of HNTs (Fig. 8). Surprisingly,
incorporations of 2 and 5phr HNTs lead to increases of 7 and 15
degrees in hardness, respectively. Traditionally, about 3-4 phr
silicate or carbon black is needed to achieve a 1 degree increase in
hardness.82-8 [t is believed that the significant reinforcing effects
of HNTs on xSBR are because of the uniform dispersion of HNTs
as a result of the co-coagulation process and strong interfacial
interaction due to the hydrogen bonding between the nanotubes
and the matrix. In addition, Liu and co-workers®87 studied the
structure and properties of natural rubber/HNT nanocomposites.
The results indicated that HNTs show good dispersion in the
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Figure 8. Stress—strain curves of xSBR and XxSBR/HNT nanocompos-
ites: (a) xSBR; (b) xXSBR/HNT (100/2); (c) xXSBR/HNT (100/5); (d) xSBR/HNT
(100/10); (e) xSBR/HNT (100/20); (f) xSBR/HNT (100/30).
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Figure 9. Effects of HNTs on the flame-retardant property of PP.

natural rubber matrix and the mechanical performance of the
nanocomposites is improved to some extent with HNT loading.

Thermal stability and flame retardancy
Apart from acting as reinforcing agents, HNTs have also been
demonstrated as effective flame-retardant agents for PP. As
reported by Du etal.®® HNTs show outstanding properties for
improving the thermal stability and flammability of PP, as shown
in Fig. 9. The thermal stability and flame-retardant effects of HNTs
on PP are believed to result from the hollow tubular structures of
HNTs, the barriers for heat and mass transport and the presence of
iron in the HNTs. The results suggest that HNTs are promising as
non-halogen flame-retardant fillers. Although HNTs can improve
the thermal stability of PP substantially, incorporation of HNTs
into PP leads to inferior resistance to thermal oxidation aging,
however, which is correlated with the number of acidic sites and
volume of entrapped oxygen in the lumen of HNTs and cavities in
the PP nanocomposites.8%%0

Similarly, HNTs also show high flame-retardant efficiency when
combined with other polymers such as PA6 and linear low-
density polyethylene (LLDPE). Luo®' studied the flame-retardant
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behavior of PA6/HNT nanocomposites and found that the HNTs
exhibited a unique flame-retardant effect on PA6. Marney et al.also
investigated the flame-retardant effect of HNTs on PA6 and found
that the HNTs influence the fire performance of the composites
and that HNTSs serve as a thermal insulation barrier at the surface
of the composites during burning.°> The effects of HNTs on
the flame retardancy of LLDPE were studied by Jia etal., with
the results suggesting that HNTs are expected to be promising
flame-retardant nanofillers for LLDPE.”

Crystallization behavior

Nanosized inorganic inclusions generally influence the crys-
tallization process of semi-polymer nanocomposites such as
PP nanocomposites.’*®> The crystallization behaviors of HNT-
incorporated PP nanocomposites have been investigated. Ning
etal®® found that well-dispersed HNTs in a PP matrix can serve
as nucleation agents, resulting in an enhancement of the overall
crystallization rate. In addition, the results suggested that nucle-
ation and growth of spherulites are two independent processes in
the composites studied. Du et al.*” also investigated crystallization
behaviors of PP/HNT nanocomposites and, similarly, the results
suggested that HNTs act as nucleating agents during the crystal-
lization process of PP. These investigations suggest that, similar
to other nanosized inorganics such as silica and montmorillonite,
HNTSs serves as nucleation agents and facilitate the crystallization
of the nanocomposites. The microfibrils composing HNTs and
BBOT show an ability to induce transcrystallization of PP on the
fibrils.”2°® Consequently, the crystallinity of the nanocomposites is
obviously improved, as shown in Table 1. Liu et al. also found that
HNTs possess a dual nucleating ability for «-PP and 8-PP under
appropriate kinetic conditions, and the formation of 8-PP in the
composites is correlated with the unique surface characteristics of
the HNTs.%

It is well known that PA6 has an interesting polymorphism
behavior, as reported as early as 1947.'% Nanosized fillers such
as carbon nanotubes and organic montmorillonite show marked
effects on the crystallization behavior of PA6, and numerous
studies on the crystallization kinetics of PA6 with nanosized
inclusions have been performed.’®’~1%7 Recently, Guo etal.'%®
studied the non-isothermal crystallization behavior and the
polymorphism of PA6 and PA6/HNT nanocomposites. The results
showed that HNTs act as nucleating agents and accelerate the
crystallization and induce the formation of y-phase crystals.
The crystallization behavior of the PA6/HNT nanocomposites is
correlated with the multiple roles of HNTSs in the crystallization.

Reduced coefficient of thermal expansion

Introduction of interfacial reactions in thermosetting systems
may effectively reduce the thermal expansion of the cured
resin. Investigations have shown that the coefficient of thermal
expansion (CTE) of epoxy/HNT hybrids with low HNT concentration
is substantially lower than that of the plain cured resin.8
As summarized in Table 3, the CTEs of hybrids with a HNT
concentration of 12 wt% are 19.6 and 21.8% lower than those
for the neat epoxy resin for the temperature ranges 25-100 and
100-160 °C, respectively. It is believed that interfacial reactions
take place during the curing of the hybrids between the
aluminols and silanols and the cyanate ester and consequently the
covalently linked interface formed is responsible for the improved
performance and morphological characteristics of the hybrids.

Table 3. CTE of hybrids for two temperature ranges

25-100°C 100-160°C
CTE CTE
wt% (ppm  Decrease (ppm  Decrease
Sample? (vol%) °ch (%) °ch (%)
Neat resin 51.26 - 77.26 -
HNTs 4.0(1.97) 48.68 5.0 70.06 9.3
8.0 (4.03) 46.35 9.6 68.59 1.2
12.0(6.17) 41.19 19.6 60.40 21.8
Silica 20.0 (10.55) Decrease 19.4% (below Tg)
Modified ATT  13.7(7.47) Decrease 25.0% (below Tg)
MMT 15.0 (8.58) Decrease 27.0% (below Tg)

@ ATT, attapulgite, MMT, montmorillonite.

CONCLUSIONS

Due to characteristics such as nanosized lumens, high L/D ratio,
low hydroxyl group density on the surface, etc., more and more
exciting applications have been discovered for these unique,
cheap and abundantly deposited clays. So far, HNTs have been
widely used in controlled or sustained release, in nanoreactors
or nanotemplates and for the elimination of contaminants or
pollutants. Recently, research has focused on HNT-incorporated
polymer nanocomposites. The investigations suggest that the
nanocomposites exhibit markedly improved properties, such as
superior mechanical performance, much higher flame retardancy
and thermal stability, reduced CTE, etc. Based on this review, it
can be concluded that HNTs possess promising prospects in the
preparation of new structural and functional materials.

ACKNOWLEDGEMENTS

We are grateful for the financial support of the National
Natural Science Foundation of China (NSFC, grant no.50603005,
50903072) the Postdoctoral Science Foundation of China (grant
no.20080430111) and the Postdoctoral Foundation of South China
University of Technology (grant no. 20080207).

REFERENCES

1 Berthier P, Annales de Chimie et de Physique 32:332 (1826).

2 Prudencio MI, Braga MAS, PaquetH, Waerenborgh JC, Pereira LCJ
and Gouveia MA, Catena 49:77 (2002).

3 Joussein E, Petit S, Churchman J, Theng B, Righi D and Delvaux B,
Clay Miner 40:383 (2005).

4 Nakagaki S and Wypych F, J Colloid Interf Sci 315:142 (2007).

Hong HL and Mi JX, Mineral Mag 70:257 (2006).

Perruchot A, Dupuis C, Brouard E, Nicaise D and Ertus R, Clay Miner

32:271(1997).

Kloprogge JT and Frost RL, J Raman Spectrosc 30:1079 (1999).

Churchman GJ and Theng BKG, Appl Clay Sci 20:153 (2002).

Kautz CQ and Ryan PC, Clay Clay Miner 51:252 (2003).

Hillier S and Ryan PC, Clay Miner 37:487 (2002).

Jeong GY, KimY, Chang S and Kim SJ, Neues Jb Miner Abh 9:421

(2003).

12 Bruyére D, Néogenéses silico-alumineuses en contexte cryptokars-
tique: I'halloysite de Beez (Namur, Belgique) et de Ain Khamouda
(Kasserine, Tunisie). Doctoral thesis, Faculté Polytechnique de
Mons, Université Paris XI (2004).

13 Du ML, Guo BC, Cai XJ, Jia ZX, Liu MX and Jia DM, e-Polymers 130:1
(2008).

14 Ye YP, Chen HB, Wu JS and Ye L, Polymer 48:6426 (2007).

15 Frost RL and Shurvell HF, Clay Clay Miner 45:68 (1997).

o wn

_ =
— O VO 00

www.interscience.wiley.com/journal/pi

(© 2010 Society of Chemical Industry

Polym Int 2010; 59: 574-582



Applications of halloysite nanotubes

@)
SCli

WWW.S0Ci.org

16
17
18
19
20
21

22

35

36

37
38

39

40

41

42

43

44

45

46

47

49

50
51

53

54

55

56

57

Du ML, Preparation, structure and properties of polypropy-
lene/halloysite nanotube composites. Doctoral dissertation, South
China University of Technology (2007).

Viti C, Lupieri M and Reginelli M, Neues Jb Miner Abh 183:203 (2007).

Imai T, Naitoh Y, Yamamoto T and Ohyanagi M, J Ceram Soc Jpn
114:138 (2006).

Wilson IR, Clay Miner 39:1 (2004).

Anon, Am Ceram Soc Bull 86:A19 (2007).

Lvov YM, Shchukin DG, Mohwald H and Price RR, ACS Nano 2:814
(2008).

Lvov YM and Price RR, Halloysite nanotubules: a novel substrate for
the controlled delivery of bioactive molecules, in Bio-Inorganic
Hybrid Nanomaterials. Wiley, chap. 14, p. 454 (2008).

Veerabadran NG, Price RR and Lvov YM, Nano 2:115 (2007).

Byrne RS and Deasy PB, J Microencapsul 22:423 (2005).

Smith AW, Adv Drug Deliv Rev 57:1539 (2005).

Kelly HM, Deasy PB, Ziaka E and Claffey N, Int Pharm 274:167 (2004).

Levis SR and Deasy PB, Int Pharm 253:145 (2003).

Price RR, Gaber BP and Lvov YM, J Microencapsul 18:713 (2001).

Price RR and Brady RJ, Polym Mater Sci Eng 83:U365 (2000).

Krejcova K and Rabiskova M, Chem Listy 102:35 (2008).

Lvov Y, Price R, Gaber B and Ichinose |, Colloids Surf B 198:375 (2002).

Veerabadran N, Price Rand Lvov Y, Polym Mater SciEng 99:566 (2008).

Abdullayev E, Shchukin D and Lvov Y, Polym Mater Sci Eng 99:331
(2008).

Veerabadran N, Lvov Y and Price R, Macromol Rapid Commun 24:99
(2009).

Fix D, Andreeva D, M6hwald H, LvovY and Shchukin D, Adv Funct
Mater 19:1606 (2009).

Shchukin DG, LamakaSV, Yasakau KA, Zheludkevich ML and
Ferreira MGS, J Phys Chem C 112:958 (2008).

Shchukin DG and Mohwald H, Adv Funct Mater 17:1451 (2007).

Neuber U and Bender H, Acrylate sealants. Industrial report, Germany
(2004).

Zhang Y, Antiwear composite lubricating greases for machinery
parts. Industrial report, China (2004).

Baskaran S, Bolan NS, Rahman NA and Tillman RW, NZ J Agric Res
39:297 (1996).

Theng BKG, On measuring the specific surface area of clays and soils
by adsorption of para-nitrophenol: use and limitations, in Clays
Control the Environment: Proceedings of the 10th International Clay
Conference, Adelaide, pp. 304-310 (1993).

Ha SN and Lee HC, Cosmetic composition for preventing the skin
aging and whitening the skin, containing natural mixture having
plentiful inorganic substances including selenium. Industrial
report, Korea Research Institute of Chemical Technology, South
Korea (2003).

Maubru M, Restle Sand Perron B, Cosmetic compositions comprising
a methacrylic acid copolymer, insoluble mineral particles and a
cationic or amphoteric polymer. Industrial report, L'Oreal, France
(2004).

Dujardin E, Ebbesen TW, Hiura H and Tanigaki K, Science 265:5180
(1994).

Crowley TA, Ziegler KJ, Lyons DM, Erts D, Olin Hand Morris MA, Chem
Mater 15:3518 (2003).

Yun WS, Kim J, Park KH, Ha JS, Ko YJ and Park K, J Vac Sci Technol A
18:1329 (2000).

Sainsbury T and Fitzmaurice D, Chem Mater 16:2174 (2004).

Luca V and Thomson S, J Mater Chem 10:2121 (2000).

Shchukin DG, Sukhorukov GB, Price RR and Lvov YM, Small 1:510
(2005).

Antill SJ, Aust J Chem 56:723 (2003).

Fu YB and Zhang LD, J Nanosci Nanotechnol 5:1113 (2005).

Fu YB, Zhang LD and Zheng JY, J Nanosci Nanotechnol 5:558 (2005).

Wang AP, Kang FY, Huang ZH, Guo ZC and Chuan XY, Micropor
Mesopor Mater 108:318 (2008).

Lvov YM, Grozdits GA, Eadula S, Zheng ZG and Lu ZH, Nordic Pulp Pap
Res J 21:552 (2006).

Lu ZH, Eadula S, Zheng ZG, Xu K, Grozdits G and Lvov YM, Colloids
SurfA 292:56 (2007).

Liu GY, Kang FY, Li BH, Huang ZH and Chuan XY, J Phys Chem Solids
67:1186 (2006).

Fu YB and Zhang LD, J Solid State Chem 178:3595 (2005).

Fu YB, Zhang LD and Zheng JY, Trans Nonferrous Metals Soc 14:152
(2004).

59

60

61
62

63
64

65
66

67

68

69

75
76

77

78
79

80

81
82

83

84
85

86

87

88

89

90

91

92

93

94

95

96

97
98

99
100
101

102
103

Wang AP, Kang FY, Huang ZH and Guo ZC, Clay Clay Miner 54:485
(2006).

Li CP, Liu JG, Qu XZ, Guo BC and Yang ZZ, J Appl Polym Sci 110:3638
(2008).

Rong TJ and Xiao JK, Mater Lett 57:297 (2002).

Machado GS, Castro KADF, Wypych F and Nakagaki S, J Mol Catal A:
Chem 283:99 (2008).

Zhao MF and Liu P, Micropor Mesopor Mater 112:419 (2008).

Lu XC, Chuan XY, Wang AP and Kang FY, Acta Geol Sinica Engl Ed
80:278 (2006).

Kilislioglu A and Bilgin B, Radiochim Acta 90:155 (2002).

Chmielowiec-Korzeniowska A, Tymczyna L, Skorska C, Sitkowska J,
Cholewa G and Dutkiewicz J, Ann Agric Environ Med 14:141 (2007).

Tymczynal, Chmielowiec-Korzeniowska A, Drabik A, Skorska C,
Sitkowska J and Cholewa G, Ann Agric Environ Med 14:151 (2007).

Guo BC, Zou QL, Lei YD, Du ML, Liu MX and Jia DM, New Chem Mater
36:32 (2008). [in Chinese].

Huang ZF, Jia ZX, Guo BC and Jia DM, China Plast Ind 36:29 (2008). [in
Chinese].

Du ML, Guo BC, Liu MX and Jia DM, Polym J 38:1198 (2006).

Du ML, Guo BC, Liu MX and Jia DM, Polym J 39:208 (2007).

LiuMX, GuoBC, ZouQL, DuML and lJiaDM, Nanotechnology
19:205709 (2008).

Du ML, Guo BC, Liu MX, Cai XJ and Jia DM, Physica B 405:655 (2010).

Liu MX, Guo BC, Lei YD, Du ML and Jia DM, Appl Surf Sci 255:4961
(2009).

Liu MX, Guo BC, Du ML and Jia DM, Polym J 40:1087 (2008).

Ma J, Xiang P, Mai YW and Zhang LQ, Macromol Rapid Commun
25:1692 (2004).

Guo BC, Lei YD, ChenF, LiuXL, DuML and Jia DM, Appl Surf Sci
255:2715 (2008).

Du ML, Guo BC, Lei YD, Liu MX and Jia DM, Polymer 49:4871 (2008).

Guo BC, Chen F, Lei YD, Zhou WY and Jia DM, J Macromol Sci B: Phys
49:1 (2010).

LiuMX, GuoBC, DuML, CaiXJ and lJiaDM, Nanotechnology
18:455703 (2007).

Liu MX, Guo BC, Du ML, Lei YD and Jia DM, J Polym Res 15:205 (2008).

Arroyo M, Lopez-Manchado MA and Herrero B, Polymer 44:2447
(2003).

Wang YZ, Zhang LQ, Tang CH and Yu DS, J Appl Polym Sci 78:1879
(2000).

Varghese S and Karger-Kocsis J, Polymer 44:4921 (2003).

Ganter M, Gronski W, ReichertP and MulhauptR, Rubber Chem
Technol 74:221 (2001).

LiuL, JiaZX, GuoBC and Jia DM, Rubber Ind 55:133 (2008). [in
Chinese].

LiuL, Preparation, structure and properties of natural
rubber/halloysite nanotube composites. Master dissertation,
South China University of Technology (2008).

Du ML, Guo BC and Jia DM, Eur Polym J 42:1362 (2006).

Du ML, Guo BC, Liu MX and Jia DM, Polym Polym Compos 15:321
(2007).

Horvath E, Kristof J, Frost RL, Locke A, Kristof J and Horvath E, J Therm
Anal Calorim 71:707 (2003).

Luo HX, Flame-retardancy of nylon 6 composites with nanosized
magnesium hydroxide and halloysite nanotubes. Master
dissertation, South China University of Technology (2006).

Marney DCO, RussellLJ, WuDY, NguyenT, CrammD
Rigopoulos N, Polym Degrad Stab 93:1971 (2008).

JiaZX, Luo YF, Guo BC, Yang BT, DuML and Jia DM, Polym-Plast
Technol Eng 48:607 (2009).

Labour T, Gauthier C, Seguela R, Vigier G, Bomal Y and Orange G,
Polymer 42:7127 (2001).

Tordjeman P, Robert C, Marin G and Gerard P, Eur Phys J E 4:459
(2001).

Ning NY, Yin QJ, Luo F, Zhang Q, Du R and Fu Q, Polymer 48:7374
(2007).

Du ML, Guo BC,Wan JJ, Zou QL and Jia DM, JPolym Res 17:109 (2010).

Liu MX, Guo BC, DuML, Zou QL and JiaDL, J Phys D: Appl Phys
42:075306 (2009).

Liu MX, Guo BC, Du ML, Chen F and Jia DM, Polymer 50:3022 (2009).

Bunn CW and Garner EV, Proc R Soc Lond A 189:39 (1947).

LiuT, PhanglY, ShenL, Chow SY and Zhang WD, Macromolecules
37:7214 (2004).

Di-Lorenzo ML and Silvestre C, Prog Polym Sci 24:917 (1999).

LiJ, Fang ZP, Tong LF, Gu AJ and Liu F, Eur Polym J 42:3230 (2006).

and

Polym Int 2010; 59: 574-582

(© 2010 Society of Chemical Industry

www.interscience.wiley.com/journal/pi




SCI www.soci.org ML Du, BC Guo, DM Jia

104 Lincoln DM, VaiaRA, WangZG, HsiaoBS and KrishnamoortiR, 106 Fornes TD and Paul DR, Polymer 44:3945 (2003).

Polymer 42:9975 (2001). 107 Liu XH and Wu QJ, Eur Polym J 38:1383 (2002).
105 Liu TX, Liu ZH, Ma KX, Shen L, Zeng KY and He CB, Compos Sci Technol 108 Guo BC, Zou QL, Lei YD, Du ML, Liu MX and Jia DM, Thermochim Acta
63:331 (2003). 484:48 (2009).

www.interscience.wiley.com/journal/pi (© 2010 Society of Chemical Industry Polym Int 2010; 59: 574-582




