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ARTICLE INFO ABSTRACT

Article history: Halloysite nanotubes (HNTs) are novel 1D natural nanomaterials with predominantly hol-

Available online 24 April 2014 low tubular nanostructures and high aspect ratios. Due to their high mechanical strength,
thermal stability, biocompatibility, and abundance, HNTs have a number of exciting poten-

Keywords: tial applications in polymer nanocomposites. In this article, we review the recent progress

Interfacial interaction toward the development of HNTs-polymer nanocomposites, while paying particular atten-

g:gg:g’:g tion to interfacial interactions of the nanocomposites. The characteristics of the HNTs

relative to the formation of the polymer nanocomposites are summarized first. The covalent

Egr:;lrlfztgtrii}nce or non-covalent functionalization methods for HNTs and various fabrication approaches for
Biocompatibility HNTs-polymer nanocomposites are introduced afterward. Polymer nanocomposites rein-
forced with HNTs possess highly increased tensile and flexural strength, elastic moduli,
and improved toughness. HNTs-polymer nanocomposites also exhibit elevated thermal
resistance, flame retardance and unique crystallization behavior. Due to the tubular
microstructure and the biocompatibility of HNTs, HNTs-polymer nanocomposites have
demonstrated good drug encapsulation and sustained release abilities, gaining them exten-
sive use as tissue engineering scaffolds and drug carriers. Finally, we summarize the
characteristics of HNTs-polymer nanocomposites and predict for the development of the
potential applications in high-performance composites for aircraft/automobile industries,

environmental protection, and biomaterials.
© 2014 Elsevier Ltd. All rights reserved.

Contents

B R 010 o Ta 1€ () o 1500
2.  Characteristics of HNTs relative to formation of polymer NnanoCOMPOSIteS.........vvtiuuuiiiieeeeteeeeiiiiiiaaeeeeeaaans 1501
2% DR R U151 U1 o v el (o 6 e L I N 1501
2.2, Relatively “hydrophobiC” . ...ttt et e, 1503
2.3.  Relatively Iow tube-tube INteraCtioNS ... ....u..i ittt ettt ettt ettt e e e e e e e e e e iee e eaaaanns 1503
B S 1] 13 {0 (e | = 1503
B8 T ) =43 ]« o U 1503
2.6.  Hydroxyl groups diStriDULION . .. ...cuuu ettt ettt ettt e e e e e 1503
2.7.  Negatively Charged SUIACES . . ... ..ttt ittt ettt ettt et e et e e et e e et e et ee e ie e aeeeeannns 1503

* Corresponding author. Tel.: +86 20 85223279; fax: +86 20 85223271.
E-mail addresses: liumx@jnu.edu.cn (M. Liu), tcrz9@jnu.edu.cn (C. Zhou).

http://dx.doi.org/10.1016/j.progpolymsci.2014.04.004
0079-6700/© 2014 Elsevier Ltd. All rights reserved.


dx.doi.org/10.1016/j.progpolymsci.2014.04.004
http://www.sciencedirect.com/science/journal/00796700
http://www.elsevier.com/locate/ppolysci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.progpolymsci.2014.04.004&domain=pdf
mailto:liumx@jnu.edu.cn
mailto:tcrz9@jnu.edu.cn
dx.doi.org/10.1016/j.progpolymsci.2014.04.004

M. Liu et al. / Progress in Polymer Science 39 (2014) 1498-1525 1499

D2 T 21 (<l o) o] 11 ol
2.9.  Porosity and the SUIace defeCts . ... .....iiiii ettt it ittt e ettt e et e e
2.10. Abundant deposition, easily available and cheap

3. Functionalization of HNTs for polymer nanocomposite preparation
3.1, Purification of HNTS....ooouuuniiii e
3.2. Covalent functionalization ...
07 TR 1 Vo T o1 F o) 1 1
3.2.2.  Surface graft POlYMEIiZation. .. ....uuut ettt ittt ettt e e e e e e e e e e
3.2.3.  Covalently grafting phoSphoniC aCid. ........couuiiiiii et e e e aas
3.3 Non-covalent functionaliZation. .. ... ...ooouuuuuun ettt e ettt
3.3.1. Non-covalent functionalization based on electron transfer interactions............ccoooviiiiiiiieeeeeeennnn.
3.3.2. Non-covalent functionalization based on hydrogen bonding interactions
3.3.3. Non-covalent functionalization based on electrostatic attraction interactions
200 I S Vo1 <) yor=1 1 o) 0 o) 5 1 It
3.4. Enlargement of the lumen in HNTs or opening the iNNer-pores............uuiiiiiieeeiiii e iii e eiiieeeiiaeeannaas
4. Main strategies for the fabrication of HNTs-polymer nanocomposites ....
4.1, Processability ......ooeeiiiiii e
4.2.  Approaches for fabricating HNTs-polymer nanocomposites......
3 DR o L L o o 0 o) o Tal T3] {0
% 2 R (<) L o) o el 1) | L=
%20 T VB3 T U 05570) 117 00 T 0 -V (o] o A
S ) (<o o 137000 ¥ oV
4.2.5. Melt spinning
4.2.6. LbL technique
4.2.7. Electrophoretic deposition
5. Properties of HNTS-pOlYMer NaNOCOMPOSILES ... ...ttt ttttttieeeee e ettt et ittt taaaaaaeeeeeeeeeeennnnnaaaaeeeeeeeeeennnns
ES T8 DR\ (T 0 1o o 18 43 1 0] () 0 =) o 1
570 U0 PR o § AN 30 (o= Ve oV
ST 0 B ) 1 5T 3 1o ) o 1
5.1.3. Interfacial bonding
5.2.  Thermal stability....................
5.3. Crystallization behavior.............
ST 5 T 10 T (<] =« = VoL
TR T @ 1 1<) w53 ) 07=) <
5.5.1. Coefficient of thermal @XpPanSion .. ........oeiuuiitiiii ettt et e e e ie e ia e iae e eaaaas
ST T B ) 1<) (T (ol ] 0} 0= o (=P
5.5.3. Wettability properties..................
5.5.4. Self-healing properties....
6. Biomedical applications of HNTs-polymers nanocomposites
6.1.  Tissue engineering SCaffOld ... .......ooiiuiiiiiii ittt it ittt e et e
Lo 0 4 U T= 4 )\ N Uy =
6.3. Cancercellisolation............ccouiiiiiiiiiiia.
6.4. Boneimplants.........
6.5. Cosmetic applications
7 o) el LB ) s U Vo Ve I L0l o) o 1] 0= o
P & o) TTg (< FecS ya <]
2] 1) (=) Lol 13
Nomenclature
C.OF coefficient of friction
AEAPS [3-2-aminoethylamino) CBS N-cyclohexyl-2-benzothiazole sulfonamide
propyl]trimethoxysilane CNTs carbon nanotubes
AIBN azo-bis-isobutryonitrile CTE coefficient of thermal expansion
APS 3-aminopropyltrimethoxysilane DCM dichloromethane
APTES  (3-aminopropyl)triethoxysilane DDS drug delivery systems
ATRP atom transfer radical polymerization DMF dimethyl formamide
BBT 2,5-bis(2-benzoxazolyl) thiophene) DPG diphenyl guanidine
BDP bis(diphenyl phosphate) DRIFTS diffuse reflectance infrared Fourier trans-
BNNTs boron nitride nanotubes form spectroscopy
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EPB 2,2-(1,2-ethenediyldi-4,1-phenylene) bis- XRD X-ray diffraction
benzoxazole XSBR carboxylated butadiene-styrene rubber

EPD electrophoretic deposition ZDMA zinc dimethacrylate
EPDM ethylene-propylene-diene monomer ZDS zinc disorbate
FKM fluoroelastomers
GPTS v-glycidoxypropyltrimethoxysilane
HA hydroxyapatite 1. Introduction
HNTs halloysite nanotubes
HPC hydroxypropy! cellulose Polymer nanocomposites containing organic and inor-
HRR  peak of heat release rate ganic nanofillers have attracted extensive interest from
LbL lgyer—by—layer ) academic and industrial perspectives due to the unique
LLDPE lmea.r low dens.lty polyethylene characteristics of nanoparticles, including their large sur-
MAPTS  3-(trimethoxysilyl)propyl methacrylate face area, high surface reactivity, and relatively low cost
MCA melamlpe Cyanurate [1]. Traditional nanofillers include black carbon, graphite,
MDMA  magnesium dimethacrylate silica, and silicate; these materials can enhance numer-
MEL melamine ous polymer properties, generating increased mechanical
MLR peak mass los§ rate properties, improved thermal resistance, and reduced gas
MMT  montmorillonite permeability. The large aspect ratio, high strength, and
MPS methgcryloxypropylt.rimethoxy silane relatively low density of 1D tube-like nanofillers have
NBR butadiene-acrylonitrile rubber attracted intense research interest [2,3]. Numerous inves-
NMR  nuclear magnetic resonance spectroscopy tigations have focused on carbon nanotubes (CNTs) and
NR natural rubber o boron nitride nanotubes (BNNTs); both of these materials
ODP octadecylphosphomc acid are technologically demanding to produce in bulk, mak-
PAG polyamldg 6 ing them expensive. Halloysite nanotubes (HNTs) offer an
PAA polyacrylic a'c1d inexpensive, low-tech alternative that is morphologically
PAAm polyacrylam%de ) similar to multiwalled CNTs. As a hydrated polymorph of
PAH poly(allylaminehydrochloride) the 1:1 phyllosilicate clay, specifically the kaolin group [4],
PAN — polyacrylonitrile HNTs are novel 1D natural nanomaterials with a unique
PANi  polyaniline . combination of tubular nanostructure, large aspect ratio,
PBA poly(butylenes adipate) natural availability, rich functionality, good biocompati-
PBT polybutylene terephthalate bility, and high mechanical strength. These characteristics
PC polycarbonate generate exceptional mechanical, thermal, and biological
PCL poly(e-caprolactone) properties that are available at the low cost for HNTs-
PEG polyethylene glycol polymer nanocomposites [5,6]. HNTs also show potential
PEI polyetherimide during the controlled release of active agents. There-
PES polyethersulfone fore, HNTs may replace the more expensive CNTs in
PET polyethylene terephthalate high-performance polymer nanocomposites and multi-
PLA polylactlfie o functional nanocomposites.
PLGA  poly(lactic-co-glycolic acid) The name ‘halloysite’ was first used in 1826 by Berthier
PMMA poly(methyl methacrylate)

PMMA-b-PNIPAM poly(methyl

methacrylate)-b-
poly(N-isopropylacrylamide)

PP polypropylene

PP-g-MA PP-graft-maleic anhydride

PPA phenylphosphonic acid

PPy polypyrrole

PS polystyrene

PVA polyvinyl alcohol

PVC polyvinyl chloride

PVDF  poly(vinylidene fluoride)

SDS sodium dodecyl sulfate

SEA peak of specific extinction area
SEM scanning electron microscope
TEM transmission electron microscope
TGA thermogravimetric analysis

VERs vinyl-ester resins

VTMS  vinyltrimethoxysilane

XPS X-ray photoelectron spectroscopy

[7] and was derived from Omalius d’'Halloy, who found the
mineral in Angleur, Liége, Belgium. The extensive research
on halloysite began in the 1940s [8-12]. In recent years,
halloysite has regained attention due in part to a surging
interest in tube-like nanoparticles in materials science and
technology. A survey of open publications related with hal-
loysite to the past 20 years is shown in Fig. 1. These data
were obtained based on a SciFinder Scholar search. The
data clearly demonstrates that the halloysite has recently
attracted more attentions, particularly in the last 6 years. A
persistent growth in the number of publications is expected
in the coming several years.

Raw halloysite is mined from natural deposits. This
material is usually white in color but is also sometimes
slight red (Fig. 2a). The stone-like raw halloysite is eas-
ily ground into powder (Fig. 2b). The molecular formula
for HNTs is Al;Si; O5(OH)4-nH, 0 (similar to kaolinite with
water molecules) [13]. When n=2, the HNTs are in a
hydrated state with one layer of water in the interlayer
spaces. In this case, the materials are called HNTs-10A
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Fig. 1. Comparison of the annual number of scientific publications on the “halloysite” word in the past 20 years. (Data analysis of publications was done
using the SciFinder Scholar search system with the term “halloysite”, as at 4 September 2013).

[14]. When heating the HNTs-10 A under mild conditions
(30-110°C), the water between the layers is lost, trigger-
ing an irreversible change into HNTs-7 A. In this state n=0.
Morphologically, HNTs have a hollow tubular structure
with a high aspect ratio (Fig. 2c and d), unlike kaolinite;
kaolinite has a stacked-plate structure. Although spherical
halloysite has also been found [15], we are not covering
itin this article. Little information in the literature is avail-
able regarding the genesis of HNTs; however, some authors
postulate that the tubular HNTs can be formed by rolling
kaolin sheets in preference to tetrahedral rotation, correct-
ing the fit of the octahedral and tetrahedral sheets in the
soils of wet tropical and subtropical regions, as well as
weathered rocks [16]. In addition, HNTs are multi-walled
inorganic nanotubes. An ideal HNTs crystal consists of a
layered structure that contains octahedrally coordinated
AI3* and tetrahedrally coordinated Si#* in a 1:1 stoichio-
metric ratio (Fig. 2e) [4]. The HNTs range in length from 0.2
to 2 pm; the inner diameter and the outer diameter of the
tubes range from 10 to 40 nm and 40 to 70 nm, respectively.
In contrast to most clay, most of the aluminols are located
in the interior of the HNTs, while the outer portions of
the HNTs are primary siloxanes and few silanols/aluminols
that are exposed in the edges of the sheets. The inner and
outer surfaces of the HNTs are positively and negatively
charged, respectively. The typical data for HNTs is shown in
Table 1[17]. HNTs have various applications as ceramic raw
materials, nanocontainers for active compounds, catalysts,
adsorbents, and polymer fillers.

In this article, we review the recent progress toward
the development of HNTs-polymer nanocomposites, pay-
ing particular attention to the interfacial interactions
of nanocomposite systems. The characteristics of HNTs
related to the formation of polymer nanocomposites are
summarized first. Covalent or non-covalent functionaliza-
tion methods for HNTs and various fabrication approaches
for the HNTs-polymer nanocomposites are subsequently
introduced. The mechanical, thermal, biological, and drug

sustained release properties of HNTs-polymer nanocom-
posites are described in detail. Finally, we provide an
outlook for the future development of HNTs-polymer
nanocomposites in various potential applications, includ-
ing high-performance composites, tissue engineering
scaffolds, wound dressing materials, drug delivery carrier,
and cancer diagnosis materials.

2. Characteristics of HNTs relative to formation of
polymer nanocomposites

2.1. Tubular microstructure

HNTs have tubular microstructures that ensure their
high aspect ratio (typically ca. 10-50, see Table 1). The
high aspect ratio of HNTs helps reinforce polymers in com-
posites by optimising the load transfer from the matrix to
the nanotubes. In addition, the elastic modulus of HNTSs is
140 GPa (compared the theoretical value of 230-340 GPa)
[18-20]. The mean particle size of HNTs in a 5 wt.% aqueous

Table 1
Typical analysis data of HNTs relative to formation of polymer
nanocomposites.

Chemical formula Al;Si;05(0H)4-nH,0

Length 0.2-2 pm

Outer diameter 40-70nm

Inner diameter 10-40 nm

Aspect ratio (L/D) 10-50

Elastic modulus (theoretical value) 140 GPa (230-340 GPa)
Mean particle size in aqueous solution 143 nm

Particle size range in aqueous solution 50-400 nm

BET surface area 22.1-81.6m2/g [17]
Pore space 14-46.8%

Lumen space 11-39%

Density 2.14-2.59 g/cm?
Average pore size 79.7-100.2 A
Structural water release temperature 400-600°C
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Fig. 2. The raw halloysite (a) and ground halloysite (b), TEM (c) and SEM (d) photos of HNTs minded from Hunan Province, China, and schematic illustration

of crystalline structure of HNTSs (e).

Source: [57] Copyright 2012. (d) and (e) are reproduced with permission from American Chemical Society, Washington DC, USA.

solution is 143 nm and their size ranges from 50 to 400 nm
[21]. The high aspect ratio, small dimension, and high
strength suggest that HNTs have a potential uses in high-
performance polymer nanocomposites.

Compared to other nanoparticles, HNTs have a mod-
erate BET surface areas value (22.10m?2/g to 81.59m?/g)
[17]. However, HNTs have a 10.7-39% lumen space. Due
to the empty lumen structures, the density of HNTs is rela-
tively low (2.14-2.59 g/cm?3) [22-24]; it is lower than other
fillers, such as talc and calcite CaCO3, and comparable to
that of montmorillonite and kaolinite. The relatively low
density of HNTs makes them convenient when preparing
light-weight polymer composites.

HNTs have perfect tubular microstructures; therefore,
many chemically and biologically active substances can be
loaded into the lumen under vacuum or through immersion

in the appropriate solution. Numerous drugs, such as tetra-
cycline, khellin and nicotinamide adenine dinucleotide
have been loaded into HNTSs by soaking in a saturated drug
solution under vacuum [25]. The drug released from the
HNTSs can last 30-100 times longer than the drug alone or
in other carriers. Adding a polymer coating to the drug-
loaded HNTs surface further slows the drug release rate.
If the reactants are loaded into the tubes and reactions
are induced, the tubes can act as nano-scale reactors. For
example, Shchukin et al. employed HNTs as hollow enzy-
matic nanoreactors [26]. The urease-catalyzed deposition
of CaCO3; from an aqueous solution containing CaCl, and
urea was undertaken inside the lumen of HNTs. The synthe-
sized CaCO3; completely filled the inner HNTs lumens; no
CaCOs3 formed on the outer surface of the HNTs or in solu-
tion. The lumen of the HNTs also can entrap the polymer
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chains or decomposition products, delaying the degrada-
tion of the polymer and increasing its thermal stability and
flame retardance.

2.2. Relatively “hydrophobic”

Most of the aluminols locate inside the HNTs, while
in the outer surface of the HNTs are primarily siloxane
with a few silanols/aluminols exposed on the edges of the
sheets. Compared to other nanoclays and nanosilica, the
relatively low content of hydroxyl groups on their surfaces
makes HNTs relatively hydrophobic. Therefore, HNTs can
be readily dispersed in non-polar polymers using shear
due to the interactions between the tubes and the poly-
mer backbone [27-30]. The natural hydrophobicity of HNTs
is not sufficient for interfacial adhesion in composite sys-
tems. Further hydrophobic treatment of HNTs should be
performed before adding them into polymers to maximize
their interfacial interactions.

2.3. Relatively low tube-tube interactions

In general, nanoparticles tend to attach to one other
due to their high surface activities. For example, CNTs
have a strong intrinsic van der Waals attraction between
nanotubes, making dispersion in common solutions and
polymers challenging [31]. In contrast, HNTs have rela-
tively few tube-tube interactions due to the following two
aspects. Chemically, few hydroxyl groups and siloxane are
located on the HNTSs surfaces, revealing that the tube-tube
interactions are relatively weak. Geometrically, the tube-
like morphologies with a proper aspect ratio generate few
opportunities for large-area contact between tubes. Con-
sequently, a uniformly dispersed morphology is usually
obtained in HNTs-polymer nanocomposites [5]. This nat-
urally exfoliated morphology means that the particles no
need to be chemically separated, benefiting the industrial-
ization of the HNTs-polymer nanocomposites.

2.4. Reinforcing

Due to the high aspect ratio of HNTs and their nanoscale
dimensions, HNTs are excellent reinforcement materials
for different polymers. More importantly, the interfacial
interactions between the HNTs and the polymers can be
tailored using chemical or physical approaches. Almost
every polymer can be mechanically reinforced by HNTs,
even at low loadings (5 wt.%). The strength, modulus, stiff-
ness and impact resistance of polymers can be increased
simultaneously by HNTs. Additionally, HNTs can enhance
the mechanical properties of the polymers at high tem-
peratures under both dynamic or static conditions. For
instance, the coefficient of thermal expansion (CTE) for
epoxy resin significantly decreased after incorporating
HNTSs [21], because the expansion of the polymer matrix
was constrained by the presence of inorganic filler.

2.5. Flame retardance

HNTs can be used as halogen free flame retardants
in polymers due to the barriers against heat and mass

transport when burning the nanocomposites, as well as
the entrapment of polymer decomposition products in
the lumen. In addition, the presence of iron in the HNTs
decreases the flammability of the composite [32]. An addi-
tional flame retardance mechanism attributed to HNTs in
some polymers, such as polycarbonate (PC) and PC/ABS
blend, has been correlated to the promotion of char for-
mation due to their surface acidity [33,34]. HNTs have a
high structural water release temperature (400-600°C) [4],
meaning that HNTs are suitable for polymers processed
at relatively high temperatures. HNTs can be employed
as a flame retardant in polypropylene (PP), liner low den-
sity polyethylene (LLDPE), polyamide 6 (PA6), polybutylene
terephthalate (PBT) and polyethylene terephthalate (PET).

2.6. Hydroxyl groups distribution

HNTs with aluminum on the innermost surfaces and
silicate on the outermost surfaces facilitate different
inner/outer surface chemistry. Therefore, selective modi-
fication of the silica or alumina in HNTs can be realized
through successive reactions with phosphonic acid (inte-
rior) and silylating (exterior) agents. Bifunctionalizing
HNTs produce a new type of adsorbent with tunable
properties. For example, the hydrophobic lumen can
encapsulate neutral and hydrophobic guest molecules by
partitioning with a polar solvent, while the solid polar
shell stabilizes the dispersion of the nanotube in water and
retains the guest molecules [35].

2.7. Negatively charged surfaces

The surface charge of HNTs is predominantly negative
over most of the physiologically relevant pH range (>2),
facilitating electrostatic attractions with cationic poly-
mers. These interactions can be used when designing the
interface of polymer nanocomposites. For example, the
layer-by-layer (LbL) assembly of HNTs and polyetherimide
(PEI) can used to preparing HNTs-PEI nanocomposites [36].
The positively charged chitosan can interact electrostatic-
ally with the HNTs, which is employed for the composites
preparation [37].

2.8. Electrophilic

HNTs are electrophilic. The electron acceptor sites on
HNTs are the aluminum species at the crystal edges and
the transition metals in the higher valences of the silicate
layers. HNTs can accept electrons from the vinyl monomer,
helping to catalyze the polymerization of some unsaturated
organic compounds (styrene, hydroxyethyl methacrylate)
[38]. The electrophilic properties of HNTs can also be
used to enhance the interfacial interactions in the polymer
nanocomposites [39].

2.9. Porosity and the surface defects

HNTs have a regular tubular morphology, bulk struc-
ture and rich mesopores (14-46.8% pore space). The pore
size distribution for HNTs is broadly bimodal. The peak
1 is attributed to internal/surface pores, including spaces
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between the overlaps of folded HNTs sheets, and peak 2
is attributed to the central lumen of the tubes [17]. If the
nanospace in HNTs is filled or its surface is coated with
polymers, the porous materials that are extracted from
the HNTs framework will reflect the morphology and pore
structure of the HNTSs template. For example, HNTs can be
used as a template for mesoporous carbon. There are two
main advantages for HNTs templates [40]: (1) the diameter
of the tube is on nanometer scale, promoting the penetra-
tion of the carbon source into the HNTs matrix; (2) HNTs
area natural mineral, reducing the cost of templated meso-
porous carbon.

2.10. Abundant deposition, easily available and cheap

HNTs are “green” materials: they are not hazardous
toward the environment. Thousands of tons of HNTs are
available from natural deposits in countries such as China,
America, Brazil, France, Spain, New Zealand and others
[41-43]. For many applications, microcylinders made from
carbon or lipid nanotubes are cost prohibitive. HNTs are a
viable alternative for applications in which cost sensitivity
is an issue. The low price and high performance facilitate
the industrialization of HNTs-polymer nanocomposites.

3. Functionalization of HNTs for polymer
nanocomposite preparation

As discussed above, HNTs have numerous advantages
benefiting polymer nanocomposite formation. However,
to optimize the properties of the desired composites, the
nanotube dispersion and stress transfer must be opti-
mized. Additionally, the interface between the nanotube
and the polymer must be carefully engineered; otherwise,
poor load transfer between the nanotubes and surrounding
polymer chains may cause interfacial slippage, decreasing
the mechanical properties of the composites. Therefore,
functionalizing HNTs is extremely important for processing
and enhancing the properties of HNTs-polymer nanocom-
posites. The polymer nanocomposites based on modified
nanotubes exhibit improved mechanical and thermal
properties, because the functionalization improves the
dispersion and stress-strain transfer. In this section, the
purification of raw halloysite is introduced. Afterward,
two major functionalization approaches for HNTs (cova-
lent functionalization and non-covalent modifications) are
introduced. For drug delivery systems (DDS) and nano-
material storage applications, opening and blocking pores
is critical. Therefore, methods for opening and blocking the
pores in HNTs are described.

3.1. Purification of HNTs

Raw halloysite is mined directly from nature; there-
fore, the impurities, such as quartz, kaolinite, illite,
feldspar, perlite, and metal ions, should be removed
and the aggregates tubes should be separated before
use. The purification methods for HNTs are based on
a dispersion-centrifugation-drying technique [26,39,44].
The most common routine is provided below. A 10 wt.%
water suspension is prepared by slowly adding halloysite

powder to deionized water with stirring. The dispersion of
the halloysite particles is increased by heating to 60 °C for
12 h while with stirring. The resulting product is separated
using centrifugation and washed three times with distilled
water. Finally, the purified HNTs are dried at 60°C in air
for 12 h, generating the dehydrated HNTs-7 A form. Before
use, the dry HNTs are sieved to eliminate any aggregates
formed during drying. To increase the stability of halloysite
in water and facilitate individualization, such as sodium
hexametaphosphate [39] and Tween 80 [44], can be added
into the suspension. Interestingly, nearly pure halloysite
deposits have been found in Utah, USA [45,46], that do not
require purification before use.

3.2. Covalent functionalization

The hydroxyl groups located on the inner surfaces and
in the edges of the sheets forming the multi-walled tubes
provide reactive sites for covalently attaching chemical
species. After choosing an appropriate method, the follow-
ing effects are expected [47]:

e The polarity of the HNTs surface can be reduced.

¢ The hydroxyl groups on the surface can be shielded.

e The chemical composition of the surface can be changed
to include hydrocarbons.

¢ Functional groups can be created on the surface.

Covalent functionalization can improve the dispersion
of the HNTs in solvents and polymers by increasing their
interfacial compatibility. The increased interfacial adhe-
sion further optimizes the nanocomposite properties by
facilitating the stress or heat transfer through the inter-
faces.

3.2.1. Silane coupling

The most common covalent modification to HNTSs is
grafting silanes via condensation between the hydrolyzed
silanes and the surface hydroxyl groups of the HNTs [48].
The aluminol groups are located on the internal surface
of the lumen, while the aluminol and silanol groups are
located on the edges or on external surface defects. Mod-
ifying the internal surface is relevant for immobilization
and controlled release applications, while modifying the
external surface and edges benefits for nanocomposite
applications. Although the siloxane surface of HNTs is gen-
erally regarded as nonreactive, some results indicate that
the hydroxyl groups at defect sites are available for modifi-
cation. The grafting reactions can occur in either toluene
or water/alcohol mixtures. Various silanes have been
grafted onto HNTs when preparing polymer composites
(Table 2).

Yuan et al. modified HNTs by grating organosilane
APTES and suggested a reaction mechanism [48]. They
found that the modification included not only the direct
grafting of APTES onto the surface hydroxyl groups, but also
oligomerization; the hydrolyzed APTES condensed with
itself and the already grafted APTES to form a cross-linked
structure (Fig. 3). An evacuation pretreatment can dramat-
ically enhance the loading of hydrolyzed APTES into the
lumen of HNTs and increase the grating ratio.
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Table 2
The chemical composition of silanes used for modification of HNTs.
Name Chemical composition
O, MeO
OMe
. . . \ /
v-Glycidoxypropyltrimethoxysilane (GPTS) [49] O\/\/Si,
OMe
O'—CH3
3-Aminopropyltrimethoxysilane (APS) [55,56] HSC_O_?i_\/\NH
2
O—CH,
P
0~ “CHs
AN
(3-Aminopropyl)triethoxysilane (APTES) [48,132] H3C O—§|MNH
HsC 2
Cl)CHg H
Qi NN
[3-(2-Aminoethylamino)propyl]trimethoxysilane (AEAPS) [35,145,146] H3CO $' NH2
OCHj
(IDCHg, (0]
H3zCO-Si CH
3-(Trimethoxysilyl)propyl methacrylate (MAPTS) [50,53] 8 | MO 2
OCH3; CH
3
H,C. OCHj3
N\ q
Vinyltrimethoxysilane (VTMS) [88] Sll -OCHg
OCH3

Coupling agents including GPTS and MAPTS were
grafted on HNTs to increase the interfacial adhesion
of the HNTs-polymer nanocomposites [49]. The graft-
ing reaction was performed in an ethanol/water mixture,
and the grafted product was analyzed by thermogravi-
metric analysis (TGA), pore analysis based on nitrogen

adsorption-desorption, X-ray photoelectron spectroscopy
(XPS) and nuclear magnetic resonance spectroscopy
(NMR). The graft ratio was 2.4-4.9 wt.% (relative to HNTSs)
by TGA. The pore analysis and XPS also confirmed the graft-
ing of silanes on HNTs. When the grafted weight of the
silane was low, its verification through the comparison of
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Fig. 3. Schematic representation of the mechanism of the formation of cross-linked network of APTES (a), and of the grafting between bidentate bonded

Si and AIOH groups on HNTs (b).

Source: [48] Copyright 2008. Reproduced with permission from American Chemical Society, Washington DC, USA.
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Fig. 4. Modification of pure HNTs to carboxylic acid functionalized HNTs-COOH.
Source: [51] Copyright 2012. Reproduced with permission from American Chemical Society, Washington DC, USA.

FTIR spectra was hard. However, when the graft weight
was relatively high or when using diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS), the
grafted silanes on HNTs could be identified [48,50].

Apart from being used directly in HNTs-polymer
nanocomposites, the silane grating methods can also be
employed as a pretreatment before additional surface mod-
ifications. For example, to prepare HNTs-COOH, HNTs were
first modified with amino groups by grating APTES. After-
ward, the HNTs-NH, product was mixed and stirred with
succinic anhydride in dimethyl formamide, generating the
HNTs-COOH (Fig. 4) [51].

3.2.2. Surface graft polymerization

Several polymers can be grafted onto HNTSs using differ-
ent polymerization mechanisms. For example, grafting of
poly(butylenes adipate) (PBA) chains from the hydroxyl-
groups on the HNTs surface was performed in two steps
[52]. During the first step, the hydroxyl groups on the HNTs
surfaces were reacted with dimethyl adipate in a conden-
sation reaction. Afterwards, additional dimethyl adipate
was added with 1,4-butanediol to grow poly- or oligoester
chains at the HNTs surfaces (Fig. 5). TGA analysis indi-
cated that the amount of PBA grafted on the HNTs surface

was about 3 wt.%. The PBA-grafted HNTs can improve the
interfacial adhesion between HNTs and the polyvinylchlo-
ride (PVC) matrix. Poly(methyl methacrylate) (PMMA) was
grafted onto HNTSs via in situ free radical polymerization
[53,54]. The surface of the HNTs was first functionalized
with MAPTS. Afterward, MMA (monomer), isopropanol
(solvent), and azo-bis-isobutryonitrile (AIBN) (initiator)
were mixed and reacted with MPS-HNTSs. The percentages
of grafting and grafting efficiency of MMA to HNTs were
11.4% and 17.8%, respectively. The PMMA-grafted HNTs
had a increased water contact angle, indicating that their
polarity was reduced. The PMMA-g-HNTSs could surpass the
basic mechanical performance of epoxy acrylate compos-
ites, particularly regarding toughness and wear resistance.

Atom transfer radical polymerization (ATRP) can also
be employed to modify the surface of HNTs or to
prepare HNTs-polymer nanocomposites directly [55-57].
For example, polystyrene (PS) and polyacrylonitrile (PAN)
were grafted onto HNTs, generating composite nanotubes.
The HNTs were first modified with APS, subsequently
immobilizing an ATRP initiator (2-bromoisobutyrylbro-
mide). Afterward, an ATRP with styrene or acrylonitrile
was carried out simultaneously on the interior and exte-
rior surfaces of the HNTs. The polymer-modified HNTs

I
(o] o
*o ot "’cojl/\/\)LDCH, e . o
HO OH O > ’“"\/\'0’\/\'01'\/\/8'0 Oi A VAV . N NN
0, HO.
’bo g % ~NN0H o 0. P

Fig. 5. Synthesis of the PBA grafted HNTSs.
Source: [52] Copyright 2011. Reproduced with permission from Royal Society of Chemistry, UK.
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9 Heat flux in DDI water

P-OH — =
HNT(OH) + 1
(OH) @OH

As-received HNT PPA

HNT({P=0)
PPA-treated HNT

Fig. 6. Modification of HNTs by phenylphosphonic acid (PPA).
Source: [60] Copyright 2011. Reproduced with permission from Elsevier
Science Ltd., Oxford, UK.

could convert into carbon-HNTs via carbonization. Finally,
free-carbon nanotubes or nanowires were formed by dis-
solving the HNTs with a hydrofluoric acid/hydrochloric
acid mixture. Another HNTs-polymer nanocomposite was
prepared through an in situ oxidative polymerization of
pyrrole [58]. The prepared HNTs-polypyrrole (PPy) hybrids
were pyrolyzed to form a HNTs-carbon hybrid. Lastly,
mesoporous carbon was obtained after removing the HNTs
with acid. Similarly, PMMA can be grafted onto HNTs by
immobilizing an ATRP initiator and proceeding with the
polymerization reaction [57].

Plasma polymerization uses plasma sources to generate
a gas discharge that provides the energy needed to activate
or fragment gaseous or liquid monomers that often con-
tain a vinyl group, initiating polymerization. This technique
can be used to modify the properties of HNTs surfaces.
Poikelispda et al. used pyrrole and thiophene as monomers
for plasma polymerization on HNTs [47]. The pyrrole- and
thiophene-coated HNTs were more hydrophobic and less
polar than the untreated HNTs. The plasma-treated HNTs
exhibited good dispersion while reinforcing a natural rub-
ber (NR)-butadiene rubber blend.

Al rich surface

Si rich surface

Silylation
AEAPS

3.2.3. Covalently grafting phosphonic acid

Phenylphosphonic acid (PPA) can be used to unfold
and intercalate HNTs [59,60]. The dehydrolysis reaction
occurred between the hydroxyl groups on the HNTs and
the phosphonic acid groups of the PPA (Fig. 6). The PPA
treatment increased the basal spacing from 7.2 A to 15.1 A,
changing the morphology of most of the particles from
nanotubes to nano-platelets. Better dispersion and higher
mechanical performance in the epoxy were achieved by
using the PPA-treated HNTs compared to the as-received
HNTs.

The inner lumen of the HNTs can be modified with
octadecylphosphonic acid (ODP) [35]. The typical proce-
dure is shown below. The HNTs were mixed with ODP
in EtOH:H,O0. Afterward, the suspension was transferred
into a vacuum jar that was then evacuated several times.
The bubbling observed in the suspension indicated that air
was removed from the lumen of the tubules and replaced
with the ODP solution. After stirring for a week at room
temperature, the modified HNTs were rinsed, centrifuged,
and dried. The ODP bonded to the alumina sites at the
tube lumen but not the outer siloxane surface. Therefore,
the ODP-modified HNTs can be modified further by cou-
pling silane AEAPS on their outer surfaces (Fig. 7). This
selective modification created an inorganic micelle-like
architecture with a hydrophobic aliphatic chain core and
a hydrophilic silicate shell. These modified HNTs could be
used for water purification, as well as drug immobilization
and controlled release. For example, ODP-modified HNTs
were loaded with hydrophobic bisphenol-A bis(diphenyl
phosphate) (BDP) (flame retardant for polymers). The

Fig. 7. Schematic illustration of bifunctionalization of the silica—alumina oxide surface of HNTs by ODP and subsequent AEAPS silylation.
Source: [35] Copyright 2012. Reproduced with permission from American Chemical Society, Washington DC, USA.
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modified HNTs had a high BDP loading ability. Addition-
ally, this flame retardant was released from the nanotubes
in linear fashion over 60 h, demonstrating their potential
utility as effective nanocontainers for smart composite sys-
tems [61].

3.3. Non-covalent functionalization

3.3.1. Non-covalent functionalization based on electron
transfer interactions

The relatively low hydroxyl group content on the sur-
face of the HNTs limits the reactive sites for covalent
bonding. Consequently, modifying HNTs using covalent
linking methods is usually unsatisfactory. Fortunately, the
presence of several metallic atoms on HNTs, such as
aluminum, iron and transition metals with unoccupied
orbitals, offers numerous opportunities for improving the
interfacial properties of HNTs and polymers or organic
molecules via electron transfer interactions [38,62].
2,5-bis(2-benzoxazolyl) thiophene (BBT) [39] and 2,2-(1,2-
ethene diyldi-4,1-phenylene) bisbenzoxazole (EPB) [63]
are capable of donating electrons. These compounds were
mechanically mixed with HNTs, and the mixtures were
added to PP to confirm the modification. BBT and EPB pos-
itively affected the HNTs-imparted reinforcement of PP.
For example, BBT was aligned to form a fibril structure
with HNTs when processing the nanocomposites due to
electron transfer interactions. The formation of the BBT
fibrils imparted higher crystallinity compared to the PP-
unmodified HNTs nanocomposites. The nanocomposites
with BBT also showed substantially increased mechanical
properties. This approach improves the interfacial proper-
ties in situ.

3.3.2. Non-covalent functionalization based on hydrogen
bonding interactions

Several organic species including melamine (MEL),
melamine cyanurate (MCA) and diphenylguanidine (DPG)
can interact with HNTs via hydrogen bonding [64,65].
This behavior can be utilized to construct a filler net-
work in polymers via self-assembly. The organic molecules
and HNTs were added simultaneously to the polymers
during processing. With this methodology, the flex-
ural modulus of the PP nanocomposites was improved
up to 80% due to an optimal combination of HNTs
and organic hydrogen-bonding couplers. This hydrogen-
bonding-induced assembled filler network also reinforced
polar PAG; this process could be used with other inorganic
materials, such as nanosilica. Functionalizing HNTs in this
manner provides a general method for reinforcing poly-
mers that has many advantages such as “green processing”,
unsophistication, facile scale-up, cost effectiveness, etc.

3.3.3. Non-covalent functionalization based on
electrostatic attraction interactions

As discussed above, HNTs can interact with cationic
polymers, such as chitosan and PEI via electrostatic attrac-
tion. Apart from being used to prepare HNTs-cation
polymer nanocomposites, these interactions can also be
employed for the surface-treatment of HNTs. Coating HNTs
with cationic polymers that bind onto the negative charges

present on the tubule surface (charge neutralization) can
slow down drug release [66,67].

3.34. Intercalation of HNTs

HNTs can be intercalated with salts and organic com-
pounds; this behavior has been thoroughly reviewed by
Joussein et al. [4]. However, in contrast to montmoril-
lonite (MMT), HNTs did not need to be intercalated before
adding them to polymers because HNTs have a tubular
microstructure and good dispersion. Therefore, few works
have focused on improving the effects of HNTs on poly-
mers using intercalation [68]. The intercalation of urea into
the HNTs was performed mechano-chemically (dry grind-
ing). The urea-intercalated HNTs reinforce PP better than
unmodified HNTs.

3.4. Enlargement of the lumen in HNTSs or opening the
inner-pores

Many applications for HNTs are constrained by the
size of the lumen; therefore, enlarging the lumen using a
chemical treatment is important. Due to the different inter-
nal/external chemistry, the selective etching of alumina
from the inside of the tube was realized in a reaction with
0.5-2 M sulfuric acid; this process preserved the external
HNTs diameter (Fig. 8) [69]. The lumen diameter changed
from 15 to 25 nm, increasing the tube lumen capacity by
2-3 times for the loading and sustained release of active
chemical agents. In particular, the HNTs loading efficiency
for benzotriazole increased 4-fold by selectively etching
60% of the alumina. The specific surface area of the tubes
increased more than 6-fold (40-250 m?/g) upon acid treat-
ment.

In another report, White et al. investigated the stabil-
ity of HNTs in acidic and alkaline aqueous suspensions
[70]. They found that progressively thinning the tubes
from the inside could be initiated by the dissolution of
the inner Al-OH catalyzed by acidic or basic species. In
strong acidic solutions (1 moldm~3 H,S0,4), the greater
solubility of Al(III) versus Si(IV) formed small SiO, nanopar-
ticles inside the tubes, enhancing the surface area and
pore volume of the sample. In 1 mol dm~3 NaOH solutions,
the greater solubility of Si(IV) versus Al(IIl) formed frag-
mented flaky particles containing layers of Al(OH)s. The
acidic and alkaline treatment methods provided a con-
venient tool for increasing the specific surface area and
pore volume of the HNTs without significantly altering of
their shape. In particular, the ability to make the walls of
the HNTs thinner in concentrated NaOH solution without
creating SiO, nanoparticles inside the tubes may prove
useful in applications where a larger internal diameter is
required, such as the encapsulation of large protein or DNA
molecules.

The inner diameter of HNTs is approximately
15-100nm; therefore, they are a mesoporous mate-
rial. Joo et al. found that the porosity could be tailored by
changing the pH of a water suspension containing HNTs
[71]. HNTs can act as doors for one another, blocking the
inner-pore through aggregation or opening it through
dispersion (Fig. 9). The inner-pores of HNTs were open
after basic treatment through negative charge dispersion;
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Fig. 8. Enhancement of the lumen by acid etching of alumina in inner layers of HNTs.
Source: [69] Copyright 2012. Reproduced with permission from American Chemical Society, Washington DC, USA.

they were closed after acidic and neutral treatments. The
characteristics of HNTs pores could be applicable for drug
delivery systems and the nano-material storage.

4. Main strategies for the fabrication of
HNTs-polymer nanocomposites

4.1. Processability

The processablity of nanofiller is critical for its practical
applications. Compared to CNTs-polymer nanocomposites,
the HNTs-polymer nanocomposites exhibit better pro-
cessability. First, the tube-tube interactions of HNTs are
relatively weak, facilitating good dispersion by shear dur-
ing processing. The surface-pretreatment for HNTs is not
a necessary when forming polymer nanocomposites. HNTs
have hydrophilic groups and small dimensions, enabling
their dispersion in water via mechanical stirring or

i

Acid and neutral treatment (pH 2, pH7) Base treatment (pH 11)
Fig. 9. Schematic illustration of the inner-space of HNTs after treatment
with different pH solutions. The inner-spaces of HNTs were exposed
through removal of obstructing HNTs. Purple: Al (bundle tube), pink: Al

(cover tube), red: O, white: H, and yellow: Si.
Source: [71] Copyright 2013. Reproduced with permission from Royal

Society of Chemistry, UK.

ultrasonic treatment. Consequently, they can be directly
mixed with water-soluble polymers in aqueous solutions
when preparing nanocomposites. Second, the melt or
solution viscosity of polymers is only moderately influ-
enced, even at high HNTs loading. For example, rheological
investigations showed that the shear viscosity was only
moderately increased after adding a small amount of HNTs
to PA6, and nanocomposites with 30 wt.% HNTs could be
still processed under similar conditions as neat PA6 [23].
Another example was that the maximum loading of HNTs in
a polyacrylamide (PAAm)-HNTs nanocomposite hydrogel
could 30 wt.%, while the maximum loading of Laponite in
PAAm hydrogel was only 10 wt.% [72]. Third, HNTs can act
as nucleating agents for different polymers; adding HNTs
can modify the process ability of a crystallized polymer by
shortening the processing time and enhancing the prop-
erties of the product. For example, the crystallization rate
of polylactide (PLA) is rather slow, leading to a lengthy
processing period and poor heat resistance. Adding a small
amount HNTSs to PLA can increase the crystallization rate,
shorten the processing time and improve the heat resis-
tance of the nanocomposites [73].

HNTs have a promising flow in polymer melts or poly-
mer solutions under shear force during processing due to
their proper aspect ratio and comparable density with the
polymer. The flow of HNTs orients the tubes in the polymer
matrix, enhancing the polymer performance. Fig. 10 shows
the orientation of the HNTs in a PP melt with an interfacial
modifier. Fig. 11 shows the orientation state of the HNTs in
PLA matrix during a simple injection molding procedure.

The wide-angle X-ray diffraction (XRD) can quantify
the degree of HNTs alignment in nanocomposites. The
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Source: [39] Copyright 2008. Reproduced with permission from IOP Publishing, UK.

nanotube orientation may affect the properties of the com-
posite. In XRD patterns, HNTs exhibit a basal peak at ~7 A
(001 reflection related to layer spacing) and a peak in
the range of 4.41-4.46 A (related to the disordered 020
and 110 reflection) [9]. When HNTs have a uniform of
orientation in a polymer matrix, the intensity of 020
reflection may decrease or disappear. For example, in a

a_d et ST

)

Fig. 11. TEM photos of HNTs-PLA nanocomposites with 30 phr HNTs,
showing the orientation of the HNTs in the matrix (unpublished work).

HNTs-PLA nanocomposite and HNTs-PAAm nanocompos-
ites, the reflection of HNTs at approximately 20° decreased
or disappeared in the polymer nanocomposites even at low
HNTs loading (5 phr) due to preferential orientation of the
nanotubes in the polymer matrix [72,73]. This orientation
was similar to oriented tiles patterns and was induced via
shear force during processing. The orientation of the nano-
tubes suggested interfacial interactions occurred between
the PLA chain and the HNTs. The alignment of the HNTs was
confirmed by their scanning electron microscope (SEM)
and transmission electron microscope (TEM) images. The
orientation of the HNTs improved the mechanical and ther-
mal properties of the polymer nanocomposites, since it led
to 2D homogenization of the nano fillers in polymer matrix.
A similar change in the XRD pattern of the HNTs in a poly-
mer matrix was also found in HNTs-NR nanocomposites
[74].

4.2. Approaches for fabricating HNTs-polymer
nanocomposites

HNTs can be mixed with almost all the plastics and
rubbers using traditional methods with instruments such
as the twin screw extruder and the two roll mill. The
selection of fabrication methods has mainly focused on
improving nanotube dispersion and enhancing interfacial
interactions. In this section, we introduce the common
processing methods used for HNTs-polymer nanocompos-
ites.

4.2.1. Solution processing

Solution mixing is the most commonly method used for
fabricating HNTs-polymer nanocomposites, because it is
easily performed and suitable for small sample sizes. This
process is realized by first dispersing the nanotubes and
polymer in a suitable solvent (including water and organic
solvent) with rigorous stirring or ultrasonic treatment,
respectively. Finally, the HNTs-polymer nanocomposites
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as film or hydrogels are obtained after precipitation or
casting. Freezing the HNTs-polymer mixture in an aque-
ous suspension and reducing the surrounding pressure
allows the frozen water to sublimate directly, leaving
porous HNTs-polymer nanocomposite scaffolds. The rel-
atively weak tube-tube interactions and other structural
features make HNTSs readily dispersible in polar solvents
via stirring. To improve their dispersion and increase inter-
facial interactions, ultrasonication can be used to make
metastable suspensions of HNTs or HNTs/polymer mix-
tures indifferent solvents. The dispersion of HNTs in solvent
can be visually observed or determined via laser particle
analysis. However, well-dispersed HNTs can re-aggregate
in the polymer matrix during drying. This behavior should
be considered when understanding the properties of the
nanocomposites [75].

Polyvinyl alcohol [44,75-77], chitosan [37,78], pectins
[79], hydroxypropyl cellulose [80], polyethylene glycol
(PEG) [81], potato starch [82], poly(vinylidene fluoride)
(PVDF) [83], containing PVC [52] can be mixed with HNTs
in solution and cast to form nanocomposite films. HNTs-
alginate nanocomposite gel beads can be prepared by
mixing the HNTs in water and crosslinking them using cal-
cium ions [84]. Latex rubber can also be mixed with HNTs,
and a co-coagulation process can be utilized to prepare
HNTs-rubber nanocomposites [85]. These nanocompos-
ites exhibit significantly enhanced properties, especially
mechanical ones.

4.2.2. Melt processing

Solution processing techniques cannot be utilized for
insoluble polymers and are inefficient because they involve
the removal of solvent. In these cases, melt processing is
an alternative that is particularly useful for dealing with
thermoplastic and rubber. Furthermore, melt processing is
always simple and easy to integrate into standard industrial
facilities, making it a most promising approach for pro-
ducing HNTs-polymer nanocomposites industrially. The
disadvantage of melt processing is the unexpected polymer
degradation and oxidation that occur at high tempera-
tures, as well as the strong shear force, leading to the
decreased polymer properties. Generally, melt processing
involves mixing HNTs with a molten polymer via shear
force in different instruments. Afterward, HNTs-polymer
nanocomposites can be prepared via compression molding,
injection molding, or extrusion. Almost all the thermo-
plastics, rubbers and biopolymers have been mixed with
HNTSs using the melt processing approach (Table 3). When
processing a HNTs-polymer nanocomposite, the polymer
chains can interact with the HNTs due to the strong shear
force, leading to interfacial compatibility. The surface-
treatment of HNTs can improve the interfacial interactions
with polymers during melt processing [39,50].

4.2.3. In situ polymerization

As discussed above, dispersing nanotubes in a lig-
uid (monomer, solvent) followed by polymerization is
employed to treat the surfaces of the HNTSs or to prepare
HNTs-polymer nanocomposites. Compared to solution
mixing, in situ polymerization can improve the initial dis-
persion of the nanotubes in the monomer and, therefore, in
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Fig.12. Aschematic picture showing the in situ polymerization of styrene

in the presence of HNTs.
Source: [90] Copyright 2011. Reproduced with permission from Elsevier

Science Ltd., Oxford, UK.

the nanocomposites. More importantly, in situ polymeriza-
tion techniques generate covalent bonds between the HNTs
and the polymer matrix, generating hybrid materials.

HNTs were dispersed in the epoxy resin [21,86,87],
unsaturated polyester [88], and vinyl-ester resins (VERs)
[24] before the resin was cured, forming organic—
inorganic hybrids. Poly(methylmethacrylate)-b-poly(N-
isopropylacrylamide) (PMMA-b-PNIPAM) nanocomposites
and HNTs were synthesized via reverse ATRP [89].
High-impact PS nanocomposites filled with individually
dispersed HNTs were also prepared via the emulsion poly-
merization of styrene with HNTs and sodium dodecyl
sulfate (SDS) as the emulsifier [90] (Fig. 12). PAAmM-HNTSs
hybrid hydrogel was also synthesized via free radical poly-
merization with acrylamide monomers and HNTs [72].
By utilizing nanostructure of HNTs to support hematin (a
biomimetic catalyst) and inducing the aniline polymer-
ization, HNTs-polyaniline (PANi) nanocomposites can be
obtained [91] (Fig. 13).

4.2.4. Electrospinning

Electrospinning is a simple and versatile fiber syn-
thesis technique in which a high-voltage electric field is
applied to a stream of polymer solution, forming con-
tinuous micro/nanofibers. The electrospun fibers create a
fabric network that has a high porosity, a very small pore

HEMATIN
+ o —
HALLOYSITE
NANOTUBE MO%?Q?QEI’I\IION POLYANILINE
COATED
HALLOYSITE
NANOTUBE

Fig. 13. Using HNTs as catalyst supporter for aniline polymerization.
Source: [91] Copyright 2010. Reproduced with permission from Elsevier

Science Ltd., Oxford, UK.
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HNTs-polymer nanocomposites prepared by melt processing and the main properties enhancement (phr is the abbreviation of the parts per hundreds of

rubber (or resin)).

Polymers Instrument HNTs loading Focused main properties Reference

LLDPE Twin screw extruder 0-30wt.% Mechanical and flame-retardant [28]
property

PP Twin screw extruder 0-30wt.% Thermal and mechanical properties [27,32,64,98,113,

147,148]

PAG6 Twin screw extruder 0-30wt.% Thermal, mechanical and rheological [23]
properties

PLA Single/twin screw extruder 0-30 phr Thermal and mechanical properties [73,110]

Poly (e-caprolactone) (PCL) Internal batch mixer 0-10wt.% Thermal, mechanical, and reological [107]

(Haake rheocorder) properties

Polyethersulfone (PES) Water-assisted extrusion 0-16 wt.% Thermal and flammability properties [126]

NR Two-roll mill 0-40 phr Fatigue and hysteresis behavior, [74,149]
mechanical and thermal property

Ethylene-propylene-diene Two-roll mill 0-100 phr Curing and tensile properties [29,108,109,150]

monomer (EPDM)
Butadiene-acrylonitrile Two-roll mill 5phr Flame-retardance property [127]
rubber (NBR)

NR-butadiene rubber blend Intermeshing mixer 2.5 phr Mechanical property [47]

Fluoroelastomers (FKM) Two-roll mill 0-30phr Mechanical, dynamic mechanical and [111]
thermal properties

Soy protein Hot pressed instrument 0-10wt. % Mechanical properties and [128]
flammability

Wheatstarch Twin screw extruder 0-8wt.% Thermal and mechanical properties [116]

DNA Ball milling 100 phr Solubilization and dispersion [151]

size, and a very large surface-to-volume ratio. Therefore,
these materials could be used for many biomedical appli-
cations, such as drug delivery, artificial organs, wound
dressing, and medical prostheses. The polymers used for
electrospinning with HNTs range from PLA (or its copoly-
mer or blend) to polyvinyl alcohol (PVA). Biodegradable
PLA and PVA have good electrospinning properties, gain-
ing them applications in many areas. Dichloromethane
(DCM) or chloroform was employed to dissolve the PLA
with dimethyl formamide (DMF) to enhance the electric
conductivity. Water was used as a solvent for PVA. Mixing
the HNTs with the polymer solution before spinning could
generate composite nanofibers [92-97]. The morphology
of the poly(lactic-co-glycolicacid) (PLGA) nanofibers does
not change appreciably after incorporating HNTs, except
that the mean diameter of the fibers increased with HNTSs.
From the TEM images of the HNTs-PLGA nanocomposite

fibers (Fig. 14), the HNTs appear to be embedded in the
fiber matrix and oriented along the fiber axis [94,97]. The
coaxial alignment of HNTs within the PLGA nanofibers may
be occur because the particle-particle interactions of the
nanotubes can be overcome by the elongation and shear
force imposed during the electrospinning process. HNTs
could enhance the multifunctional properties of the poly-
mer fiber mat, especially the mechanical properties and
biocompatibility. Furthermore, drug-loaded HNTs could be
mixed with PLGA for electrospinning, forming drug-loaded
composite nanofibrous mats for various applications in tis-
sue engineering and pharmaceutical sciences [92].

4.2.5. Melt spinning

HNTSs can be melt spun with thermoplastics to prepare
HNTs-polymer nanocomposite fibers. Lin et al. developed a
master batch method to prepare HNTs-PP nanocomposite

(b)

Fig. 14. TEM micrographs of (a) PLGA nanofibers, (b) HNTs-doped PLGA nanofibers with 5% HNTs relative to PLGA, and (c) CNTs-doped PLGA nanofibers

with 5% CNTs relative to PLGA. The arrows indicate the nanotubes embedded within the PLGA nanofibers.
Source: [94] Copyright 2013. Reproduced with permission from of John Wiley & Sons, Inc., USA.
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Fig. 15. Mechanical properties of the HNTs-PA6 nanocomposites: (a) representative curves of the tensile tests of the nanocomposites (nominal stress vs.

nominal strain). (b) Young’s modulus E. (c) Yield stress oy. (d) Reinforcement factor Ecomposite/Eneat pa 6 for the nanocomposites.
Source: [23] Copyright 2010. Reproduced with permission from Elsevier Science Ltd., Oxford, UK.

fibers with improved mechanical performance and spin-
ability [98]. The spinability of the nanocomposite depended
strongly on the HNTs loading. The maximum loading for the
HNTs during spinning with PP was 1.5 wt.%. Above 1.5 wt.%,
no continuous fibers could be obtained. The tensile strength
of the HNTs-PP nanocomposite fibers was higher than the
neat PP fiber. For 1 wt.% of HNTs, the breaking strength of
the fiber increased 18.6%. This technology has been used
industrially by Zhongshan Kecheng Chemical Fiber Co., LTD
(China).

4.2.6. LbL technique

LbL deposition is a thin film fabrication technique.
The films are formed by depositing alternating layers
of oppositely charged materials with washing steps in
between. LbL is an easy and inexpensive process for
nano-architectures and allows a variety of materials to
be incorporated within the films. HNTs are negatively
charged; therefore, they can assemble via the LbL method
with polycations, such as PEI [36], poly(allylaminehydro-
chloride) (PAH) [99-101], and chitosan [66,102]. Further-
more, drug or co-enzyme loaded HNTs can be incorporated
within organic-inorganic composite films offering a novel
method for fabricating core-shell nanomaterials with
potential applications in drug release systems.

4.2.7. Electrophoretic deposition
Electrophoretic deposition (EPD) is an attractive
method for depositing of polymer nanocomposite films

toward biomedical applications. EPD is based on the
electrophoretic motion of colloidal particles or polymer
macromolecules under the influence of an electric field,
forming a deposit at the electrode surface. EPD enables
the fabrication of uniform films with a controlled thick-
ness and offers many processing advantages, such as
a high deposition rate, the possibility of deposition on
substrates with complex shapes and the fabrication of
composite films. Nanocomposite films containing HNTs
and a polyelectrolyte (chitosan or hyaluronic acid) can
be obtained using the cathodic and anionic deposition
methods [103,104]. The polymers can be used as charg-
ing and dispersing agents for HNTs and hydroxyapatite
(HA) in suspensions, as well as film forming agents for
EPD with HNTs-HA-polymer nanocomposite films. The
prepared nanocomposites have promising applications in
biomedical implants with improved bioactivity, biocom-
patibility and corrosion protection for metallic implants.

5. Properties of HNTs-polymer nanocomposites
5.1. Mechanical reinforcement

The natural tubular morphology, nano-scale diameter,
high aspect ratio and contrasting chemistry on external and
internal surfaces of HNTs make them particularly attrac-
tive for reinforcing in polymer nanocomposites [17]. The
improved mechanical properties are always attributed to
the fact that the external load is efficiently transferred from
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the polymer matrix to the HNTs. Most of the published
work has focused on the enhanced mechanical properties
of polymers induced by HNTs. The strength and modulus
of HNTs-polymers were related to the nanotube loading,
dispersion, and interfacial interactions in the systems.

5.1.1. HNTs loading

The HNTs loading strongly affects the reinforcement
of polymer nanocomposites. The tensile properties of a
HNTs-PA6 nanocomposite exhibited strong filler load-
ing dependence (Fig. 15) [23]. The tensile strength and
Young’'s modulus of PA6 increased with HNTs loading. The
nanocomposites had twice the modulus of the neat PA6
when the HNTs content was 30 wt.%. Relative to PA6 with
a different molecular weight, the HNTs showed a slightly
different reinforcing effect. The mechanical properties,
especially the modulus and hardness of the carboxylated
butadiene-styrene rubber (xSBR), significantly increased
after including the HNTs [85]. Not only does the ultimate
stress increase with HNTs loading but also the modulus
of the nanocomposites increases significantly with HNTs

Stress, MPa

T T v
200 300 400

strain, %

Fig. 16. Stress—strain curve of carboxylated butadiene-styrene rubber
(xSBR) and HNTs-xSBR nanocomposites. (a) XSBR; (b) 2 phr HNTs; (¢) 5 phr

HNTs; (d) 10 phr HNTs; (e) 20 phr HNTs; (f) 30 phr HNTs.
Source: [85] Copyright 2008. Reproduced with permission from Elsevier

Science Ltd., Oxford, UK.

Fig. 17. TEM of (a) 5, (b) 10, (c) 20 and (d) 30 phr HNTs filled FKM.
Source: [111] Copyright 2011. Reproduced with permission from Elsevier Science Ltd., Oxford, UK.
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Fig. 18. Distribution of HNTs in HNTs-epoxy composites (10 wt.% HNTs) prepared by: (a) mechanical mixing and (b) ball milling homogenization.
Source: [112] Copyright 2009. Reproduced with permission from Elsevier Science Ltd., Oxford, UK.

loading (Fig. 16). When including only 5phr of HNTs,
the modulus at 100% elongation almost doubled com-
pared to that of neat xSBR. With further increases in
HNTs loading, the modulus of the HNTs-xSBR nanocom-
posites increased consistently. The impact strength of
the HNTs-epoxy [86,105] and HNTs-vinyl-ester nanocom-
posites also increased significantly with the loading of
HNTs. For instance, adding only 2.3wt.% HNTs to the
epoxy increased its impact strength by 4-fold (from

0.54k]J/m? (neat epoxy) to 2.77 kJ/m?). Moreover, the flex-
ural properties were slightly increased by the HNTs. HNTs
toughening was achieved at a much lower filler concentra-
tion compared to rubber or other nanoparticles (MMT or
nano-TiO,).

HNTs significantly improved both the tensile strength
and Young’s modulus of chitosan [78,106] and PVA [76]
nanocomposite films. These mechanical properties were
improved when loading of the HNTs up to 7.5wt.%. The

Fig. 19. SEM and TEM micrographs of PP/HNTSs (92/8, weight ratio) ((a) and (c)) and water-assisted extruded PP/PP-g-Ma/HNTs (82.8/9.2/8 weight ratio)

nanocomposite ((b) and (d)).

Source: [113] Copyright 2011. Reproduced with permission from Elsevier Science Ltd., Oxford, UK.
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untreated Halloy-5, (c) St-Halloy-5. Large scale bar unit=cm.
Source: [52] Copyright 2011. Reproduced with permission from Royal

Society of Chemistry, UK.

tensile strength, Young’s modulus, and the elongation
at break of PCL [107], PLGA nanofibers [92,94|, EPDM
[29,108,109] and FKM also improved after adding HNTs.
For the HNTs-PLA bionanocomposites, their strength, mod-
ulus and toughness increased with increasing HNTs content
[73,110].

5.1.2. Dispersion

The degree or uniformity of dispersion for the HNTs
within polymers determines the final mechanical prop-
erties of nanocomposites. Although HNTs disperse better
than other natural silicates (e.g.,, MMT and kaolinite) or
CNTs, their ideal individual dispersion remains a chal-
lenge especially in nonpolar polymer matrixes or at high
HNTs loading. The aggregated HNTs usually act as stress
concentration points when fracturing the materials, deteri-
orating the mechanical properties. When the HNTs loading
is low, they may be well dispersed. However, obtaining
homogeneous dispersion at higher HNTs concentrations is
difficult [78,87,88,111]. Fig. 17 demonstrates the state and
the degree of dispersion for the HNTs in the FKM matrix
as a function of the HNTs concentration. The dispersion of
HNTs is hindered as their concentration increased.

To improve the dispersion of HNTs, many strate-
gies have been developed. Ball mill homogenization and
intercalated treatment were effective approaches that
reduced the size of the HNTSs clusters in an epoxy matrix
(Fig. 18) [60,112]. After improving the HNTs dispersion
in epoxies, the mechanical properties of the HNTs—-epoxy
nanocomposites were enhanced. Lecouvet et al. developed
a water-assisted extrusion with a PP-graft-maleic anhy-
dride (PP-g-MA) compatibilizer to prepare well dispersed
HNTs-PP nanocomposites (Fig. 19)[113]. The better the dis-
persion of HNTs in PP was, the higher the storage modulus
could be. By surface grating PBA, HNTs’ dispersion and mis-
cibility in the PVC matrix were improved (Fig. 20), leading
to 65% increase in the E-modulus (compared with unmodi-
fied HNTSs) [52]. Surface modified HNTs or the addition of a
compatibilizer also can improve their dispersion in EPDM
[108,109], PLA/PCL blends, and unsaturated polyesters. The
modified HNTs have a much higher reinforcing ability than
the raw HNTs. The coefficient of friction (C.O.F) for surface-
treated HNTs-polyester nanocomposites was lower than
that of the untreated composites due to the better dis-
persion of HNTs [88]. An interesting morphology (both
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Fig. 21. Theoretical and experimental relative Young’s modulus versus

nanotube concentration for PLA/HNTs and PLA/m-HNTs nanocomposites.
Source: [110] Copyright 2013. Reproduced with permission from John

Wiley & Sons, Inc., USA.

epoxy-rich region and HNTs-rich region) was observed in
HNTs-epoxy resin nanocomposites [86]. This morphology
was crucial for toughening the nanocomposites.

5.1.3. Interfacial bonding

The interfacial bonding between the HNTs and polymer
matrix is also a critical factor for the enhancing mechanical
properties of the nanocomposites. HNTs have intrin-
sic H-bond interactions or polar adsorption with polar
polymers; therefore, the interface in the HNTs-polar poly-
mers is usually satisfied [21,24,37,72,73,85,87,107,114].
However, the interfacial bonding should be strength-
ened for optimal reinforcement in HNTs-nonpolar polymer
nanocomposites. Otherwise, the mechanical properties of
HNTs-polymers will change little or even deteriorate after
adding HNTs due to their huge polarity difference. For
instance, the tensile strength of PVDF decreased when the
HNTSs concentration increased [83]. This decrease is caused
by the weak interfacial adhesion between the PVDF matrix
and the HNTs, facilitating debonding and slippage between
the matrix and nanofillers.

As discussed above, surface pretreatments, such as
grafting silanes or polymers, can modify the surface
polarity and chemistry of HNTs and improve interfacial
bonding. An alternative method for enhancing the inter-
facial interactions is incorporating compatibilizer [115].
These approaches can lead to a significant increase in
mechanical properties. Quaternary ammonium salt treated
HNTSs have a better reinforcing effect on PLA than raw HNTs
due to the increased interfacial bonding. The magnitude
of the increases in the tensile strength and the Young's
modulus were 29 and 25%, respectively, with 6 wt.% modi-
fied HNTs (Fig. 21) [110]. Benzoalkonium chloride-treated
HNTs also imparted a better reinforcing effect to plasticized
starch film compared to the unmodified HNTs due to the
enhanced interfacial bonding [116]. Using electron trans-
ferring modifiers also increased the interfacial adhesion
in the HNTs-non polar polymer nanocomposites. Exam-
ples of the electron-transferring modifiers included BBT
[39,117],N-cyclohexyl-2-benzothiazole sulfonamide (CBS)
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Fig. 22. SEM (a) and TEM (b) of the zinc disorbate modified HNTs-SBR

(61 wt.% HNTs loading) nanocomposites.
Source: [119] Copyright 2010. Reproduced with permission from Taylor &
Francis, London, UK.

[118], and EPB [63]. The tensile strength, flexural strength
and flexural modulus of the HNTs-PP nanocomposites with
BBT were 22%, 33% and 59% higher than those of the HNTs-
PP without a modifier, respectively. An alternative route
for enhancing the interfacial interactions was utilizing
hydrogen bond interactions to construct inorganic-organic
reinforcing networks in the polymer matrix. This effect
could be achieved by adding melamine, diphenylguanine,
2,4,6-trimercapto-s-triazine, melamine cyanuric acid, tri-
(2-hydroxyethyl)isocyanurate or 3-cyclodextrin [64,65] to
HNTs-polymer composites. The authors documented a
major improvement in the tensile and flexural properties
of PP composites with 30 wt.% HNTs.

Methacrylic acid or sorbic acid (SA) were added to
HNTs-rubber nanocomposites to enhance the interfacial
properties [119-121]. Unsaturated metal carboxylates,
such as zinc dimethacrylate (ZDMA), zinc disorbate (ZDS)
and magnesium dimethacrylate (MDMA), can be formed
in-situ by reacting MMA or SA with ZnO or MgO. The
metal carboxylate-modified HNTs-rubber nanocompos-
ites exhibited highly increased mechanical strength, heat
resistance and transparency. These improvements were
ascribed to the strong interfacial interactions, including
hydrogen bonding and complexation between the zinc
salt and HNTs, confirmed by the continuous polymer
residues on the nanotubes on the fractured surface (Fig. 22).
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Fig. 23. Tensile strength of EPDM/HNTs and EPDM/MAH-g-EPDM/HNTSs

nanocomposites.
Source: [109] Copyright 2009. Reproduced with permission from Elsevier
Science Ltd., Oxford, UK.

This strategy was effective for reinforcing NBR and SBR.
MAH-g-EPDM compatibilized HNTs-EPDM nanocompos-
ites showed much higher tensile properties compared
than the un-compatibilized HNTs-EPDM nanocomposites
(Fig. 23) due to the improved interfacial interactions
between HNTs and EPDM in the presence of a compati-
bilizer [109].

5.2. Thermal stability

HNTs can increase the thermal stability of polymers
for three reasons. First, HNTs have a much higher ther-
mal stability than the polymers (HNTs begin to degrade at
approximately 400 °C). Therefore, adding HNTs increases
the thermal resistance of the polymers. Second, well-
dispersed HNTs exert a barrier effect toward both mass
and heat transports, improving the thermal stability of
the nanocomposites. Third, the polymer chains and degra-
dation products can enter the lumens of the HNTs,
delaying mass transport and significantly improving the
thermal stability. Enhancing the interfacial compatibility
increased the thermal stability, because the polymer-filler
interactions facilitated mass and heat transport in the
nanocomposite. Du et al. investigated the thermal sta-
bility of HNTs-PP nanocomposites [32]. They found that
adding 10 phr of modified HNTs could increase the tem-
perature at 5% weight loss in nitrogen and the temperature
at maximum weight loss rate in air by 60°C and 74°C,
respectively. In another study, the onset temperature for
the thermal degradation NR was improved by ~64 °C after
adding 10 phr of modified HNTs, while the same amount
of modified silica only led to 34°C increase in the degra-
dation temperature. HNTs can also significantly enhance
the degradation temperature of PVA [44], PLA, VER [24],
chitosan [78], EPDM [29], starch [116], and apple pectin
[79]. However, in HNTs-hydroxypropyl cellulose (HPC) and
HNTs-PEG nanocomposites films, the authors found that
the t4 of the nanocomposites depended on the HNTSs load-
ing [80,81]. The presence of small amounts of HNTs caused
thermal stabilization in polymer, while further additions
enhanced the thermal degradation. The maximum value
for tq appears at ~20 wt.% HNTs content in the nanocom-
posites.
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5.3. Crystallization behavior

Generally, HNTs affect the crystallization of poly-
mers by acting as heterogeneous nucleation points. The
heterogeneous nucleation increases the nucleation and
crystallization rates. Consequently, elevated crystalliza-
tion temperatures, finer spherulites, higher crystallinities,
and decreased activation energy for crystallization are
observed. The changes in the crystallization behavior of
a polymer that are caused by the incorporation of HNTs
are related to the structural characteristics of HNTs and
the interfacial interactions in the nanocomposites. HNTs
act as the role of heterogeneous nucleating points for PVA
[75,76], PLA [73,110], PP [122], PA6, PVDF [83], and PCL
[107]. The crystallization temperature of the HNTs-PVA
nanocomposite films fabricated by casting or coagulation
initially increased with the HNTs loading. However, over-
loading with HNTs tended to decrease the improvement in
the crystallization temperature [75]. The overloaded HNTs
aggregated in the PVA matrix, decreasing their nucleating
abilities due to the smaller specific surface area. Both the
crystallization onset temperature and the crystallization
peak temperature increased consistently with the HNTs
content in a HNTs-PP nanocomposite prepared via solution
mixing [122]. Meanwhile, the crystallinities of HNTs-PP
nanocomposites were considerably higher than for neat PP.
The cold crystallization peak for PLA (T¢c) shifted toward
lower temperature after including HNTs [73]. Addition-
ally, the crystallinities of the HNTs-PLA nanocomposites
were substantially higher than for the neat PLA. The HNTs-
PCL nanocomposites showed higher crystallization peak
temperatures than neat PCL, and the crystallization tem-
perature increased as the HNTs content increased [107].

However, the crystallinities of PCL were lowered in the
nanocomposites compared to the neat PCL. The author
attributed this to the decreased molecular mobility of the
PCL chains in the nanocomposites, reducing the PCL crystal
size and generating imperfections in the crystals.

Adding HNTs can alter the polymorphism of polymers,
such as PP, PA6 and PVDF. The formation of polymorphisms
in the HNTs-polymer nanocomposites was also related to
the surface characteristics of the HNTs and the interfacial
interactions with the polymers. The HNTs had a dual nucle-
ating ability for a-iPP and [3-iPP under the appropriate
kinetic conditions [123]. The nanocomposite with 20 phr
of HNTs had the highest 3-iPP. The 3-iPP content increased
as the cooling rate decreased during non-isothermal crys-
tallization. During isothermal crystallization, the (3-crystal
could be formed from 115 to 140°C. The B-crystal con-
tent peaked 135°C (Fig. 24). Furthermore, both a-phase
crystals and y-phase crystals were formed in the HNTs-
PA6 nano-composites; only a-phase crystals were formed
in neat PA6 [124]. The y-phase crystal content of the PA6
nanocomposites increased with the HNTs loading. Addi-
tionally, adding HNTs promoted the crystallization of the
v-phase of PVDF [83]. The y-phase content increased with
the HNTs amount, peaked when the HNTs concentration
was 10 phr, and sharply decreased afterward.

5.4. Flame retardance

Similar to most inorganic nanoparticles, HNTs can be
used as an effective flame-retardant for polymers form-
ing a thermally stable layer on the surface of the targeted
material. Due to their tubular structure, HNTs can also
form a spatial network that impedes the diffusion of
thermal decomposition products toward flame and oxy-
gen, delaying in mass transport and increasing flame
resistance significantly. Similar to other inorganic nanopar-
ticles, HNTs can catalyze the formation of a protective
coat-like char of polymer, reducing heat release rate (HRR),
due to their surface acidity [33,34]. Up to now, LLDPE [28],
PP [32], PBT, ABS [125], PES [126], NBR [127], and soy pro-
tein [128] have been selected as polymer matrixes while
investigate the effects of HNTs on flame resistance. From
the cone calorimetric data, HNTs showed a decrease of
flammability of the corresponding polymers significantly.
The HRR, the specific extinction area (SEA), and the mass
loss rate (MLR) of the nanocomposites were all substan-
tially lower than those of neat polymer were. In addition,
the HNTs extended the time needed to reach ignition and
to burn out. Fig. 25 shows the typical heat release rate
curves for the neat PBT and HNTs-PBT nanocomposites.
Clearly, the HRR and SEA decreased with the incorpora-
tion of HNTs. Therefore, HNTs can be used a halogen-free
flame-retardants for polymers without any sacrificing the
mechanical properties. HNTs also had a synergetic effect
with other halogen-free flame retardant compounds, such
as antimony trioxide, magnesium hydroxide and melamine
cyanurate, toward improving the flame retardance of
rubber. Consequently, a self-extinguishing elastomeric
material with good mechanical properties was obtained
[127].
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Fig. 25. The heat release rate curves for the neat PBT and PBT/HNTs
nanocomposites (unpublished data).

5.5. Other properties

5.5.1. Coefficient of thermal expansion

Adding HNTs to polymers can lead to significant
decrease in the CTE for epoxy resin and PA6. The CTE
(25-100°C) for the HNTs-epoxy hybrids with 12 wt.%
HNTs was 19.6% lower than that of the neat epoxy resin
[21]. In addition, the HNTs were competitive with the
CTE performance of epoxy resins containing other nano-
sized inorganics (silica, MMT, attapulgite). The CTE of PA6
can also be decreased by the incorporation of HNTs. The
remarkable dimensional stability of the HNTs-polymer
nanocomposite was related to the aluminosilicate nature
of the HNTs and the interfacial interactions between the
HNTs and the matrix.

5.5.2. Dielectric properties

The dielectric properties of polymer nanocomposites
are interesting because they represent the ability to
store/dissipate energy under exposure to an electric field.
The dielectric properties are generally determined by mon-
itoring the relaxation processes of the polymer chains
and providing information about the molecular dynamics.
Adding HNTs slightly affected both &; and o at a certain
frequency in the HPC film, remaining consistent with HNTSs
polar nature and the increased number of charge carri-
ers in their presence [80]. The relaxation frequency at
the maximum tan§ (vmax) also changes slightly at 20 wt.%
HNTs; afterward, this value sharply decreases upon HNTs
addition, suggesting reduced local polymer chain mobility
occurs in the presence of the nanotubes.

5.5.3. Wettability properties

The surface wettability of a material is important for
many applications, and the wettability is usually deter-
mined using the contact angle method. The contact angle is
related to the surface roughness and the chemical compo-
sition. HNTs are hydrophilic, exhibiting a 10° water contact
angle. Interestingly, adding HNTSs to polymers led to com-
pletely different changes in the wettability of the surface.
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HNTs were incorporated into PP to tailor the surface
wettability of the solution-cast nanocomposites [122].
Without HNTs, PP could form rough surface with a water
contact angle of approximately 160°. The contact angles
increased when less than 60 wt.% HNTs were present in the
composites (Fig. 26). The maximum contact angle for the
HNTSs-PP nanocomposites was close to 170° with 15wt.%
HNTs due to the changes in surface microstructures of
the nanocomposites caused by HNTSs via their nucleation
effect while drying of the nanocomposites. However, for
the HNTs-pectin and HNTs-PCL nanocomposites, the water
contact angle decreased after adding HNTs due to the
increased surface hydrophilicity caused by the HNTs at the
interface [80,107]. For the HNTs-HPC nanocomposite films,
an increased water contact angle was found at 15wt.%
HNTs due to a rearrangement of the polymer structure that
exposed the hydrophobic moieties to the interface after an
interaction with the inner HNTSs layer [80].

5.5.4. Self-healing properties

HNTs have empty lumens that can be loaded with cor-
rosion inhibitors. Additionally, HNTs are easily dispersed
in thermosetting resins and are environmental-friendly
materials. These features make HNTs a candidate for self-
healing anticorrosion coating formulations [101,129-131].
Abdullayev et al. prepared polyurethane and acrylic
paints doped with HNTs loaded with benzotriazole,
2-mercaptobenzimidazole, and 2-mercaptobenzothiazole
corrosion inhibitors, generating a self-healing nanocom-
posite coating for copper (Fig. 27) [131]. The inhibitors
could be kept in the tubes buried in polymeric paint layer
for long period and the release was enhanced in the coating
defects exposed to humid media over 20-50 h; this interval
was sufficient for the protective layer formation.

6. Biomedical applications of HNTs-polymers
nanocomposites

The environmental friendliness, biocompatibility, and
natural abundance make HNTSs an important nanomaterial
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Fig. 27. (a) Preparation of HNTs-polymeric coating and (b) the behaviors of the regular and self-healing coatings in corrosion process.
Source: [131] Copyright 2013. Reproduced with permission from American Chemical Society, Washington DC, USA.

for developing biomedical applications. Up to now, the
HNTs-polymer nanocomposites are applicable in tissue
engineering scaffolds, drug delivery, cancer cell isolation,
bone implant and cosmetic.

6.1. Tissue engineering scaffold

Tissue engineering scaffolds are structures made of arti-
ficial or natural substances used to shape cells growth. In
general, these scaffolds should be porous, cyto- and tis-
sue compatible, bioactive, and mechanically strong. HNTs
have been added to biodegradable polymers, such as
PVA [76], chitosan [106], PLA [132], and PLGA [92,96]
to prepare tissue engineering scaffolds. HNTs-reinforced
PVA bionanocomposite films are highly compatible with
the osteoblast and fibroblast cells [76]. The HNTs-chitosan
nanocomposite scaffolds exhibited a significant enhance-
ment in compressive strength, compressive modulus,
and thermal stability compared with the pure chitosan
scaffold. Meanwhile, the HNTs-chitosan nanocomposite
scaffolds exhibited a highly porous structure; the HNTs
had little effect on the pore structure and porosity of
the chitosan scaffolds. Mouse fibroblasts could develop
on the HNTs-chitosan nanocomposites surfaces, even
at 80wt.% HNTs. Electrospun HNTs-PLGA nanofibrous
mats have excellent biocompatibility [92]. An MTT pro-
liferation assay showed that the incorporation of HNTs
did not significantly influence the cell proliferation or
viability compared to the pure PLGA fibers. The SEM
observations of the cell morphology showed that the
HNTs-PLGA nanofibrous scaffolds could provide a three-
dimensional structure with interconnected pores for cell
attachment and migration. The fibroblast cells cultured
on the nanocomposite scaffolds displayed a phenotypic
shape, suggesting that the cells could penetrate and
migrate within the scaffolds similar to native extracellu-
lar matrix. Therefore, the HNTs-polymer nanocomposites
exhibited great potential for applications in tissue
engineering.

6.2. Drug/DNA carrier

The potential applications of HNTs as a drug delivery
vehicles were widely reported in literature [25,133-137],
and the drug release rate could be slowed further by
coating polymers onto the drug-loaded HNTs [66,77,138].
In addition, the HNTs were reportedly biocompatible.
Therefore, HNTs-polymer nanocomposites are promising
drug containers [6,139]. The drug-loaded HNTs-polymer
nanocomposites are a formulation including powders, sus-
pensions, and a fibrous scaffold, with many potential
applications in drug/DNA delivery.

A slow release was observed for diltiazem hydrochlo-
ride, 5-aminosalicylic acid, tetracycline, and propanol
hydrochloride entrapped within the lumen as well as
sites on the external surfaces of the HNTs. The HNTs
were mixed with a saturated solution of the drugs in
water, ethanol, acetone, or other solvents and exposed
to high vacuum. Typical HNTs have a lumen volume of
ca. 10vol.%; therefore, the loading abilities of HNTs are
limited. The selective etching of alumina from the inside
of the tubes was explored, increasing the lumen capac-
ity by 2-3 times and enable additionally sustained drugs
release [69]. To enhance their capacity toward hydropho-
bic drugs, phosphonic acid was bound to the alumina sites
in the tube lumen [35]. Coating PVA on the HNTSs can delay
diphenhydramine hydrochloride release [77]. Additionally,
the chitosan- and PEI-coated HNTs show a dramatically
reduced release compared to the uncoated HNTs [66,138].
For example, on day 9, the uncoated HNTs had released
88% of their final drug payload, while the coated HNTs
released only 78% of their total drug load (Fig. 28). After
20 days the drug release rate was very slow for the chi-
tosan coated HNTs, involving no more than 10% content
of the loaded drug. The drugs embedded in the lumen
was released lowly because they must diffuse outward
through the pores of the tubes before traveling through
the narrow lumen to reach the open ends. The drug release
was further hindered by the chitosan coating on the sur-
face of the HNTs, providing an additional barrier through
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Fig. 28. Release of tetracycline base from HNTs (uncoated) and HNTs coated with chitosan into buffer pH 6.8 at 37 °C.
Source: [66] Copyright 2004, Reproduced with permission from Elsevier Science Ltd., Oxford, UK.

which the drug must diffuse. Apart from drugs, other
active agents, such as self-healing [131], anticorrosion
[101,130], and antimicrobial agents, as well as proteins, and
DNA [140], can also be loaded for sustained release. Very
recently, the advances in HNTs-polymer nanocomposites
toward sustained release have been reviewed by Lvov et al.
[6,139].

6.3. Cancer cell isolation

Streamlining the separating of cancer cells from patient
blood is important for the development of individualized
treatments for cancer. HNTs were coated with a layer of
poly-L-lysine on their surfaces and then functionalized
with recombinant human selectin protein. This method can
increase the capture ability of HNTs toward leukemic cells
under flow. Therefore, this effective and practical route
for enhancing cancer cell capture ultimately promises to
advance the feasibility of individualized cancer treatment
[141].

6.4. Bone implants

A bone implant or bone graft is a medical procedure in
which a damaged or missing piece of bone is replaced with
a graft. Common bone implants commonly include den-
tal implants and devices used to repair chipped, broken,
or severely damaged bones. PMMA bone cement has good
biocompatibility and mechanical properties, explaining its
use during orthopedic repair specifically in joint replace-
ment arthroplasty. By using the lumen of HNTs, gentamicin,
which is a antibiotic, was loaded in to the tubes by Wei et al.
[142]. Afterward, the drug loaded HNTs were mixed with
PMMA to form bone cement. The PMMA/HNTSs/gentamicin
composite provided sustained release for up to 300-400 h
with enhanced release behavior at the cement cracks
and comparable strength and moduli to the pure PMMA
cement. Another advantage of the ternary compos-
ites was that their adhesion to bone was significantly
increased. Due to the good mechanical properties and
biocompatibility of the biodegradable PLA-HNTs compos-
ites they have potential applications as bone implants
[143].

6.5. Cosmetic applications

Due to their strong absorption abilities, HNTs can be
used as a cleansing mask that deeply purifies and refines
facial pores. For example, the main active ingredient of the
Living Nature Deep Cleansing Mask is halloysite from New
Zealand. More importantly, the hollow HNTs tube can be
filled with various active ingredients including those used
for cosmetics, household and personal care products, and
as well as other agents that could benefit from extended
release. Suh et al. investigated the possibility of HNTs using
ananocontainer during the loading and extended release of
glycerol for cosmetic applications [144]. The tubes showed
no toxic effect against the fibroblast and breast cancer cells
over 48 h. The total elapsed time for the glycerol release
from the nanotubes exceeded 20h. Coating with several
alternate layers of PEI and polyacrylic acid (PAA) could fur-
ther retard the glycerol release rate.

7. Conclusion and future prospects

In this review, we provided an overview of the recent
research regarding HNTs-polymer nanocomposites and
insights into the factors that ultimately control the prop-
erties of nanocomposite. The following points are evident
for the HNTs-polymer nanocomposites:

(1) A novel 1D natural nanomaterial called HNTs have a
unique combination of tubular structure, large aspect
ratio, natural availability, rich functionality, good bio-
compatibility, and high mechanical strength. These
characteristics result in exceptional mechanical, ther-
mal, and biological properties at a low price for
HNTs-polymer nanocomposites. Therefore, HNTs are
promising nanoparticles for high-performance poly-
mer composites and multi-function nanocomposites.

(2) Apart from the nature of the HNTSs, the dispersion state
and the interfacial interactions are two critical factors
that determine the properties of polymer nanocompos-
ites. Functionalizing nanotubes is extremely important
for their processing and applications regarding the
enhancement of the mechanical, thermal, and biologi-
cal properties of the polymer composites. The covalent
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and non-covalent functionalization of HNTs each has its
respective advantages; the functionalization method
should be selected based on the type of polymer matrix
and the cost of the methods.

(3) HNTs can be mixed with almost every polymer using
the most common instruments and approaches. Dur-
ing processing, HNTs have a preferred orientation
in polymer matrix when under shear force. The
processing approaches for HNTs-polymer nanocom-
posites include solution mixing, melt processing, in situ
polymerization, melt spinning, electrospinning, and
the layer-by-layer technique. The key for processing
is achieving a good dispersion of the nanotubes and
good interfacial interactions between the HNTs and the
polymers.

(4) The HNTs-polymer nanocomposites exhibit substan-
tially increased mechanical, thermal, and flame retar-
dant properties. Additionally, these materials have
unique crystallization behaviors. The filler concentra-
tion, the dispersion state, and the interfacial adhesion
affect the polymer reinforcement, as has been dis-
cussed in detail. To optimize the reinforcing effect, the
interfacial bonding must be designed according to the
unique traits of the HNTs.

(5) HNTs-polymer nanocomposites show good biocompat-
ibility and sustained drug sustained release abilities,
therefore, these materials are promising for tissue
engineering and as drug vehicles. Additionally, the
other biomedical applications of HNTs-polymers, such
as cancer diagnose/treatment, wound dressing, and
biosensing, should be developed. The biological effect
and the toxicology of HNTSs should also be thoroughly
investigated.

The significant progress toward the synthesis, struc-
tural characterization, and understanding the properties
of HNTs-polymer nanocomposites made in the past sev-
eral years points toward a bright future. The potential
applications of the HNTs-polymer nanocomposites include
high performance plastics for use in structural and packing
materials, flame retardant rubber/coatings, and biocom-
patible materials, such as tissue engineering scaffold and
drug delivery vehicle. However, the large-scale utilization
of HNTs for preparing high performance and multifunc-
tional polymer nanocomposites with a low cost has not
yet been realized due to the inhomogeneous quality of
the natural raw HNTs and the weak interfacial interactions
of the nanocomposite systems. However, some compa-
nies (i.e., Applied Minerals Inc., USA and Natural Nano,
Inc., USA) have industrialized HNTs-polymer nanocom-
posite products. The applied polymers include PP, PE and
PAG. The following urgent works regarding HNTs-polymer
nanocomposites should include the development of chemi-
cal synthetic methods for HNTs that accurately control their
dimension, studying the properties and reaction mecha-
nism of the composites via computer simulation, systemic
evaluation of the in vivo toxicity and biodegradation behav-
ior of the HNTs, and exploring the possibility for their
use during energy storage and transformation. Finally, we
anticipate that breakthroughs in the research and develop-
ment for HNTs-polymer nanocomposite will appear in high

performance nanocomposites for the aircraft/automotive
industries, environment protection, and biomedical mate-
rials.
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