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ABSTRACT Halloysite
aluminosilicate nanotubes with a 15 nm
lumen, 50 nm external diameter, and
length of 800 == 300 nm have been
developed as an entrapment system for
loading, storage, and controlled release
of anticorrosion agents and biocides.
Fundamental research to enable the
control of release rates from hours to
months is being undertaken. By
variation of internal fluidic properties,
the formation of nanoshells over the
nanotubes and by creation of smart caps
at the tube ends it is possible to develop
further means of controlling the rate of
release. Anticorrosive halloysite coatings
are in development and a self-healing
approach has been developed for repair
mechanisms through response
activation to external impacts. In this
Perspective, applications of halloysite as
nanometer-scale containers are
discussed, including the use of halloysite
tubes as drug releasing agents, as
biomimetic reaction vessels, and as
additives in biocide and protective
coatings. Halloysite nanotubes are
available in thousands of tons, and
remain sophisticated and novel natural
nanomaterials which can be used for the
loading of agents for metal and plastic
anticorrosion and biocide protection.
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here is an increasing amount of ac-

tivity to produce multifunctional

nanometer-scale containers and a
growing demand for their use in sophisti-
cated applications in the life and materials
sciences. Ideally, such containers would be
inexpensive materials with a simple means
of fabrication, thus calling for simple syn-
thetic methods (i.e., self-assembly) or natu-
ral resources. Often, long, thin tubular sys-
tems are highly desirable, since for the same
amount of cargo (compared to spherical
capsules), they exhibit superior aero- and
hydrodynamic properties and thus better
processability. Moreover, one-dimensional
systems possess unique electrical, optical,
and magnetic properties. The ability to in-
troduce well-defined and differing function-
ality to the inner and outer surfaces would
also allow for their separate modification,
for example, for varying hydrophobicity.

A substantial amount of the current re-
search activity is devoted to carbon nano-
tubes. As for other tubule materials, there
are also polymeric, metal, and metal oxide
nanotubes. Polymeric nanotubes can be
formed by self-assembly in some cases or
templated by molecular sieves or cylindri-
cal nanopores to form tubular structures.’
Metal and metal oxide nanotubes are syn-
thesized predominantly by a template
method using polymeric or inorganic nano-
rods, which have to be prepared sepa-
rately, as a template scaffold.? The disad-
vantage of these types of nanotubes is the
employment of a template, which has to be

removed after synthesis of the tubes, lead-
ing to low quantities of the product and
time-consuming preparation procedures
(including the preparation of the template
itself).

Halloysite is an economically viable clay
material that can be mined from deposits
as a raw mineral. Halloysite (Al,Si,O5(OH),
X nH,0) is a two-layered (1:1) aluminosili-
cate chemically similar to kaolin which ex-
hibits a range of morphologies. One pre-
dominant form is a hollow tubular structure
in the submicrometer range. The size of hal-
loysite tubules varies from 500—1000 nm
in length and 15—100 nm in inner diameter
depending on the deposit (Figure 1). The
neighboring alumina and silica layers, and
their water of hydration, create a packing
disorder causing them to curve and roll up,
forming multilayer tubes. The reason flat ka-
olinite rolls into halloysite tubules remains
unclear.®> When n = 2 the clay is in the form
of hydrated “halloysite-10 A” with one layer
of water molecules between multilayers.
The “10 A” designation indicates the spac-
ing in the multilayer walls as the kaolinite
plates roll up into a multiwalled cylinder. At
n = 0, the structure is dehydrated
“halloysite-7 A” which may be obtained
through an irreversible phase transition
with loss of adsorbed water as the halloysite
is heated to 90—150 °C (halloysite has an
endothermic peak at 500—600 °C due to
structural dehydroxylation and then it re-
mains stable until approximately 1000 °C).
There are between 15—20 aluminosilicate

Figure 1. (a,b) TEM images of halloysite nanotubes dispersed in water. (c) SEM image of layer-by-
layer nanocoating with (PEl/halloysite); multilayer (top view), and (d) halloysite nanotube coated
with PEI/PSS + (PEI/7 nm silica), shell. Reprinted with permission from ref 10. Copyright 2002

Elsevier.
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TABLE 1. Comparison of Halloysite and Carbon Nanotubes*

halloysite nanotubes

15 nm X ca. 1000 nm
biocompatible

inner diameter/length
biocompatibility
price”

availability

$4 per kg

thousand tons

carbon nanotubes
2nm X ca. 1000 nm
toxic
$500 per kg
grams

“Price is average for a number of companies.

layers rolled in the multilayer tu-
bule walls with a layer spacing of
0.72 nm for the dehydrated hal-
loysite. It was recommended by the
AIPEA Nomenclature Committee to
rename meta-halloysite (the dehy-
drated form) as “halloysite-7 A”, but
for simplicity we will refer to it as
halloysite.

From a technical perspective,
the most interesting halloysite
structures are cylinders with a very
small inner diameter, and for load-
ing/release studies one uses hal-
loysite nanotubules with a diam-
eter of 50 nm and a lumen of 15
nm.*"® The specific surface area of
this halloysite is 65 m?/g, pore vol-
ume is 1.3 mL/g, refractive index is
1.54, and specific gravity is 2.53
g/cm?. For quicker release and
higher loading efficiency, tubes of
50—100 nm lumen diameters may
also be used. The outermost surface
of the halloysite is relevant to silica,
and the inner lumen surface may be
compared to alumina. The surface
{-potential of the halloysite falls be-
tween that of silica and alumina, in-
dicating the predominance of silica
properties on its exterior surface.
Below pH 8.5 the tubule lumen has

Halloysite is an
economically viable clay
material that can be
mined from deposits as
a raw mineral and is
chemically similar to

kaolin.
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a positive inner surface, enabling
loading of negative macromol-
ecules and preventing their adsorp-
tion on the negatively charged
outer surface.

It is interesting to compare hal-
loysite with carbon nanotubes
(Table 1). One can see that hal-
loysite has some advantages in ap-
plications which require a biocom-
patible nanocontainer. In addition,
halloysite clay is far less expensive,
and the world supply is in excess of
50000 tons per year. Therefore, a
true mass-scale industrial applica-
tion may be achieved in the near
future.

Halloysite was found to be a vi-
able and inexpensive nanoscale
container for the encapsulation of
biologically active molecules such
as biocides and drugs, first demon-
strated by Price et al.*® Its physico-
chemical characterization as a novel
drug delivery system has also been
reported (for example, see refs
7-9). A strong surface charge on
the halloysite tubules has been ex-
ploited for designing multilayers or-
ganized at the nanoscale using
layer-by-layer (LbL) assembly.'® The
interior lumen of the halloysite has
been used as an enzymatic nanos-
cale reactor."" The biocompatible
nature of the halloysite was demon-
strated when halloysite was used
as a substrate for stem cell attach-
ment and proliferation.’?

An important development for
halloysite applications has been
shown for polymer loading, espe-
cially if one takes into account the
possibility of tube orientation due
to tension gradients in melted plas-
tic. Halloysite is a hydrophilic mate-
rial with a bulk contact angle with
water of 10°. Therefore, to mix it
with hydrophobic polymers re-
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quires mediating molecules at the
interface. These may be molecules
with amphiphilic properties as was
demonstrated for polypropylene
loading."®*'* A more radical ap-
proach could be modification of
the halloysite SiO, surface with si-
lane compounds. In our experi-
ments, we have been able to
achieve contact angles of 70° using
this method. A range of metals in-
cluding iron, copper, cobalt, permal-
loy, and nickel were utilized to form
conductive and paramagnetic coat-
ings on the halloysite clay.'>'®
These conductive small tubes may
then be utilized in polymeric sys-
tems to form composites with inter-
esting electromagnetic properties.

Other halloysite applications
may include cosmetics, transdermal
drug delivery systems, and bioim-
plants; delivery of herbicides, insec-
ticides, and fungicides; and use in
advanced ceramic materials and
synthetic catalysts.*” It is evident
that halloysite is a promising biom-
aterial for dentistry and for bone tis-
sue scaffolds.® We concentrate here
on the description of halloysite as a
tubular substrate for the entrap-
ment and controlled release of func-
tional species which may be used
in coatings for oxidation and bio-
fouling corrosion protection and
demonstrate the promise of exten-
sive applications.

Loading and Sustained Release. To
entrap hydrophilic molecules, hal-
loysite is mixed as a dry powder
with a saturated solution of a cho-
sen active agent in water, ethanol,
acetone, or another solvent and
then exposed to high vacuum. For
highly soluble materials, one can
slow down the release rate by
blending them with viscous poly-
meric materials compatible with the
active agent (e.g., polyvinyl pyrroli-
done). Materials with low melting
points may be loaded in liquid form
(e.g., khellin).* Halloysite nanotu-
bules have been used for entrap-
ment and the subsequent release
of different drugs: Nifedipine (anti-
anginal), Furosemide (antihyperten-
sion), and Dexamethasone (corti-

)
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Figure 2. Release curves from halloysite in water in comparison with release from

non/encapsulated crystals, pH 7: (a) dexamethasone, furosemide, and nifedipine.

9

Reprinted with permission from ref 4. Copyright 2007 Wiley-VCH Verlag GmbH &
Co. KGaA. (b) Anticorrosion agent benzotriazole with the curve fit based on Pep-

pas model of the release.’

costeroid).” The release profiles of
drugs and the corrosion inhibitor
benzotriazole from halloysite in
comparison to that of the micro-
crystals are shown in Figure 2a,b.°
It is evident that the release from
the halloysite tubules takes 50—100
times longer than that from the
microcrystals. In all the release
curves an initial burst is observed
within 10 min followed by a pro-
longed 8—10 h release. Previously,
we were able to achieve a linear
four hour release of nicotinamide
adenine dinucleotide (NAD) from
halloysite by increasing the viscos-
ity of the loading solvent. We as-
sume that linear release may be due
to the higher loading of macromol-
ecules inside the halloysite tubule
giving a nanopore controlled re-
lease. No macromolecules were in-
serted between halloysite clay lay-
ers in the roll, and it was confirmed
by the preserved 7.2 A packing
X-ray reflection. The amount of ex-
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ogenous active agent is difficult to
determine. We cannot exclude
some of the active agents being at-
tached to the outer surface of the
halloysite, especially in natural gap-
defects on the cylinder surface at
the end of the rolled clay sheet (it
is a natural pocket on the tubule
surface). The typical 5—10% initial
release burst observed may be re-
lated to dissolution of this material.
Halloysite is a biocompatible mate-
rial but because of the aluminosili-
cate chemistry should not biode-
grade. Therefore, its usage in
medicine may be restricted to oral
dosing, dermal application, or den-
tal uses or associated with medical
implants.

The loading of enzymes is of spe-
cial interest because of their biocat-
alytic activity."" A typical protein
globule diameter is 2—8 nm which
is close to the 15-nm lumen open-
ing. Thus, 2—20 protein globules
can fit into the total cross-sectional

area of the inner core. The behav-
ior of large molecules in such nar-
row nanochannels has not been de-
scribed yet. A probable irreversible
adsorption of protein monolayers
on the lumen surface can make
analysis especially complicated. We
have studied the entrapment and
release properties of globular pro-
teins with different diameters and
surface charge: insulin, pepsin, ure-
ase, myoglobin, hemoglobin, albu-
min, glucose oxidase, and catalase.?
As expected, the rate of protein re-
lease from halloysite tubes was
slower compared to lower molecu-
lar weight drugs referred previously,
and the release time reached 140 h
for insulin (to achieve 80% release).
Generally, release for negatively
charged proteins was longer than
for positively charged ones (e.g., for
anionic at pH 7 catalase, 150 h; for
cationic albumin, 10 h) which may
be related to the positive surface
charge of the tube lumen.*
Biomimetic Nanoreactor. The biomi-
metic synthesis of inorganic com-
posites is a rapidly developing re-
search area lying at the nexus of
chemistry, biology, medicine, and
materials science. Biomineralization
is one of the most promising meth-
ods of forming hybrid inorganic/or-
ganic nanomaterials, which often
display unique and desirable mor-
phological, structural, and chemical
properties. Halloysite tubules were
employed as hollow enzymatic
nanoreactors for this purpose. The
reaction of urease-catalyzed deposi-
tion of CaCO; from an aqueous so-
lution containing CaCl, and urea
was realized as a model reaction to
demonstrate the possibility of con-
ducting a biomineralization process
inside the nanotube.'" The negative
charge of urease enhanced its ad-
sorption inside the positively
charged halloysite lumen. After the
enzyme-catalyzed inorganic synthe-
sis, CaCO5 was synthesized exclu-
sively inside the hollow tubular lu-
men. It has been elucidated that the
urease-catalyzed hydrolysis of urea
resulted in the formation of precipi-
tated CO52~ ions. The synthesized
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CaCO; completely fills the inner hal-
loysite lumen and exhibits the
metastable vaterite phase. This “en-
zymatic” approach may be utilized
either for loading the interior of hal-
loysite with different compounds
or with bioactive material.
Shell/Stopper Assembly. A LbL self-
assembly method was used for for-
mation of organized polyelectrolyte
nanoshells on halloysite tubes.* In
this process, a polycation solution is
added to the suspension of colloi-
dal particles, and after adsorption
saturation the particles are sepa-
rated from free polycations in solu-
tion. Then, a polyanion layer is de-
posited. In the same manner, one
can deposit any number of poly-
electrolyte layers and charged
nanoparticles in the shell. Figure 1c
shows such nanotube encapsula-
tion in a multilayer polyelectrolyte
shell.* An assembly of polyelectro-
lyte nanoshells on halloysite
changes its surface properties and
forms stoppers at the lumen open-
ings. In addition, the permeability of
the polyelectrolyte shell can be var-
ied by its composition and number
of layers. By varying the pH, the
shell permeability was changed to
increase or decrease the release
rate. This is especially important for
enhanced release in the vicinity of
corrosion spots where the pH is in-
creased (up to pH 9—10). This ap-
proach was used for a triggered re-
lease via opening/closing of LbL
stoppers at the halloysite ends."”
Tubule—Polycation Multilayer. The
assembly of anionic halloysite in or-
ganized multilayers through the al-
ternate adsorption of linear polyca-
tions via a LbL technique has been

Halloysite tubules have
been employed as
hollow enzymatic
nanoreactors for

biomimetic synthesis.
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Figure 3. (a) SEM image of cracks in a dry layer of paint with inclusion of halloysite

Days

nanotubules containing an antifouling agent. (b) Mold growth inhibition: num-

ber of colonies vs days (blue, untreated; purple, treated growth media).* Reprinted

with permission from ref 4. Copyright 2007 Wiley-VCH GmbH & Co. KGaA.

performed.’®"? As polycations,
poly(ethyleneimine) or poly(ally-
lamine) have been used. The tu-
bules in the layer are not parallel,
but randomly oriented, and the
layer density is rather low (Figure
1d). We have obtained the density
of halloysite/PEl multilayers as p =
0.48 = 0.08 g/cm?. This is less than
the density of water and demon-
strates that there is no water in the
voids between the halloysite tu-
bules in the dry film. Taking the hal-
loysite density as 2.53 g/cm? one
may calculate that 25% of the
sample volume is occupied by hal-
loysite and 75% of the sample is air
(or may be filled with liquid). We
foresee a possibility of assembly of
oriented nanotubes in multilayers.
Multilayer deposition of halloysite is
possible not only on large solid sur-
faces but on soft biological surfaces
such as wood or cotton cellulose
microfibers and on medical im-
plants. This coating allows a drastic
increase of the porosity of fibers and
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materials made from them (e.g., pa-
per and textile) and can be loaded
with functional materials (such as
antiperspirant or self-cleaning
agents).

Bioprotection. One of the first ap-
plications of halloysite as a nano-
container was a coating with anti-
fouling properties where a marine
biocide was loaded into the hal-
loysite which was then mixed with
paint for ships. Mildewcides also are
capable of sustained activity (Fig-
ure 3). As an antifouling biocide, we
have studied iodobutylpropy! car-
bonate (IBPC), and its release curves
were similar to those described ear-
lier for drug release.* Inclusion of
the halloysite as a nanoclay in coat-
ings may be aided by the SiO, sur-
face chemistry, allowing for a range
of surface treatments. Common
quaternary surfactants, as well as
functional silanes, may render the
clay easily wet by common poly-
mers. Unlike platy clays, halloysite
does not need exfoliation prior to
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Figure 4. Current density measurements using the scanning vibrating electrode technique. The Z-axis represents the current density
in wA/cm? and the scanned area is 3 X 3 mm?2. The samples were observed over 0, 18, and 24 h in aqueous 0.1 M NaCl. (top) Alumi-
num Al,CuMg alloy coated with ZrO,—SiO, sol—gel mixed with benzotriazole-loaded halloysite at 0.01 wt %, and (bottom) sol—gel
coating without halloysite addition showing development of a corrosion defect. Both samples were scratched to provide artificial de-
fects and to demonstrate self-healing ability of a ZrO,—SiO,, sol—gel mixed with benzotriazole-loaded halloysite.

use. In addition, unlike common
nanoclays, the functionality of the
halloysite as a controlled delivery
system or as a conductive filler ex-
pands the range of polymeric appli-
cations, permitting greater variabil-
ity in product design. The unique
feature of halloysite tubules are
chemically different outermost and
innermost surfaces, which allows for
separate chemical modification.
Halloysite admixing to hydropho-
bic media (such as oil-based paint
or polypropylene) requires media-
tor molecules to match halloysite
surface properties with properties
of the bulk plastic. Some results on
halloysite admixing to plastics have
been demonstrated and 30—50%
increase in loaded polymer tensile
strength was observed.'>'?

Food additions, fertilizers, oil
well anticlogging treatments, sus-
tained drug release, plastic fillers,
specific ion adsorbent, and even hy-
drogen storage are all possible ap-
plications based on loading of func-
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tional molecules into the halloysite
lumen and their slow release.*
Other perspective applications in-
clude templating nanoparticle sur-
faces, cosmetics, the delivery of her-
bicides, insecticides, fungicides,
and antimicrobials, and use in ad-
vanced ceramic materials, bioim-
plants, transdermal drug delivery
systems, synthetic catalytic materi-
als, and molecular sieves.

Corrosion Protection. Corrosion of
metals is one of the main destruc-
tion processes resulting in huge
economic losses, especially in
aerospace, automotive, construc-
tion, and the petroleum indus-
tries. Recent achievements in sur-
face science open a new avenue
for the fabrication of coatings
with active anticorrosion proper-
ties through the integration of
nanoscale containers (carriers)
loaded with the inhibitor or other
active compound into existing
“passive” protective films thus de-
signing completely new coating

systems based on the “passive”
matrix/“active” container struc-
ture. The main idea here is to de-
velop nanoscale containers, which
can be sensitive to external (e.g.,
mechanical damage) or internal
(e.g., pH changes) corrosion trig-
gers.'® If the local environment
undergoes changes or if the cor-
rosion process initiates on the
metal surface, the nanocontain-
ers should release encapsulated
inhibitor directly into the dam-
aged area, thus achieving self-
healing. Because of the possibil-
ity of loading the inner volume of
halloysite materials with inhibit-
ing agents and controlled-release
behavior, halloysites can be suc-
cessfully employed as inhibitor-
loaded nanoscale containers in a
new generation of self-healing an-
ticorrosion coatings. Halloysite
nanotubes were loaded with the
corrosion inhibitor benzotriazole,
which is soluble in water, and
then incorporated into ZrO,—SiO,

www.acsnano.org



sol—gel coating deposited onto
aerospace AA2024 aluminum al-
loy.'” Halloysites were distributed
in the sol—gel coating without
aggregation or accumulation on
the surface of the film or on the
coating-metal interface.

Figure 2b shows a release curve
for the anticorrosion agent benzo-
triazole. In refs 17 and 18 it was
demonstrated that such sustained
benzotriazole release is efficient for
corrosion protection. Materials
loaded in halloysite nanotubes are
protected from leaching or other
potential environmental hazards
and may be released on demand in
needed rates. The addition of
inhibitor-loaded halloysites to the
coating matrix at 0.01 wt % does
not reduce the initial barrier proper-
ties of the sol—gel coating. More-
over, the anticorrosion efficiency
was increased and a self-healing ef-
fect was demonstrated. Figure 4
panels a and b present spatially re-
solved corrosion current density
measurements near artificial de-
fects made in ZrO,—SiO, sol—gel
coating (a) with and (b) without
benzotriazole-loaded halloysite. The
coating without halloysite addition
shows the development of a corro-
sion defect during immersion in
NaCl solution. On the other hand,
the sample coated with thin
sol—gel film doped by
benzotriazole-loaded halloysite ex-
hibits no evidence of corrosion cur-
rent and corrosion propagation dur-
ing the immersion in a corrosive
NaCl solution. This fact demon-
strates the possibility of using hal-
loysites as nanoscale containers for
self-healing anticorrosion coatings.
The function of inhibitor-doped hal-
loysites is to keep and provide slow
release of the inhibitor blocking the
initial corrosion processes and heal-
ing microscale defects in the coat-
ing. The halloysites prevent the in-
teraction of the inhibitor with the
sol—gel matrix and, thereby, deacti-
vation of the inhibitor. Admixing of
halloysite to oil-based coatings and
plastics needs to tune the surface
hydrophobization which may be

www.acsnano.org

Halloysites are cheap, abundantly available, and durable,

with high mechanical strength and biocompatible.

However, they are not yet well studied with regard to the

chemistry of the inner and outer surface and the

possibilities of liquids inside the nanoscale volumes,

which is most important for controlled encapsulation

and release.

achieved through siloxane or with
surface-active molecule treatment.

As discussed above, there are
many unsolved problems in hal-
loysite research and development.
Toward improving halloysite tube-
loading, researchers are performing
nanofluidic experiments with little
established theory for this. It is likely
that many solvent characteristics in
15 nm channels are different from
the bulk ones. Deviation of physico-
chemical characteristics (viscosity,
pH, salt concentration) inside the lu-
men are also expected and need to
be analyzed. Mechanical properties
of single tubes have not yet been
analyzed. Formation of controllable
stoppers at the end of the tube is
another challenge in the develop-
ment of nanotube halloysite
containers.

Among the possible applica-
tions of halloysite nanotubes, we
emphasize the following as the
highest level of priority and applica-
bility: (1) controlled release of anti-
corrosion agents; (2) sustained re-
lease of herbicides, insecticides,
fungicides, and antimicrobials; (3)
paint loaded with antifouling prop-
erties (marine biocides and anti-
molding agents); (4) sustained re-
lease of drugs (cosmetics,
dermatology), fertilizers, food addi-
tives, and fragrance; (5) plastic fillers
for strength enforcement and pro-
tection (e.g., radiation or ultraviolet
stability); (6) templating nanoparti-
cle synthesis (rodlike); (7) radio-
wave absorbing coating with metal-
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lized halloysite tubes; (8) catalytic
materials and molecular sieves; (9)
specific ion adsorbent (heavy metal
ions); (10) encapsulation of hydro-
gen storage materials; (11) use in
advanced ceramic materials and
bioimplants.

These applications will profit
from the fact that halloysites are
cheap, abundantly available, and
durable, with high mechanical
strength and biocompatible. How-
ever, they are not yet well studied
with regard to the chemistry of the
inner and outer surface and the pos-
sibilities of liquids inside the nano-
scale volumes, which is most impor-
tant for controlled encapsulation
and release. Also their mechanical
properties and their interaction with
organic materials need further
study and control to arrive at stable,
active fillers in composites. These
tubes are especially attractive be-
cause of the different chemistry of
the inner and outer surface and of
their tunable inner diameter. This
makes them ideal models for nano-
fluidics, an upcoming field of high
impact in science and technology.
Aluminosilicates are not toxic and
allow for a range of applications ar-
eas. Like carbon nanotubes, hal-
loysite tubes can be rendered con-
ductive by coating with conductive
polymers or may be metallized us-
ing electrolyzed deposition tech-
niques developed for the silicon
chip industry. When used for me-
chanical re-enforcement it is pos-
sible to fill them with active agents

Al
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that may permit the production of
smart materials that are responsive
to chemical, thermal, or mechanical
perturbations. Lowering the costs
for nanomaterials will open a num-
ber of applications that will likely re-
main outside the realm of carbon
nanotubes or other synthetic struc-
tures due to cost considerations.
Halloysite is also a “green” material
and because it is a natural product
will not add risk to the environment
as other nanomaterials may have
the potential to do.
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