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ABSTRACT: Halloysite nanotubes (HNTSs) have attracted great attention in the field of nanotechnology as natural, high value-
added nanomaterials. Despite their significant potential as carriers of active agents and fillers in nanocomposite structures,
inhomogeneity of HNTs in terms of length and diameter along with their agglomeration tendency poses important obstacles for the
utilization of them in a wider range of applications. Here, a facile, three-step separation protocol that allows the sorting of HNTs into
agglomeration-free, uniform size fractions is reported. The protocol consists of coating of HNTs with polydopamine to impart
hydrophilicity and aqueous dispersibility, followed by their ultrasonication and centrifugation at varying velocities for size-based
separation. Particle size distribution analysis by scanning electron microscopy and dynamic light scattering has demonstrated that the
separation protocol resulted in uniform HNT fractions of varying agglomeration states and particle sizes. The highest quality fraction
obtained with 18% yield was free of agglomerations and consisted of HNTSs of uniform lengths and diameters. The polydopamine
coating on HNT's which facilitated the separation was demonstrated to be removed by a simple heat treatment that preserved the
crystal structure of HNTs. The impact of the separation protocol on the loading and functionalization capacity of halloysites was
investigated. Highest quality HNTs presented 4.1-fold increase in lumen loading and 1.9-fold increase in covalent surface coupling
ratios compared to the loading and functionalization ratios obtained with raw HNTs. Similarly, sorted, high-quality HNT's were
demonstrated to be better dispersed in a polymeric matrix, resulting in polymeric nanocomposites with significantly enhanced
mechanical properties compared to nanocomposites prepared with raw HNTs. The three-step separation protocol presented here
provides a toolbox that allows sorting of raw HNTSs into uniform fractions of different size ranges, from which HNTs of desired
qualities required by different applications can be selected.

B INTRODUCTION HNTs naturally exist in a wide range of lengths and
Halloysite nanotubes (HNTs) are abundant clay nanoparticles diameters.'” Furthermore, they tend to agglomerate and
that have been utilized in a variety of scientific and industrial cannot be individually dispersed in aqueous solutions and
applications because of their intrinsic nanostructure, high polymers. This inhomogeneity and agglomeration behavior of
thermal stability, acceptable mechanical strength, relatively low HNTSs constitutes a significant limiting factor in the final
cost, and biocompatibility. HNTs present a natural hollow properties of their nanocomposites, which prevents their full

tubular structure composed of tetrahedral silicone dioxide
outside and octahedral aluminum oxide inside along with a
high aspect ratio and a low hydroxyl group density." Their
unique structural properties make HNT's notable as reinforcing
fillers for polymers and also as containers for active
components,”” resulting in the utilization of HNTSs in specific
applications such as water purification,*™® drug delivery,”®
cancer cell isolation,”'° bone regeneration,”’12 dentistry, 314
and cosmetics.' >

potential utilization. HNTs have been incorporated into
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Figure 1. Coating of HNTs with polydopamine (a), FT-IR (b), and
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TGA (c) of raw HNTs and PDHNTs.

polymeric materials mainly to obtain polymer nanocomposites
with enhanced mechanical and thermal properties. As for all
polymeric nanocomposites, a homogeneous dispersion of the
filler within the polymer matrix is one of the key requirements
to achieve significant property improvements.ls_zo However,
the agglomeration tendency of HNTs in the polymer matrix
may lead to the deterioration of thermal and mechanical
properties.”' ~>* The utilization of agglomeration-free HNTSs
with a homogeneous size distribution in the nanoscale can
improve their dispersion in the polymeric matrix and provide a
homogeneous nanocomposite material. Furthermore, the wide
distribution of the size of natural HNTs constitutes critical
problems in certain applications. For example, very long HNTs
above the average length can induce cell injury and
inflammation when injected into cells for medical applica-
tions™* or cause irritation to the skin in cosmetic applications.”
Thus, a method that allows sorting of HNTs based on their
size would improve their function and provide a toolbox for
their efficient utilization in various applications.

A limited number of previous studies attempting the
purification and size-separation of HNTs have focused on
the ultrasonic scission of HNT's followed by a viscosity-based
centrifugation where HNTs were dispersed in water in the
presence of a polymeric material and a surfactant, providing
high density and stability, respectively.”®>” The potential of
these methods might be limited because of the fact that these
polymeric materials and surfactants cannot be completely
removed at the end of the separation process and they might
interfere with HNTSs’ functions.

Here, we demonstrate a facile method to obtain HNTs that
are uniform in size and shape while preserving or improving
their inherent properties. HNTs were functionalized with a
polydopamine coating to impart hydrophilicity and enhance
aqueous dispersibility, followed by ultrasonication and hydro-
philicity gradient centrifugation that results in the purification
of HNTs from other mineral impurities and sorting into

different grades that are uniform in size and shape. The
polydopamine coating that acts as an effective tool for the
purification and separation of HNTs can be easily removed at
the end of the separation process when needed. The proposed
method provides a practical and useful way to obtain
agglomeration free, uniform HNTs of desired aspect ratio
which will allow the utilization of HNTSs to their fullest
potential.

B RESULTS AND DISCUSSION

Polydopamine is a synthetic analogue to mussels’ strong
adhesive protein containing repeated amine and catechol
groups that is obtained by the autoxidation of the dopamine
monomer.” It is well-established that polydopamine coating is
applicable to nearly all substrates to impart biocompatibility,
post functionality, adhesion, and other targeted proper-
ties.”* ™" Polydopamine coating of HNT surfaces has been
previously reported for their functionalization with nano-
particles and enzymes.*' >

The first step of the separation protocol was the coating of
HNT surfaces with polydopamine in order to impart
hydrophilicity and aqueous dispersibility for their centrifuga-
tion-based purification and separation. HNTs were simply
mixed with the dopamine monomer in alkaline aqueous buffer
which has mediated the self-polymerization of dopamine on
the surface of HNTs (Figure la). The reaction mixture was
then washed to remove unreacted dopamine and dried,
resulting in polydopamine-coated HNTs (PDHNTS) in black
powder form. The presence of the polydopamine coating on
PDHNTs was demonstrated by Fourier transform infrared
(FT-IR) spectroscopy (Figure 1b). Compared to raw HNTs’
FT-IR spectrum, PDHNTs presented additional peaks
appearing at 1337 cm ™" because of symmetric and asymmetric
—NH stretching vibrations and peaks at 1625, 1499, and 1276
cm™' corresponding to —NH bending, aromatic C=C
bending, and C—N stretching, respectively,3'4 confirming the
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Figure 3. Yields of grade 1, grade 2, and grade 3 PDHNTS obtained at 2000, 6000, and 11,000 rpm centrifugation, respectively, in comparison to
the yields of raw HNTs obtained by centrifugation at the same velocities. (a) Two-step separation protocol: polydopamine coating and
centrifugation and (b) three-step separation: polydopamine coating, ultrasonication, and centrifugation.

presence of the polydopamine coating on HNTs. Figure 1c
shows the thermogravimetric analysis (TGA) of raw HNTs
and PDHNTSs. Although both samples had similar decom-
position behaviors, PDHNTSs presented an additional weight
loss of 5.9 wt % starting at 220 °C because of the
decomposition of the polydopamine coating. These results
further confirmed that HNT surfaces were successfully coated
with polydopamine.

In the second step of the separation protocol, PDHNTS
were treated with ultrasonication to break large agglomerations
into individual nanotubes. Application of ultrasound energy is
an effective and widely applied method to facilitate disruption
of large particle agglomerates into nanosizes.”> PDHNTs were
treated with the optimal ultrasonication power and duration
that minimize the destructive effect of ultrasound and also
provide the sufficient energy to break up large agglomerations.
In the third step of the separation, aqueous dispersions of
ultrasonicated PDHNTSs were subjected to consecutive
centrifugations at increasing velocities. The precipitate
obtained at 2000 rpm constituted grade 1 PDHNTS, where
the supernatant was centrifuged again at 6000 rpm, resulting in
the second precipitate constituting the grade 2 PDHNTS. The
supernatant was further centrifuged at 11,000 rpm, and the
third precipitate constituted grade 3 PDHNTs (Figure 2).

In order to assess the effect and importance of the
polydopamine coating and ultrasonication steps on the
separation efficiency of HNTSs, the yields of grade 1, grade 2,
and grade 3 PDHNTSs obtained through (i) polydopamine
coating alone and (ii) through both polydopamine coating and
ultrasonication were calculated along with the yields of raw
HNTSs obtained through the same centrifugation conditions.
Figure 3a demonstrates the yields of PDHNTs obtained
through polydopamine coating of HNTs followed by
centrifugation at varying velocities without the ultrasonication
step in comparison to yields of raw HNT's that were processed
through the same centrifugation protocol. Raw HNTs that
were not functionalized with polydopamine did not show any
separation as almost all raw HNTs (97.4 wt %) precipitated
upon centrifugation at the lowest velocity of 2000 rpm, and
negligible amount of HNT's remained in the supernatant. Large
aggregates that are already present or have formed due to
strong intermolecular interactions in raw HNTSs have
prevented the aqueous colloidal stability as expected. In
contrast, when PDHNTs were dispersed in water without
ultrasonication, they presented a significantly enhanced
colloidal stability as only 74% of PDHNTSs precipitated in
the first centrifugation at 2000 rpm and 24% remained in the
aqueous supernatant. Apparently, the polydopamine coating
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on HNTs has resulted in more stable aqueous dispersions of
HNTSs because of the highly hydrophilic character of the
polydopamine.® While PDHNTSs were able to be separated
into different quality grades without the ultrasonication step,
the efficiency of separation was very low. The improved
hydrophilicity of PDHNTSs improved the colloidal stability to a
certain extent, but large agglomerations of PDHNTSs that
cannot be disintegrated limited the efficiency of the
centrifugation-based separation.

On the other hand, when PDHNTSs were further treated
with the ultrasonication step, the yield of PDHNTS obtained at
higher centrifugation velocities, which are supposedly the pure
and agglomeration-free PDHNTS, has improved (Figure 3b).
While the yield of grade 1 PDHNTSs obtained at 2000 rpm
centrifugation significantly decreased, the yield of grade 2 and
grade 3 PDHNTSs obtained at 6000 rpm and 11,000 rpm
centrifugation increased and reached 45 and 18%, respectively.
The increase in the yield of grade 2 and grade 3 qualities can
be explained with the ultrasound scission stage that physically
breaks down the PDHNT agglomerations through sound
waves. The fact that 96.5% of raw HNTSs without the
polydopamine coating precipitated at 2000 rpm centrifugation
and negligible yields were obtained at 6000 and 11,000 rpm
demonstrates that the hydrophilicity imparted through the
polydopamine coating is essential for the centrifugation-based
separation of HNTs. As it can be clearly seen, when both
polydopamine coating and ultrasound sonication were applied,
the colloidal stability of PDHNTs was enhanced, which
allowed the centrifugation-based separation of PDHNTS in
increased yields.

The relationship between the amount of the polydopamine
coating on HNTs and the aqueous colloidal stability it imparts
to HNTs was investigated by comparing PDHNTSs separated
at different centrifugation velocities. Photographs of PDHNTSs
obtained by the three-step separation showed that different
quality grades of PDHNT powders (Figure 4a) had different
intensities of a black tint that is known to be caused by the
polydopamine coating.’" Although the initial PDHNT powder
had a homogeneous black color, following the separation,
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Figure 4. (2) Photographs of grade 1, grade 2, and grade 3 PDHNTSs
and (b) TGA of separated PDHNTs.

grade 1, grade 2, and grade 3 PDHNTSs had brown, gray, and
black colors, respectively, demonstrating that different grades
of HNTs possessed different amounts of polydopamine
coating depending on their level of agglomeration. The
amount of polydopamine coating on PDHNTS calculated by
TGA further demonstrated that HNTs were inhomogeneously
coated with polydopamine. Grade 1, grade 2, and grade 3
PDHNTSs were calculated to have 1.51 wt %, 1.70 wt %, and
3.63 wt % polydopamine coating, respectively. Apparently,
agglomeration-free, smaller HNTs were coated with polydop-
amine in higher percentages than HNTs in larger agglomerated
forms, potentially because of larger surface areas of
agglomeration-free HNTSs relative to the surface areas of
agglomerated HNTs. Thus, HNTs of different agglomeration
states were imparted different extents of hydrophilic character
and aqueous colloidal stability, which allowed the sorting of
HNTs into different quality grades by a simple centrifugation.

The size distribution and agglomeration state of PDHNT'
obtained through the three-step separation protocol were
characterized by scanning electron microscopy (SEM) and
dynamic light scattering (DLS) analysis (Figure S). Raw HNTs
presented a wide distribution of nanotube lengths and
diameters along with micron-sized aggregates of nanotubes.
Following the three-step separation protocol, the polydisperse
mixture of HNTs was separated into fractions of PDHNTSs
with more homogeneous distributions of sizes with minimum
amount of aggregates. While grade 1 PDHNTS included longer
nanotubes and occasional aggregates, grade 2 PDHNTSs
included shorter nanotubes and grade 3 PDHNTS included
only individually separated nanotubes of shortest lengths
(Figure Sa,b). Statistical analysis of PDHNT length distribu-
tions on the SEM images also demonstrated that the wide
length distribution of raw HNT's ranging from 1200 to 400 nm
was shifted to narrower distributions with significantly shorter
average lengths for grade 2 and grade 3 PDHNTs (Figure Sc).
The second step of the separation protocol which is the
ultrasonication of PDHNTs to break large agglomerations
resulted in the scission of nanotubes to different extents, as
expected. Following the third step, which comprises the
centrifugation of PDHNT dispersions at different velocities,
PDHNTSs were sorted based on their sizes where longest
nanotubes were collected in grade 1 and shortest nanotubes
were collected in grade 3. DLS analysis was also performed on
aqueous dispersions for a qualitative comparison of length
distributions and demonstrated a significant shift from wider
length distributions at larger hydrodynamic diameters for raw
HNTs to narrower distributions at shorter hydrodynamic
diameters for grade 3 PDHNTs (Figure Sd). It is known that
DLS cannot be safely used for the determination of actual
lengths and diameters of nanotubular structures because it
handles nanotubes as spherical particles within a hydrodynamic
approximation. However, for well-dispersed individual nano-
tubes that can freely rotate, the length distributions obtained
from DLS analysis are expected to corroborate well with actual
length distributions. Thus, the agreement between DLS sizes
and actual sizes can be interpreted, as the majority of the
agglomerations present in the dispersion of pristine HNT's has
been eliminated. While the DLS size distributions of raw
HNTSs did not match the size distributions obtained from SEM
because of presence of large agglomerations, for separated
grade 3 PDHNTS, both distributions were in good agreement,
suggesting an agglomeration-free dispersion. These results
further confirmed that the separation method provides a facile
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Figure S. SEM and DLS characterization of raw HNTs and separated PDHNTS. (a) Representative SEM images at 10k magnification, (b)
representative SEM images at 100k magnification, (c) nanotube length distribution histograms from SEM image analysis, and (d) size distribution

histograms obtained by DLS.

route toward obtaining monodisperse and agglomeration-free
fractions of HNTs from a polydisperse HNT mixture
dominated by agglomerations.

The removability of the polydopamine coating on HNTSs
was investigated. In order to remove the polydopamine
coating, separated PDHNTSs were heat-treated at 290° for 48
h under the ambient atmosphere. The removal of the
polydopamine coating was confirmed by the disappearance
of the black tint on HNTs (Figure S1a). Furthermore, TGA of
PDHNTSs that were heat-treated showed that all of the
polydopamine coating was removed as the treated nanotubes
presented a similar thermogravimetric behavior as raw HNTs
(Figure S1b).

Figure 6a—d demonstrates the SEM and DLS analysis of
grade 1, grade 2, and grade 3 HNTs obtained following the
removal of the polydopamine coating. The heat treatment did
not exert any damage on the tubular shape of HNTSs, which
retained their monodisperse and agglomeration-free morphol-

17966

ogy. The removal of the polydopamine coating by heat
treatment did not negatively affect the aqueous dispersibility of
separated HNTs (Figure 6e). Grade 1, grade 2, and grade 3
HNTs obtained with the three-step separation protocol
followed by the polydopamine coating removal were easily
dispersed in water and presented colloidal stability for at least 6
h. These results demonstrated that the three-step separation
protocol to obtain uniform and agglomeration free HNT
fractions can safely be followed with a heat treatment step to
remove the polydopamine coating in cases where the
polydopamine coating would interfere with the desired
application.

The effect of the treatments applied during the three-step
separation protocol and removal of the polydopamine coating
on the crystal structure of HNTs was also investigated (Figure
7). The X-ray diffraction (XRD) pattern of raw HNTs
reflected the characteristic crystal structure of Halloysite-10 A,
which included the (001) peak at 20 of 11.91°, (100) peak at

https://dx.doi.org/10.1021/acsomega.0c01057
ACS Omega 2020, 5, 17962—-17972


http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01057/suppl_file/ao0c01057_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01057/suppl_file/ao0c01057_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01057?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01057?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01057?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01057?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01057?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

Grade 1 HNTs

Grade 2 HNTs

Grade 3 HNTs

Frequency

Frequency

N o

(c) (d)

30
I Grade 1 HNTs
—— Gaussian Fit 25
20
g
< 454
2
]
S 10
=
54
] 0
200 400 600 800 1000 1200 1 o0 1000
Nanotube Length (nm) Size (d.nm)
W Grade 2 HNTs o
—— Gaussian Fit
25
20
3
< 154
2 10
=
5
4
200 400 600 800 1000 1200 10 g i
Nanotube Length (nm)
30
N Grade 3 HNTs
—— Gaussian Fit 254
204
S
‘-; 154
2
g 10
=
5
0
200 400 600 800 1000 1200 10 100 000
Nanotube Length (nm) Size (d.nm)

Figure 6. Analysis of grade 1, grade 2, and grade 3 HNTs following the removal of the polydopamine coating by heat treatment: (a) representative
SEM images at 10k magnification, (b) representative SEM images at 100k magnification, (c) nanotube length distribution histograms from SEM
image analysis, (d) size distribution histograms obtained by DLS, and (e) aqueous dispersions of HNTs after 6 h of storage at room temperature.

26 of 20.17° indicative of the tubular halloysite structure, and
the (002) peak at 26 of 24.8°."” The XRD pattern of HNTs
did not change following the treatments, indicating that the
crystal structure of HNTs was not affected and their tubular
nanostructure was retained. Furthermore, peaks corresponding
to quartz (*) and kaolinite (#) impurities'” visible in the
patterns of raw HNTs and in grade 1 HNTs were not present
in the XRD pattern of grade 2 and grade 3 HNTs,
demonstrating that the three-step separation protocol also
facilitated the purification of impurities in raw HNTs. The
removal of impurities in HNTs via centrifugation of surfactant-

. . . 26,38
assisted dispersions has been demonstrated before.””*" In our
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work, without the use of any surfactants, HNTs were well
dispersed in water because of the polydopamine modification
which allowed the centrifugation-based removal of nontubular
clay impurities. These results demonstrated that the three-step
separation protocol provides a tool for not only the preparation
of agglomeration-free, monodisperse fractions but also the
removal of impurities from raw HNTs.

The effect of the three-step separation on the covalent
functionalization and loading capacity of HNTs was critical to
understand. In order to investigate the loading capacity of
separated HNTSs obtained by the three-step separation method
followed by the removal of the polydopamine coating, they
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Figure 7. XRD analysis of raw HNTs; grade 1, grade 2, and grade 3
HNTs following the removal of the polydopamine coating.

were loaded with carvacrol as a representative active
component through vacuum application. The weight percent-
age of the loaded carvacrol for separated HNTs was calculated
through TGA (Figure 8a). Although raw HNTs were loaded
with 5.8 wt % carvacrol, under the same experimental
conditions, the loading capacity of grade 1 HNTSs was slightly
lower, where they were loaded with 3.5 wt % carvacrol.
Apparently, grade 1 HNTs included an increased content of
quartz and kaolinite impurities that had been observed in the
XRD spectrum of both raw and grade 1 HNTs. On the other
hand, the loading capacity of grade 2 and grade 3 HNTs
significantly increased and reached 23.8 wt % for grade 3
HNTSs which is 4 times higher than the loading capacity of
unseparated raw HNTs. This significant increase in the loading
capacity can be explained by the fact that grade 2 and 3 HNTs
have been purified from agglomerated nanotubes and other
impurities which cannot be loaded to their fullest capacity

because of inadequate dispersion in carvacrol and reduced
surface area. The three-step separation method provided an
effective tool to obtain agglomeration-free and uniform HNT's
that can be loaded with active materials at significantly higher
contents that were not reported before.

The impact of the three-step separation on the covalent
functionalization yield of HNTs was also investigated. The
content of reactive hydroxyl groups on separated HNT
surfaces was increased through alkaline treatment,”® which
were then reacted with sodium dodecyl sulfate (SDS) through
a condensation reaction. The functionalization reaction was
followed and verified by FT-IR analysis (Figure S2). The
amount of covalently attached SDS on HNTSs was determined
by TGA (Figure 8b). Although raw HNTs were functionalized
with SDS by 2.6 wt % only, grade 2 and grade 3 HNT's were
functionalized by 4.4 wt % and 5.1 wt %, respectively. As the
monodispersity of HNTs increased and agglomerations were
minimized, more functional groups were available on the outer
surface of HNTSs, by which the functionalization efliciency
increased more than two-fold compared to the functionaliza-
tion rate of unprocessed raw HNTs. The relatively low yield
for grade 3 HNTs may correspond to increased costs for such
materials, despite the relatively low cost of commercially
available raw HNTSs. However, the three-step separation
method presented in this study would now allow the use of
these high-purity HNTs with significantly increased loading
and functionalization capacities as well as better defined size
distributions as nanocontainers in various high value-added
applications such as active food packaging and drug delivery.

The effect of the monodisperse and agglomeration-free
character of separated HNTs on the characteristics of
polymeric HNT nanocomposites was also studied. HNTs
separated into different quality grades and heat-treated for the
removal of the polydopamine coating were incorporated into
low-density polyethylene (LDPE) through melt compounding,
and nanocomposite blown films were prepared. The HNT
content in the prepared nanocomposite films was chosen to be
1 wt % as an optimum value based on our previous study that
focused on the effect of the HNT content on LDPE-based
nanocomposite film properties.”” SEM visualization of
resulting film surfaces demonstrated that the separation
process applied to raw HNTSs positively affected the dispersion
quality of HNTs within the polymer matrix (Figure 9a). While
nanocomposite films containing raw HNTs presented an
inhomogeneous distribution of nanoparticles with several
agglomerations, nanocomposite films prepared with grade 2
and grade 3 HNTSs presented a significantly better dispersion
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Figure 8. Functionalization yields of separated HNTs of different quality grades along with raw HNTs calculated by TGA. (a) Yields of loading

with carvacrol. (b) Yields of covalent functionalization with SDS.
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Figure 9. (a) SEM images of surfaces of nanocomposite films composed of LDPE and HNTs and (b) mechanical parameters of HNT/LDPE
nanocomposite films containing different quality grade HNT's in comparison to neat LDPE films.

in the LDPE matrix. The films containing the highest quality
HNT fraction, grade 3 HNTSs, were almost free of
agglomerations. The improved dispersibility of higher quality
monodisperse HNTs has also positively impacted the
mechanical properties of resulting nanocomposite films
(Figure 9b). While nanocomposite films prepared with raw
HNTSs did not present any improvement in Young’s modulus,
tensile strength, and elongation at break values compared to
neat LDPE films, the mechanical properties of nanocomposite
films improved as a function of the separated HNT grade
quality when compared to raw HNT reinforced nano-
composite films. Compared to less uniformly dispersed,
agglomerated raw HNTs and grade 1 HNTs present in the
LDPE matrix as evidenced by SEM analysis, the uniform
dispersion of individual, significantly less agglomerated grade 2
and grade 3 HNTs resulted in the improvement of Young’s
modulus and the tensile strength, demonstrating the true
nanoscale reinforcement effect.

Bl CONCLUSIONS

HNTs were successfully separated into monodisperse,
agglomeration-free fractions of different sizes through a facile
three-step separation process that includes (i) coating of HNT
surfaces with polydopamine, (ii) ultrasonication, and (iii)
hydrophilicity-based centrifugation. The polydopamine coating
on the surface of HNTs imparted hydrophilicity and aqueous
dispersibility, which allowed the sorting of HNTSs via
centrifugation. Following the separation process, the polydop-
amine coating was completely removed through a simple heat
treatment step. Resulting fractions of HNTs were demon-
strated to be uniform in size and shape and preserved their
intact nanotubular forms and crystal structures. The method
allowed the sorting of raw polydisperse HNTs into fractions of
different quality grades based on the velocity of centrifugation;
while grade 1 HNTs obtained at low centrifugation velocity
presented larger diameters with more agglomerations, grade 3
HNTs obtained at higher centrifugation velocity presented
smaller diameters with almost no agglomerations. High-quality
grade HNTs obtained through the separation protocol were
shown to present significantly higher lumen loading and
covalent surface functionalization capacity compared to raw
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HNTs. Furthermore, separated higher quality grade HNTs
showed better dispersibility in a polymeric matrix, resulting in
nanocomposite films with improved mechanical properties.

B MATERIALS AND METHODS

Chemicals. Raw HNTs, SDS, sodium hydroxide pellets,
and hydrochloric acid (ACS reagent, 37%) were purchased
from Sigma-Aldrich Inc. Dopamine (3-hydroxytyramine hydro-
chloride) was purchased from Acros Organics Inc. Milli-Q
purified water was used for all of the synthesis and
characterization stages. Carvacrol was purchased from Tokyo
Chemical Industry Co., LTD. Ultrapure Tris base (Tris-
(hydroxymethyl)aminomethane) was purchased from MP
Biomedicals, LLC. LDPE granules (PETILEN F2-12) were
provided by PETKIM Petrokimya A.S. All chemicals were used
without any further purification.

Three-Step Separation of HNTs. HNTs were separated
into three different grades of quality and size by following the
three-step separation protocol. In the first step, HNTs were
coated with polydopamine by dispersing 1 g of raw HNTs in
100 mL of purified water (10 mg/mL) with ultrasound
sonication (Qsonica, Q700) for 30 min at 100% amplitude
(120 W) with S s pulse on and 2 s pulse off in an ice bath.
Following the sonication, 0.2 g of dopamine was added into
the dispersion (2 mg/mL) and the pH was adjusted to 8.5 with
Tris base powder. The prepared mixture was stirred at 30 °C
for 30 min. Then, PDHNTS were separated from the reaction
mixture with centrifugation at 5000 rpm for 5 min. Separated
PDHNTSs were washed with water and centrifuged five times
to remove residual Tris base or unreacted dopamine molecule
from the product. Obtained PDHNTSs were dried at 50 °C for
24 h in a vacuum oven.

In the second step, an aqueous PDHNT dispersion (20 mg/
mL) was prepared using an Ultra-TURRAX TI18 basic
dispersion system at approximately 11,000 rpm for 30 min
and ultrasonicated for 45 min at 100% amplitude (120 W)
with 5 s pulse on and 2 s pulse off in an ice bath.

In the third step, obtained aqueous PDHNT dispersion was
separated into three grades by applying centrifugation for 10
min at 2000 rpm. Following the 2000 rpm centrifugation, the
precipitate was dried and labeled as “Grade 1 PDHNTSs”. The
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supernatant was centrifuged for 10 min at 6000 rpm, and the
precipitate was dried and labeled as “Grade 2 PDHNTSs”. The
supernatant was centrifuged at 11,000 rpm, and the precipitate
was dried and labeled as “Grade 3 PDHNTS”.

For the removal of the polydopamine coating, grade 1, grade
2, and grade 3 PDHNTSs were heat-treated for 48 h at 290 °C.

Functionalization of HNT Surfaces with SDS. Prior to
the functionalization, HNTs were treated with NaOH to
increase the amount of hydroxyl groups on the nanoparticle
surface. HNTs (0.2 g, 0.01 g/mL) were stirred in 20 mL of
NaOH solution overnight and then washed with distilled water
several times to remove residual NaOH. SDS (0.02 g) was
added into 10 mL of distilled water and S uL of HCI (37%)
was added dropwise; the mixture was stirred for 15 min for the
protonation of sodium sulfate groups on SDS. Finally, 0.2 g of
HNTSs was gradually added into the mixture, and the reaction
was continued for 18 h at 40 °C.*' The final product was
obtained by centrifugation at 6000 rpm, which was then
washed five times with distilled water and dried in a vacuum
oven for 24 h at 80 °C.

Loading of HNTs with Carvacrol. In order to load HNTs
with carvacrol, 40 mg of HNTs was dispersed in 20 mL of
carvacrol by using ultrasound sonication for 10 min at 60%
amplitude (65 W) with 2 s pulse on and S s pulse off in an ice
bath. Then, HNT—carvacrol dispersion was connected to a
vacuum pump, and vacuum (2 mbar) was applied for 20 min.
The vacuum was released to bring the system to the
atmospheric pressure and then vacuum was reapplied under
the same conditions. At the end of the two-step vacuum cycle,
HNTSs were separated from the excess amount of carvacrol by
centrifugation at 5000 rpm for 5 min. Obtained carvacrol-
loaded HNTs (CHNT) were washed with ethanol to remove
the residual carvacrol from the HNT surface. Finally, CHNTs
were dried at room temperature for 24 h.**

Preparation of Polyethylene—HNT Nanocomposite
Films. A mixture of polyethylene (99 wt %) and HNT (1 wt
%) powders was fed into a twin-screw extruder (Zamac
Mercator with a screw diameter of 12 mm and L/D of 40) and
processed at the zone temperature range between 160 and 180
°C with the screw speed of 300 rpm. Nanocomposite melt
flowing from the extrusion die was cooled in a water bath and
pelletized. Afterward, the pellet form of the nanocomposite
mixture was transferred to a single screw film blowing machine
(Scientific Laboratory Ultra Micro Film Blowing Line Type
LUMF-150 with L8-30/C, LabTech Engineering), processed
at 150—160 °C with a single screw speed of 80 rpm and blown
into 55—65 um thick films. The neat LDPE samples were
processed through the blown film extrusion of LDPE granules
under the same conditions.

Characterization Methods. TGA of all samples was
performed using a Shimadzu Corp. DTG-60H (TGA/DTA)
instrument by heating samples up to 1000 °C with a rate of 10
°C/min under nitrogen. Prior to the analysis, samples were
dried for 30 min at 100 °C in the instrument to remove all
moisture from the samples.

Determination of the hydrodynamic diameter of samples
was performed using a DLS instrument (Zetasizer Nano—ZS,
Malvern Instruments Ltd, UK) at 25 °C at a sample
concentration of 2 mg/mL for each sample.

A Nicolet IS10 FT-IR spectroscope with an attenuated total
reflection system was utilized for the chemical analysis of raw
samples.

Phase purity of samples was analyzed by XRD using a Bruker
D2 Phaser XRD instrument using Cu Ka radiation (K =
1.5418 A, 40 kV, 200 mA) in the 20 range of 5—70°.

The samples were visualized using a Zeiss LEO Supra 35VP
scanning electron microscope. HNT samples were prepared for
visualization on silicon wafer by drying a drop of aqueous
HNT dispersions (0.1 mg/mL) obtained by ultrasonication for
2 min at 70% amplitude (75 W) with S s pulse on and 2 s pulse
off in an ice bath. For the visualization of HNT/PE
nanocomposite films, samples were coated with Au—Pd and
images were recorded using a secondary electron detector at §
kV under high vacuum. Size distribution of HNT specimens
was analyzed using SEM images at 50k magnification by
Image] software. For the statistical analysis, lengths were
measured using at least 50—200 nanotubes for each grade, and
they were presented as frequencies of nanotubes versus their
lengths. The mechanical properties of nanocomposite films
were investigated using a universal testing machine Zwick
Roell Z100 UTM, with a load cell of 200 N and a crosshead
speed of 12.5 mm min~" according to the ASTM D1708-10
testing method. Dog-bone test specimens had a length of 38
mm and a width of 15 mm, a narrow section width of 5 mm,
and a grip distance of 22 mm. An average of four replicates of
each sample was reported. Thicknesses of films were measured
using a digimatic micrometer (Mitutoyo Quicmike, no.
99MAB041M).
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