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Abstract—Structure control and quantitative evaluation of porous materials are essential for many industrial and consumer applications
of clay minerals, and nanotubular halloysite (HNT) has been used extensively for such purposes; performance enhancements are still
needed, however. The objective of the present study was to improve the gas-adsorption capacity of HNT by controlling the particle size
and porosity. This was accomplished through acid treatment and particle-size fractionation by centrifugation. Various particle sizes were
obtained and porosities ranged from macropores to mesopores. Natural halloysite nanotubes were modified by sulfuric acid in various
concentrations to selectively remove the alumina composition of the tubes. X-ray diffraction and energy dispersive X-ray spectroscopy
were used to verify the mineralogical and compositional changes. Surface modification by the acid treatment increased the inner space
volume of the tubes and decreased the mass of the nanotubes because of the elimination of alumina. The gas adsorption capacity of both
natural and modified halloysite nanotubes was measured quantitatively using N, adsorption and the Brunauer-Emmett-Teller (BET)
method, and the morphology was determined from transmission electron microscopy (TEM) images. The results showed that the
modified halloysite nanotube was 7.47 times more efficient at gas adsorption than pristine halloysite. Moreover, the dealumination of the
surface increased the inner space. Greatly increased porosity characteristics, including gas adsorption and macroporosity, were obtained

through modification by acid treatment.
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INTRODUCTION

Halloysite is a natural aluminosilicate nanotube with the
formula Al,S1,05(OH),, a kaolin mineral. This clay material
has tube walls that are 20-30 layers thick, with each layer
consisting of one alumina (Al-OH) sheet and one siloxane
(Si-O-Si) sheet (a one-to-one ratio), thus forming multiple
inorganic walls. The inner wall surface is composed of alumina
units, and the outer surface area is made of siloxane units. The
diameter of the lumen (hollow space or channel inside the tube)
ranges from 20 to 30 nm and the outer diameter from 50 to
100 nm (Tazaki 2005; Kamble et al. 2012; Joo et al. 2013;
Lvov et al. 2016).

Halloysite nanotubes (HNTs) are of great interest due to
their porosity as tubular structures, having specific
mesoporosity (<50 nm) and macroporosity (>50 nm) charac-
teristics (Shu et al. 2015). These nano spaces have great poten-
tial for use in the creation of nanocomposites in clay materials.

HNTs are utilized frequently as additives to other materials
(Mroczek et al. 2011; Hong et al. 2013). Owing to their tubular
shape with a hollow inside, they can be used as carriers (Shi
etal. 2011; Tan et al. 2013; Owoseni et al. 2014; Gorrasi 2015)
or nanoreactors (Ko et al. 2016). The confinement of
nanomaterials in nanotube formations generates nanoscale
reactions (Abdullayev et al. 2011; Lazzara et al. 2018). Various
studies on surface modification aimed at utilizing the lumen
have been reported (Yah et al. 2012a, 2012b; Chao et al. 2013;
De Silva et al. 2013; Wu et al. 2013, 2016; Szczepanik et al.
2017). HNT nanocomposites are useful for remedying the
shortcomings of base materials. The eco-friendly and biocom-
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patible properties of HNTs are likewise important characteris-
tics (Vergaro et al. 2010; Liu et al. 2012; Lvov et al. 2014;
Massaro et al. 2014). These properties, which provide great
advantages in applied research, originate from the aluminosil-
icate composition, which is not harmful to organisms or to the
natural environment. Various studies have utilized this bio-
compatibility for drug-delivery systems and the controlled
release of medicines (Guo et al. 2012; Xi et al. 2013).

Because the lumen is the main reason for the interest in
using HNTs in applied research, detailed analysis of these nano
spaces is necessary. Although natural, meaning unmodified,
HNTs have adequate inner space volume to put various
chemicals in the tube, the gas adsorption capacity and the
surface area can be increased significantly by modifying the
HNTs. The alumina composition of HNTs can be removed by
sulfuric acid, because sulfuric acid selectively reacts with only
the alumina sheets (Abdullayev et al. 2012; Zhang et al. 2012).

The purpose of the present study was to chemically modify
the HNTs by treatment with sulfuric acid in an effort to
enhance the storage efficiency of the tubes and to quantify
the gas-adsorption capacity, then to compare the lumen surface
area of the sulfuric-acid-modified HNTs with that of unmod-
ified HNTs.

EXPERIMENTAL

Materials

HNTSs were obtained from Applied Minerals Inc. (New
York, USA). Sodium hexametaphosphate (Junsei Co., Tokyo,
Japan, 97% purity) and sulfuric acid (Daejung Co., Seoul,
Korea, 98% purity) were used without further purification.
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Modification of Natural HNTS

A 1.5 gportion of HNT was mixed with 50 mL of 1 M, 3 M,
or 5 M sulfuric acid solution in a flask. The HNT was well
dispersed in the acid solution by bath-type sonication for
20 min. An aspirator was used to remove atmospheric gases
from the lumen of the tubes. As a result, the sulfuric acid
solution from the flask filled the lumen of the halloysite
nanotubes, and chemical reactions occurred to remove the
alumina composition of the HNT. The flask was heated at
90°C for 24 h to react the sulfuric acid with the aluminum of
the HNT (Abdullayev et al. 2012). After reaction, the HNT
modified by the 1 M, 3 M, and 5 M sulfuric acid were labeled
“yHNT (x M)”, where y is the modification and x is 1, 3, or 5,
depending on which sulfuric acid concentration was used. The
sample was then washed with DI water 5 times, placed in a
freezer for 6 h, and freeze dried for 3 days.

Purification and Separation of Natural HNTSs

Purification of the unmodified HNTs followed the method
introduced by Luo et al. (2013). 25 g of HNT was suspended in
100 mL of DI water by stirring for 2 h; then 2 g of sodium
hexametaphosphate (SHMP) was added gradually to enhance
dispersion. The system was then stirred for an additional 24 h
and left to stand at room temperature for 6 h to allow solids to
settle. The supernatant was decanted and discarded to remove
readily soluble impurities. The remaining solid was then sep-
arated into various size fractions by centrifugation as follows.
The sediment was resuspended in water then centrifuged at
2000 rpm (431xg) for 5 min and the supernatant collected and
labeled HNT-1. The sediment was again resuspended in water
and centrifuged at 4000 rpm (1722xg) for 10 min and the super-
natant decanted and labeled HNT-2. These steps were repeated at
6000 rpm (3875xg), 8000 rpm (6888xg), and 10,000 rpm
(10,763%g) to obtain samples labeled HNT-3, HNT-4, and
HNT-5, respectively. This was repeated for each HNT specimen.
Each such particle-size fractionation yielded tubes with different
average lengths and outer and inner diameters (Table 4).

Acid Modification of HNT

A 0.5 g portion of each mHNT-x (m = modification; x = 1-5)
sample was mixed with 16.7 mL of 5 M sulfuric acid in a flask
and further dispersed by vortex mixing and sonication. The
suspension was then aspirated to remove dissolved gases in
the HNT suspension in order to facilitate the entrance of sulfuric
acid solution into the lumen, thereby enabling reaction between
the sulfuric acid and the Al in the tetrahedral sheet of the HNT
inner wall. The reaction was further promoted by heating the
suspensions at 90°C for 24 h. They were then cooled, washed
five times with DI water, and freeze-dried. The process was
repeated for all HNTs.

RESULTS AND DISCUSSION

Modification of Natural HNTS

The porosities and surface areas of the HNTs were mea-
sured using N, adsorption. The volume of adsorbed gas at
standard state (STP: 7'=273.15 K, 101.3 kPa) per g of sample,
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represented by V,, was measured by the Brunauer-Emmett-
Teller (BET) method using a Belsorp-Mini II device
(MicrotracBEL Corp., Osaka, Japan). Adsorption of volumet-
ric N, proceeded on unmodified and modified HNTs. The N,
gas-adsorption capacity of the unmodified HNT was
163.74 con® (STP)/g. The isotherm type was IUPAC type IV,
revealing pore sizes in the mesoporous and macroporous
ranges, but not in the microporous range. In the case of
mHNTs (1 M), the value of V, was 471.14 cm® (STP)/g; for
mHNTs (3 M), 746.75 cm’ (STP)/g. The value of V, for
mHNTs (5 M) was 837.31 cm® (STP)/g, which is 5.11 times
greater than for the natural HNTs (Table 1). All modified
HNTSs exhibited morphologies and plot shapes that follow
the ITUPAC type IV isotherms, similar to the natural HNTs.

The thickness of the adsorption layer is defined as
t = 0.354xV,/V,, [nm]. The value of 0.354 comes from the
assumption that the thickness of a single layer of N, molecules
is 0.354 nm (Lippens and De Boer 1965; Kaneko 1994).
According to one hypothesis, adsorbed N, molecules form an
hexagonally close-packed layer on the solid surface (Schull
1948). The linear-like graph shapes of the samples in Fig. 1b,
which increase at the same rate as standard isotherms, means
that they have macroporous characteristics. The graphs of the
modified HNTs have a steeper slope than those for unmodified
HNTs. This is because the V,, values, which indicate the
monolayer volume of the samples, are larger in the modified
HNTs. The V, value of mHNTs (5 M) at 1.2 nm of pore
thickness was 270.17 cm® (STP)/g, which is 8.5 times larger
than the V, value of the natural HNTs of 31.703 cm® (STP)/g at
1.2 nm. The modified HNTs had a larger capacity for gas-
adsorption than the natural HNTs.

The internal structures of the natural HNTs and the mHNTSs
were revealed by transmission electron microscopy (TEM,
JEOL JEM-2100F, Tokyo, Japan) (Fig. 2). A clear crystal
morphology with a relatively small lumen diameter in the natural
HNTSs was verified. In contrast, the mHNTSs lost their crystallin-
ity after dealumination, and their lumen diameter was expanded.

The crystallinities of both natural HNTs and modified
HNTs were analyzed using X-ray diffraction (XRD). The
diffraction patterns of natural HNTs have a monoclinic-
domatic crystallographic character. The characteristic sharp
peak at 12°20 (Fig. 3) corresponding to the (001) reflection
occurred due to the HNT multiwall reflection (Costanzo and
Glese 1985; Guimaraes et al. 2010). Modified HNTs lost the
characteristic peaks in the corresponding 26 region, however.

Table 1 Adsorbed gas volume (V,), specific surface area (Sggr),
and total pore volume (Vi) of natural HNT, mHNT (1 M),
mHNT (3 M), and mHNT (5 M).

Vo (em*STP)g")  Sper (m’g")  Vipw (cm’g™)

HNT 163.74 34.076 0.2533
mHNT (1 M) 471.14 185.41 0.7288
mHNT 3 M) 746.75 23226 1.1551
mHNT (5 M) 837.31 280.64 1.2951
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Fig. 1 a N, adsorption isotherms and b thickness plots of natural HNT, mHNT (1 M), mHNT (3 M), and mHNT (5 M).

Instead of the sharp peaks indicating alumina crystals, modi-
fied HNTSs showed a broad band observed at ~20-25°26. This
means that the aluminosilicate composition of the natural
HNTSs was changed to amorphous silica by acid modification.

Energy-dispersive X-ray spectroscopy (EDS) mapping was
used to track changes in elemental composition and to verify
structural changes during acid modification. Comparison of
unmodified and modified HNTs (Fig. 4) revealed that the

+H,S0,

~Al2(S04)5

unmodified HNT was composed of evenly combined and
distributed Al, Si, and O, whereas EDS mapping of the
mHNTs (5 M) sample revealed that most of the Al was lost
but the morphology of the silica structure remained.

Modification of Separated HNTs
The five particle-size fractions of the unmodified HNT
(using the BET method) yielded similar shapes in their gas-

Fig. 2 TEM images of: a natural HNT, b mHNT (1 M), ¢ mHNT (3 M), d mHNT (5 M).
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Fig. 3 XRD traces of natural HNT and mHNT (5 M).

adsorption isotherms (type IV), as would be expected because
of their similar atomic compositions and morphologies. A
notable difference, however, was in the value of V,, which is
a reflection of characteristics such as size, mass, and porosity.
The samples showed a consistent tendency of increasing V,,
except for HNT-5, which was assumed to differ because of an
imperfect structure in the tubes that hindered gas adsorption.
The largest value for V, was 226.43 cm’ (STP)/g, for
HNT-4. This was 1.74 times larger than the smallest V, value,
which was exhibited by HNT-1 (130.37 cm® (STP)/g. Another
trend was that the adsorption capacity increased consistently in
the lower p/p, range, from HNT-1 to HNT-5 (Table 2).
Compared to those of unmodified HNTs (Fig. 5a), the ad-
sorption isotherms of the five particle-size fractions of the acid-
modified HNTs revealed a consistent tendency for the V, value to
decrease as the particle size became smaller (Fig. 5b). The largest
V, was 1223.1 cm® (STP)/g, for mHNT-5, which was 5.6 times
larger than for HNT-5 before acid treatment (Tables 2 and 3). The

a

Fig. 4 EDS mapping images of a natural HNT and b mHNT (5 M).
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results showed that the modification of halloysite nanotubes
increased the gas-adsorption efficiency of the unmodified
halloysite by a factor of 7.47 (1223.1/163.74) (Tables 1 and 3).
Overall, acid modification of the HNT increased its
porosity, gas-adsorption capacity, and macroporosity.
The smallest value for V, among the mHNT samples
was 638.84 cm? (STP)/g for mHNT-1, which is 4.9 times
larger than for HNT-1. Both acid activation and smaller parti-
cle size improved the gas-adsorption capacity of HNT tubular
materials, therefore.

The porosity distributions of the HNTs were plotted using
the Barrett-Joyner-Halenda (BJH) method. Adsorbents that
have type IV adsorption isotherms can be characterized by
BJH adsorption-desorption plots (Luan et al. 1995; Baiju
et al. 2009). Hysteresis, the difference between adsorption
and desorption curves, occurs due to capillary condensation
of N, gas in the mesopores of the materials (Barrett et al.
1951). The desorption isotherm of the material and the Kelvin

b
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Table 2 Adsorbed-gas volume (V,), specific surface area (Spgr),
and total pore volume (V1) of 5 groups of natural HNTs.
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Table 3 Adsorbed gas volume (V,), specific surface area (Sggr),
and total pore volume (Viq) of five groups of mHNTSs (5 M).

Vo (em*STP)g ™) Sper (g™ Vigw (em’g ") Vo (em*STP)g ™) Sper (m’g ) Vi (em’g )
HNT-1 130.37 26.866 0.2017 mHNT-1 638.84 124.61 0.9820
HNT-2 191.74 29.515 0.2966 mHNT-2  689.00 134.73 1.0657
HNT-3 209.32 31.042 0.3238 mHNT-3  866.50 166.64 1.2656
HNT-4 22643 67.378 0.3502 mHNT-4  906.43 185.07 1.4020
HNT-5 217.93 73.373 0.3371 mHNT-5 1223.1 202.24 1.8919

equation (Eq. 1) demonstrate the relationships between critical
condensation pressure and pore size and were used to calculate
the pore-size distribution in the BJH plots (Schull 1948).

_ 2'YVL

In p
RTry,

Po

(1)

where p is equilibrium pressure in pores with a radius 7,,; po,
pressure on the planar surface; vy, the surface tension; Vi, the
molar volume; R, the gas constant; and 7, the absolute tem-
perature. The cumulative pore-volume graph was obtained for
various pore volumes. The observed tendency (Fig. 6a) was
that the pore size decreased from HNT-1 to HNT-5. Samples
HNT-1 and HNT-2 were macroporous, whereas HNT-3,
HNT-4, and HNT-5 were mesoporous. HNT-1 exhibited the
tallest peak at d, = 70 nm, revealing obvious microporous
behavior. On the other hand, sample HNT-5 was mesoporous
because the porosity distribution was clearly <50 nm. Because
the volume distributions of HNT-4 and HNT-5 were close to 0
with a porosity distribution >50 nm, these samples were non-
macroporous tubes.

Plots of the BJH curves for the five groups of modified HNTs
(Fig. 6b) revealed that the porosities of all natural HNTs were
expanded by sulfuric acid modification. The pore sizes of
samples mHNT-3, mHNT-4, and mHNT-5 (on the right side
of Fig. 6b) compared to those of the natural HNTs groups were
enlarged from mesopores to macropores.
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Regarding pore-thickness curves of the separated HNTs7, the
slopes of the curves increased with decreasing particle size
(Fig. 7a). This indicates that samples separated later had larger
Vi values and gas-adsorption efficiencies. The gas adsorption
of mHNT-5 at 1.2 nm pore thickness was 83.816 cm® (STP)/g,
which is 2.98 times greater than the corresponding value for
the mHNT-1, 28.313 cm® (STP)/g.

The thickness plot patterns of the modified HNTs were similar
to those of the unmodified HNTs (Fig. 7b). The inclination
increased according to the order of separation, because the
samples separated later had larger V,,, values and gas-adsorption
efficiencies. The gas-adsorption of mHNT-5 at 1.2 nm pore
thickness was 191.81 cm® (STP)/g, which is 1.52 times greater
than that of mHNT-1, which was 125.87 cm® (STP)/g.

Transmission electron microscopy images of natural and
modified HNTs (Fig. 8, Table 4) were used to determine the
average lengths and outer and inner diameters of the HNTs.
The TEM images were also utilized to compare the relative
differences between the five difference sizes of natural HNTs.
The size of the nanotubes tended to decrease with increasing
centrifugal force. The nanotube groups were not clearly divid-
ed in terms of gas-adsorption capacity because the separation
of HNTs was affected by various factors such as mass, hydro-
philicity, and the size of each particle.

The largest contribution to separation was assumed to be the
mass of the particles. Because the atomic composition of each
halloysite is almost the same, as the HNT particle size de-
creased, the mass of the particle would be decreased
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Fig. 5 Adsorption isotherms of five groups of: a natural HNT, b mHNT (5 M).
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Fig. 7 Thickness plots of five groups of: a natural HNT, b mHNT (5 M).

proportionally. Therefore, in principle, the gas adsorption ca- HNT-5 had nano-size debris (Fig. 8¢). The hindrance of gas-
pacity of the tubes is inversely proportional to the size of the adsorption for this sample was because of these light nanotube

particles. fragments that were mixed with the intact tubes.

f . g . it B

Fig. 8 TEM images of natural HNT groups: a HNT-1, b HNT-2, ¢ HNT-3, d HNT-4, e HNT-5. TEM images of modified HNT groups:
f mHNT-1, g mHNT-2, h mHNT-3, i mHNT-4, j mHNT-5.
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Table 4. Average lengths and outer (O.D.) and inner (I.D.) diam-
eters of the HNTs.

Natural HNT
Length (nm) 0.D. (nm) L.D. (nm)
1 835.36 101.19 33.16
2 699.94 81.44 21.70
3 445.36 76.61 19.47
4 312.14 59.82 14.82
5 212.68 44.99 12.86
Modified HNT (with 5 M sulfuric acid)
Length (nm) 0.D. (nm) L.D. (nm)
1 802.68 103.70 40.85
2 691.98 77.80 27.68
3 450.36 75.13 23.85
4 330.36 66.70 21.25
5 225.72 39.29 14.11

Separated samples of modified HNTs are shown in Fig. 8f—j.
They exhibited an increasing gas-adsorption tendency with
separation process; the size of the nanotubes decreased accord-
ing to the order of separation. Therefore, the assumption that
the gas-adsorption capacity is inversely proportional to the
mass or size of the particles is applied from the same perspec-
tive as with separated natural HNTs. The fragments of nano-
tubes are detectable in the mHNT-5 sample also (Fig. §j).
These experiments demonstrated that the porosity of halloysite
nanotubes could be increased by selection of a small size and
acid treatment.

SUMMARY

Sulfuric acid was used to increase the porosity of halloysite
nanotubes by etching the lumen of the HNT. Modified HNTs
were prepared successfully using various concentrations of
sulfuric acid. The chemical compositions of modified HNTs
were verified by XRD and EDX spectroscopy. This modifica-
tion selectively removed alumina from the tubes, and de-
creased the mass of the tubes. Furthermore, the porosity and
the inner space of the tubes were clearly increased. The trans-
formation of the tubes increased significantly the gas-adsorp-
tion efficiency of the HNTs. The dealumination of the surface
increased the inner space, which is very effective for storing
other materials within the tubes. The size of the lumen of the
modified HNTs was verified by BJH plots and thickness plots.
Thus, more materials could be loaded into the HNT tubes. In
addition, the separation of smaller HNTs by centrifugation
provided an opportunity to maximize the gas-adsorption ca-
pacity by excluding low-efficiency groups.
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