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Abstract: Halloysite is a unique 1:1 clay mineral frequently appearing with nanotubular morphology,
and having surfaces of different polarity with interesting and important technological applications.
HNTs can be consolidated naturally in the earth by pressure and thermal flows. In this study of
natural consolidated HNTs, the strength and hardness of these materials were found to be dependent
on the presence of impurities (gibbsite, alunite, quartz, and other silica minerals), which accounted
for the increased stability of such samples. In the absence of impurities, the strength of consolidated
HNTs was significantly lower. The first 3D mapping of the pore structure of natural consolidated
HNT is provided. The contributions of the porosity within the nanotubes and between the nanotubes
were delineated using a combination of non-invasive ultra-small and small-angle X-ray scattering
(USAXS/SAXS) analyses, BET/BJH pore size analyses, and computed tomography studies. A total
porosity of 40%, as determined by X-ray attenuation and He porosimetry, was found for the natural
consolidated HNTs, of which about one-third was due to the inter-HNT porosity. Nano-X-ray
computed tomography (nano-XCT) analyses also indicated that 76% of the inter-HNT pores were
smaller than 150 nm in diameter. The intra-HNT pore size determined by combined USAXS/SAXS
and BET/BJH was about 10 nm. This pore network information is essential for the utilization of
natural consolidated HNTs as a model geomaterial to investigate the effects of surface characteristics
on confined fluid flow.

Keywords: halloysite; nanotube; porosity; hardness; spacing; wetting

1. Introduction

The morphological organization of materials, including the sizes and shapes of pores,
has been shown to result in anomalous thermodynamic, transport, and reactive proper-
ties of nanoconfined fluids [1,2]. In this context, naturally occurring geomaterials with
nanoscale tubular architectures are of interest, given the high likelihood of fluids confined
within their materials exhibiting anomalous properties. Halloysite is a hollow tubular alu-
minosilicate that has the same chemical composition as kaolinite, Al2Si2O5(OH)4. Kaolinite
has a platy morphology. Although most halloysites are composed of nanoscale tubes, they
may also appear with platy or spheroidal morphology [3]. The studied halloysite nanotube
(HNT) had an internal pore (intra-HNT) diameter of 12–15 nm, an outer diameter of 60 nm
and above, as well as a length of 0.5–10 µm [4,5]. Due to their unique physical, mechanical,
and structural properties, HNTs have been used for polymer composites, flame retardation,
controlled release, environmental remediation, paints and coatings, agriculture, catalysts,
molecular sieves, ceramics, and cosmetics [6–8].
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The Dragon Mine in Eureka, UT, USA, currently operated by Applied Minerals Inc.,
has high quality natural consolidated HNT geomaterials. Figure 1 presents images of
the consolidated halloysite at different magnifications. The total porosity of the natural
consolidated HNT structure is comprised of intra-HNT porosity, which refers to the internal
nanopores of the HNTs, and inter-HNT porosity, which refers to the porosity between
the HNTs.
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Figure 1. Photograph of natural consolidated halloysite nanotube (HNT) sample from underground (left) and SEM image
of the fractured surface of natural consolidated HNT (right), from the Dragon Mine, Eureka, UT, USA.

1.1. Halloysite Structure, a Geometric Variation of Kaolinite

The structures of both kaolinite and HNT have basal planes of a silica tetrahedral layer
and an alumina octahedral side layer bonded by apical oxygens. Most kaolinite particles
maintain a planar structure up to several microns in size [9]. The kaolinite plates are held
together by van der Waals forces, and water is excluded from the kaolinite plates. However,
halloysite usually has a tubular structure with curvature toward the gibbsite side, i.e., the
HNT structure [5]. Upon hydration, kaolinite plates roll along the major crystallographic
directions to form halloysite tubular structures. There are intercalated water molecules
between the halloysite plates, and water is likely associated with the gibbsite surface.

1.2. Surface Chemistry

One of the unique features of halloysite is the difference in the surface chemistry inside
and outside the nanotube. The halloysite structure has a siloxane surface exposed outside
of the nanotube (inter-HNT) and a gibbsite surface inside of the nanotube (intra-HNT).
Due to the relatively small size of HNTs (outer diameter of 60 nm and length of 0.5–10 µm),
the wetting characteristics of the inter- and intra-HNT surfaces cannot be easily determined
by direct measurements. Since kaolinite and HNT have identical crystal structures, the
inter-HNT siloxane surface and intra-HNT gibbsite surface are expected to have exactly
the same wetting characteristics as the siloxane and gibbsite surfaces of kaolinite. Thus, the
water wettability of the HNT surfaces can be estimated from previous studies on kaolinite
surface chemistry, in which the kaolinite particles were ordered at a substrate with specific
surface orientation (either siloxane or gibbsite face exposed) and then characterized by
atomic force microscopy (AFM) [10,11].

The AFM surface force curves between a diamond-like carbon (DLC) tip and the
kaolinite basal plane surfaces (siloxane and gibbsite) in 1 mM KCl at pH 4 are shown in
Figure 2 [11]. Since the DLC tip surface is at its isoelectric point, the electrostatic interaction
is minimal. The force curve for the kaolinite siloxane surface shows an attractive force with
the hydrophobic DLC tip, which is greater than the theoretical van der Waals attraction
and indicates a hydrophobic interaction. Consequently, the kaolinite siloxane surface has a
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relatively modest hydrophobic surface state [10]. On the other hand, the kaolinite gibbsite
(alumina octahedral) surface did not show any hydrophobic interaction in addition to the
theoretical van der Waals forces, indicating a hydrophilic surface state.
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The wetting characteristics of the siloxane and gibbsite surfaces of either kaolinite
or halloysite can also be determined by water number density analysis of the mineral–
water interface using classical molecular dynamics (MD) simulations [12]. As shown in
Figure 3, the water exclusion zone at the siloxane–water interface reveals the hydrophobic
surface state of the kaolinite/halloysite siloxane surface. In contrast, water fills the kaoli-
nite/halloysite gibbsite–water interface due to stronger interactions, such as hydrogen
bonding with the gibbsite surface.
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1.3. Objectives of the Study: Multiscale Characterization

While the prior research efforts were informative about the wettability characteris-
tics and the surface chemistry of HNTs, uncertainties exist regarding the geomechanical
characteristics, pore organization, and connectivity of HNT pores. Since the wetting charac-
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teristics of HNTs are such that the inter-HNT surface is expected to be hydrophobic and the
intra-HNT surface is expected to be hydrophilic, the fluid flow in a natural consolidated
structure of HNTs is expected to be influenced by the organization and connectivity of the
pores. Therefore, this study addresses the following research questions:

(i) What are the mechanical characteristics of natural consolidated HNT?
(ii) What is the connectivity between the intra- and interlevel porosity?
To address these questions, nanoindentation was used to determine the hardness

of natural consolidated HNT samples from different regions of the Dragon Mine, which
have differing levels of consolidation. The hardness values of the various consolidated
HNT samples were compared with kaolinite and other common shale minerals, such as
calcite and silica. The total porosity of the consolidated HNT structure was estimated
from X-ray attenuation values using micro-X-ray computed tomography (micro-XCT) and
verified using He porosimetry. The inter-HNT porosity of the natural consolidated HNT
structure and the pore size analyzed from the 3D pore network structure were determined
by nano-X-ray computed tomography (nano-XCT) scanning. In addition, this research
reports the intra-HNT pore size and outer HNT curvature (diameter) as characterized
by small-angle X-ray scattering (SAXS). The SAXS results were compared with results
from BET and BJH pore size analyses and literature values. The individual HNTs of the
Dragon Mine consolidated HNT structures were further characterized by sedimentation
field-flow fractionation (SdFFF) for particle size distribution, compared with TEM imaging,
and finally by SAXS for the halloysite interlayer spacing.

2. Materials and Methods

Most of the consolidated HNT samples evaluated in this study were collected from
various halloysite veins at Applied Minerals Inc.’s Dragon Mine in Eureka, UT, USA. A
more consolidated kaolinite sample was evaluated from Blawn Mountain in the Wah Wah
range in Beaver County, UT, USA. A less-consolidated kaolinite sample from Rincon de
Cerdeno, Guanajuato, Mexico, was also evaluated. The calcite, quartz, and pyrophyllite
crystals were obtained from the mineral collection at the University of Utah.

2.1. Mechanical Properties Measurements by Nanoindentation

The indentation measurements were performed at the Utah Nanofab Laboratory with
a Hysitron TI Premier nanoindenter using a diamond Berkovich fluid tip [13]. As needed,
mineral samples were cut into pieces with sizes ranging from 2 to 4 cm, and were surface-
ground with water as a lubricant, using progressively higher grit sandpaper, starting with
low (120) and proceeding to high grit (2500). This was followed by the use of lapping
film to achieve an average roughness of 1 µm. These grinding/polishing activities were
performed on an Allied Techprep 10–1000 polishing/grinding machine. Samples were
left to air-dry for 24 h to stabilize the sorption behavior before the indentation tests. The
indents were performed at ambient conditions.

The properties characteristically measured from an indentation protocol are the in-
dented material’s hardness (H) and the elastic modulus (E). The applicable equations for
the calculation of these properties are derived after Oliver and Pharr [14], with relevant
variables displayed on the load–displacement curve shown in Figure 4 [14,15].

Hardness is defined as the ratio of the applied load, P, to the projected contact area
of the indent at that load. This area is calculated from an empirically determined area
function that depends on the contact depth, hc. The general form of this relationship has
been cited as:

A = ∑6
n=0 Cn(hc)

2−n (1)

where C1 . . . C6 are constants found through a curve-fitting procedure using the calibration
indents [15], and n denotes the order of the polynomial used to fit the probe shape. The
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contact depth, hc, which differs from the total penetration depth, is calculated using the
following expression:

hc = hmax − ε
Pmax

S
(2)

where hmax is the maximum contact depth, Pmax is the maximum load of an indentation,
and ε is a constant dependent on indenter geometry for a Berkovich tip, which is equal to
0.75. The slope of the initial portion of the unloading curve represents the elastic stiffness
of the contact and is defined as the contact stiffness, S.
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The elastic modulus, E, of the sample is determined from the reduced modulus, Er,
derived from the nanoindentation, defined by Oliver and Pharr [14] as:

Er =

√
πS

2β
√

A
(3)

where β is a constant dependent on the indenter’s geometry; β is 1.034 for a Berkovich
indenter [15]. S is the contact stiffness, and A is the projected contact area calculated from
Equation (1). The elastic modulus can then be calculated by manipulating the following
equation:

1
Er

=

(
1− v2)

E
+

(
1− vi

2)
Ei

(4)

where v is the Poisson’s ratio of the sample and the subscript i denotes an intrinsic property
of the indenter (modulus and Poisson’s ratio). Er is determined from the nanoindentation
tests and E will be the final calculation of Young’s modulus, though due to the high values
of the diamond probe, Er ends up being close enough to the value of E of the material, that
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it is negligible to do the calculation. For the diamond Berkovich probe, Hysitron reports
these parameters as Ei = 1140 GPa and vi = 0.07

S =

(
dP
dh

)
h=hmax

(5)

Contact stiffness is generally determined by fitting only the upper portion of the
unloading data, as shown in Equation (5) [15], where P is the applied load, S is the contact
stiffness taken from the tangent of the initial unloading portion of the load curve, and h is
the displacement into the material.

2.2. Porosity by X-ray Attenuation in Micro-X-ray Computed Tomography (Micro-XCT)

The Xradia Micro-XCT 400 system at the University of Utah was used for the micro-
XCT scanning of the natural consolidated HNT with voxel resolutions of 1.85 and 19.32 µm.
Due to the small pore size and homogenous distribution of the consolidated HNT nanopore
structure, at a relatively large XCT voxel resolution, the porosity of the consolidated
HNTs, i.e., the nanopore network, is counted as bulk density for this geomaterial. As a
result, the linear X-ray attenuation in the natural consolidated HNTs can reveal the total
porosity of the nanopore network inside the consolidated HNTs [16]. The phyllosilicate
mineral pyrophyllite Al2Si4O10(OH)2 has a chemical composition similar to halloysite and
a relatively more consolidated structure compared to kaolinite and halloysite. Pyrophyllite
was selected as a reasonable standard that has no porosity to compare with consolidated
HNTs. The ratio of X-ray attenuation for consolidated HNTs to pyrophyllite is reported as
the micro-XCT estimated porosity for consolidated HNT, similar to a previous study on
porous and brittle solid structures [17]. To validate the total porosity estimated by X-ray
attenuation, the He porosimetry of natural consolidated HNTs was measured using an
Ultra-Pore 300TM porosimeter manufactured by Core Laboratories.

2.3. Pore Network Characterization by Nano-XCT

The natural consolidated HNT geomaterial was ground into particles smaller than
100 µm. One piece of a particle with a diameter of tens of microns was selected for nano-
XCT scanning. A Zeiss Xradia Ultra 810 was used for the nano-XCT imaging with a
voxel resolution of 32 nm. High-resolution nano-XCT (32 nm) is able to image the three-
dimensional pore network structure inside the natural consolidated HNT. A 3D section
of the consolidated HNT with dimensions of 12 µm × 6 µm × 6 µm from nano-XCT
scanning was selected for the nanopore network analysis. The pore size/diameter of the
nano-XCT-scanned consolidated HNTs was analyzed by computing the local thickness of
the 3D pore network with ImageJ, where the diameter of the largest sphere that fit inside
the pore network at a particular location was used to represent the pore size [18].

2.4. Small-Angle X-ray Scattering (SAXS)

The ultrasmall- and small-angle X-ray scattering (USAXS/SAXS) measurements on
the consolidated HNT sample were performed at the Sector 9-ID-C in the Advanced Photon
Source (APS), Argonne National Laboratory (ANL) using a Bonse–Hart double-crystal
setup [19,20]. The natural consolidated HNT particles were loaded into a quartz capillary
(I.D. = 1.3 mm and O.D. = 1.5 mm) to acquire the scan. Measurements on the empty quartz
capillary were also performed, taken as the background, and then subtracted from the
scattering of the consolidated HNTs. A total X-ray flux of ~1013 photon mm−2s−1 and an
energy of 21 keV were applied for the scanning, which corresponds to an X-ray wavelength
of 0.59 Å. The sample-to-detector distance and instrument calibrations were performed
using silver behenate [21]. To reduce the USAXS and SAXS curves from scanning, the
Irena and Nika macros in IgorPro software (Wavemetrics, Lake Oswego, OR, USA) were
used [22,23]. This methodology has been described in previous publications [24–26]. The
merged USAXS and SAXS curves for the consolidated HNTs are shown in Figure 5.
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Two unified fit levels based on different q-regions, where q = (4π/λ)× sin(θ/2), λ is the
incident X-ray wavelength, and θ is the scattering angle, were used for the fitting [27]. The
selected q-regions were q = 0.00–0.02 Å−1 and q = 0.02–0.4 Å−1. The fitting performed in the
selected q-regions is described by a combined Guinier–power law regime. The unified fit
model is based on the approach proposed by Beaucage [28,29]. This model was primarily
designed for the unit shape being spherical and centrosymmetric, but it can also be used
for the scatters of different shapes, including rods, lamellae, and cylinders [29,30].

To validate the SAXS results, BET and BJH pore size analyses were conducted using
a Micromeritics 3Flex with N2 gas at the University of Utah. About 1 g of the natural
consolidated HNT particles was used for the measurement. The BET adsorption, desorp-
tion, and BJH adsorption average pore widths are reported as the intra-HNT diameter for
the consolidated HNT structure to compare with the SAXS results and values reported in
the literature.

2.5. Sedimentation Field-Flow Fractionation (SdFFF)

HNT elements from the Dragon Mine, UT, were suspended in a surfactant of 0.05%
Fl-70, which is a mixture of ionic and nonionic surfactants (Fisher Scientific, USA), and then
dispersed by probe sonication for 3 s. One-hundred microliters of the dispersed sample
were injected into the sedimentation field-flow fractionation (SdFFF) channel (Postnova
Analytics USA) using 0.05% Fl-70 as the carrier. Duplicate or triplicate injections were
made to assure reproducibility. Size distributions were calculated from the corresponding
retention times, using an assumed density of 2.6 g/mL for all of the halloysite samples:

d(SdFFF) =

(
36kTtr

t0π|∆ρ|Gw

) 1
3

(6)

where k is the Boltzmann constant, T is the temperature, tr is the retention time, t0 is the
elution time for nonretained particles, ∆ρ is the difference in the density between the
sample species and the carrier, G is the acceleration, and w is the FFF channel thickness.

3. Results and Discussion
3.1. Mechanical Properties of Consolidated Halloysite

Each sample was indented 10–20 times in a grid with a spacing of 50 µm between
indentation spots, up to a maximum load of 1 mN. As listed in Table 1, the natural
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consolidated samples, HNT 01, 02, and 03, exhibited significantly different elastic modulus
(Ea) and hardness (H) values. Since the consolidated HNT materials were from different
locations of the halloysite vein, it was expected that the packing or association of HNTs in
the consolidated structure might be different, leading to inconsistencies in consolidation
and mechanical properties. Impurities such as alunite, KAl3(SO4)2(OH)6, quartz, SiO2, and
gibbsite, Al(OH)3, in consolidated HNT samples from the Dragon Mine, have been reported
in the literature [31,32]. As listed in Table 1, sample HNT 03 had the highest content of
alunite as determined from a sulfur assay, but still a very low value of less than 1 ppm.
The XRD spectrum of sample HNT 03 indicated mild peaks for alunite and significant
peaks for gibbsite, while the XRD spectra for the two other HNT samples did not. The
XRD quartz peaks were weak and about the same level for all three samples. Although low
in content, the impurities such as alunite and gibbsite might function as binders between
the nanotubes in order to improve the mechanical properties of the structure, as proposed
in a previous TEM study [31]. Natural consolidated sample HNT 03, which was the most
consolidated sample among the three, was selected in this study for porosity and pore size
analysis by nano-XCT.

Table 1. Elastic modulus (Ea) and hardness (H) values for selected consolidated halloysite nanotubes (HNTs), kaolinite,
calcite, and quartz from nanoindentation tests performed at a peak force of 1 mN using a Berkovich probe, compared to
literature values of the Mohs scale [33]. Alunite composition in consolidated HNT samples determined from sulfur assay.

Nanoindentation
Results Alunite

Content (ppm) Mohs Scale
Mineral
Sample

Average Ea
(GPa) SD Ea (GPa) Average H

(GPa) SD. H (GPa)

Consolidated
HNT 01 1.53 0.50 0.03 0.01 <0.06 –

Consolidated
HNT 02 4.60 1.13 0.28 0.14 0.33 2–2.5

Consolidated
HNT 03 14.28 3.27 0.41 0.23 0.94 –

Kaolinite 01 0.03 0.03 0.00 0.00 –
2–2.5Kaolinite 02 3.86 1.27 0.07 0.05 –

Calcite 47.20 2.40 2.28 0.18 – 3
Quartz 77.82 – 10.8 – – 7

The poorly consolidated kaolinite sample from Rincon de Cerdeno, Guanajuato, Mex-
ico, was labeled as Kaolinite 01, and the more consolidated kaolinite sample from Blawn
Mountain, Beaver County, UT, was labeled as Kaolinite 02. As listed in Table 1, the kaolinite
structures with different levels of consolidation also exhibited a range of elastic modu-
lus and hardness values, as determined from nanoindentation measurements. However,
the connection between the kaolinite platelets in the bulk structure is different from the
packing or association of tubular elements in the natural consolidated HNT structure. The
association between the kaolinite grains may not be as strong as the packing or associa-
tion of the HNT elements. As a result, based on the nanoindentation measurements, the
natural consolidated HNT structure had a higher hardness value overall compared to the
bulk kaolinite.

Furthermore, the nanoindentation results for the natural consolidated HNT were
compared with those for generic calcite and fused silica. The nanoindentation results for
calcite and quartz were reflective of the Mohs scales reported by Samsonov, i.e., that calcite
has a mild hardness compared to quartz [33]. Based on the elastic modulus and the hardness
values, even the most consolidated HNT structure was more weakly indurated than the
ionic crystal structure of calcite. Although the Mohs scales for halloysite and kaolinite
were both reported to be 2–2.5, the nanoindentation study showed that the hardness of
these two structures was highly dependent on their level of consolidation. These results
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demonstrate that the nanoindentation approach provides physical information based on
the microscopic organization of the material structure.

3.2. Porosity of Natural Consolidated Halloysite

Cross-sectional views of the natural consolidated HNT 03 structure characterized by
XCT with voxel resolutions of 19.32 µm, 1.85 µm, and 32 nm (Figure 6) provide a multiscale
view of the structure. At a voxel resolution of 19.32 µm (Figure 6a), except for a few bright
spots, possibly due to impurities such as iron or calcium (as large as several microns in
size), the natural consolidated HNT material seemed to be homogeneous in the micro-XCT
cross-sectional view. With the finer voxel resolution of 1.85 µm (Figure 6b), a large number
of dark spots appeared in the micro-XCT cross-sectional view of the natural consolidated
HNT, somewhat revealing the pore channels between the HNT elements, although the
image was too blurry for any quantitative analysis. Compared to the size of an individual
HNT (curvature of about 60 nm and length of 0.5–10 µm), the voxel resolution size from
the micro-XCT was too coarse to observe the HNT elements in the consolidated structure,
even with 1 µm or sub-micron resolution [4,5]. To estimate the porosity of the consolidated
HNT structure from X-ray attenuation, micro-XCT scanning with a voxel resolution of
19.32 µm was selected due to the homogeneity shown in the scanning results.
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As mentioned in Section 2 (Materials and Methods), pyrophyllite was chosen as the
solid standard (zero porosity) for porosity estimation of the consolidated HNT structure by
X-ray attenuation. As listed in Table 2, both the micro-XCT estimation and He porosimetry
reported a total porosity of the consolidated HNT structure of about 40%. This natural
consolidated HNT structure was from the relatively more solid sample (HNT 03), as
discussed in Section 3.1 (Mechanical Properties). Therefore, the HNT 03 sample might be
expected to have a porosity that differs from other HNT samples from the Dragon Mine.
This issue will be examined in future research.

Table 2. Total porosity estimated by X-ray attenuation and porosity of nano-X-ray computed tomog-
raphy (nano-XCT) pore networks for natural consolidated HNT (HNT 03).

Method X-ray Attenuation
Micro-XCT (19.32 µm) He Porosimetry 3D Pore Network

Nano-XCT (32 nm)

Total Porosity 40.6% 40.4% –
Inter-HNT Porosity > 32 nm – – 13.2%

In Figure 6c, the tubular shape of the HNTs in the natural consolidated structure
(HNT 03) can be seen clearly in the cross-sectional nano-XCT view at the voxel resolution
of 32 nm. Thus, nano-XCT is capable of exploring at least the inter-HNT pore network
structure in the natural consolidated HNT samples. As shown in Figure 7a, the raw 3D
image of natural consolidated HNT 03 (12 µm × 6 µm × 6 µm) was processed with ImageJ
software by thresholding and excluding the solid HNT elements to extract the 3D pore
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network (Figure 7b). The porosity of the inter-HNT pores larger than 32 nm in the natural
consolidated HNT structure was 13.2%, as listed in Table 2. When the inter-HNT porosity
was excluded from the total porosity of the consolidated HNT structure, the porosity
contributed from the intra-HNT pores was about 27%. Considering the ratio of inter- and
intra-HNT porosity in the consolidated HNT structure, an assumption of the heterogeneous
pore surface in this nanoporous structure can be made. The inter-HNT porosity (13.2%) was
about one-third of the total porosity (40.6%) and had a hydrophobic surface state. However,
the smaller intra-HNT pores, as branches of the major pore network (still two-thirds of the
total porosity), were hydrophilic and could be wetted by water. This led to the next step of
this study, which was to investigate pore connectivity in the consolidated HNTs.
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3.3. Pore Size Distribution
3.3.1. Inter-HNT Pore Size Measured by Nano-XCT

To analyze the size distribution of the pore channels, the local thickness of the inter-
HNT 3D pore network of HNT 03 was calculated with ImageJ software [18]. The diameter
of the largest sphere that fit inside the pore network at a particular location was used to
represent the pore size. Using the same 3D view of the inter-HNT pore network, color
codes from dark purple to bright yellow are used to mark the variable pore diameters in
the consolidated HNT structure in Figure 8. Approximately 24% of the 3D pore network
was orange-yellow, indicating a pore size of 150 nm or above. This could be a result of the
relatively loose packing of HNT elements in such locations. However, the majority of the
pore channels had a diameter of around 100 nm (purple coloration). Additionally, from the
connectivity analysis with ImageJ, the entire inter-HNT pore network for the consolidated
HNT sample (HNT 03) exhibited connectivity throughout the entire volume of 12 µm ×
6 µm × 6 µm.
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To quantitatively assess the pore size distribution of the inter-HNT pore network,
the consolidated HNT was compared with the nano-XCT pore size results for two other
naturally porous materials: Niobrara oil shale and a geo-architected nano-porous material,
sintered SBA15 (Figure 9) [34,35]. For more detailed information regarding Niobrara
oil shale and sintered SBA15, the reader is referred to Lin and Miller, and Maheshwari,
et al. [34,35]. Nano-XCT characterization of the oil-bearing Niobrara shale showed that
81% of the pore channels were smaller than 200 nm, which is similar to the value for
consolidated HNT, in which 76% of the pores were smaller than 150 nm. However, the
shapes and sizes of the nanopores in the Niobrara shale vary significantly, and their spatial
distribution is relatively irregular and uneven in the silicate or carbonate shale [34]. The
sintered SBA15 material was made from 2~3 µm SBA15 particles by spark plasma sintering
(SPS) at 800 ◦C and 30 MPa. The total porosity for the sintered SBA15 was about 65%.
Although inside the SBA15 particles, there were ordered nanopores with diameters of
about 6 nm, voids between the SBA15 particles were still present after sintering [35]. About
65% of the pores in the sintered SBA15 structure were larger than 200 nm, and some pores
were larger than 1 µm. This pore size analysis and comparison showed that the inter-HNT
channels inside the consolidated HNT structure are relatively more homogeneous in terms
of pore size and pore shape than the Niobrara oil shale and the sintered SBA15. Thus, the
consolidated HNT structure could be a worthy natural nanoporous material to be used to
study fluid–solid interaction and fluid transportation under confinement, and it may have
some potential to be architected to achieve targeted pore structure and connectivity.
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(top, blue) compared with previous nano-XCT studies of sintered SBA15 (bottom, black) and Niobrara
oil shale (bottom, red). Pore size for the shale was analyzed by the medial axial method [34,35].

3.3.2. Intra-HNT Pore Size Measured by Combined USAXS/SAXS

The voids inside the nanotubes of the halloysite (HNT 03) contribute to the intra-
porosity in these materials. The radius of gyration, Rg, which corresponds to the represen-
tative pore size dimension of a halloysite nanotube, was determined using the Unified Fit
model at level 3, which corresponds to a q range of 0.001–0.02 Å−1 in the USAXS/SAXS
data, as shown in Figure 5. A surface fractal with a power-law slope of 3.35 was obtained
for fit level 3 in the q range of 0.001–0.02 Å−1. The intra-HNT pore size in the consolidated
HNT from the Dragon Mine, UT, was 12.8 nm, as determined by Rg from SAXS data
(Table 3).
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Table 3. Intra-HNT pore size of the consolidated HNT measured by small-angle X-ray scattering
(SAXS) and BET/BJH.

Method/Source Intra-HNT Pore Size (nm)

SAXS Rg 12.8
BET N2 Adsorption 10.4
BET N2 Desorption 10.7
BJH N2 Adsorption 12.3

Literature [4,5] 12~15

The pore size of HNT determined from USAXS/SAXS was in the same range as the
intra-HNT pore size of 10.5 nm determined using BET N2 adsorption and desorption,
which is consistent with published results [4,5]. The reported pore sizes of halloysite were
based on the inert gas adsorption method. Unlike these inert gas adsorption and desorption
approaches, the determination of Rg from SAXS analyses is a more direct measurement
of the intra-HNT diameter than the inert gas adsorption approach. Overall, the SAXS
and inert gas adsorption methods provide consistent HNT pore diameters of ~10 nm.
Intra-HNT pores comprised two-thirds of the entire porosity in halloysites. However,
quantifying this porosity has been a challenge. The SAXS and BET approaches described in
this study provide a quantitative basis for determining the intra-porosity in HNTs, which
was conventionally challenging to determine using nano-XCT.

3.4. Individual HNTs of the Natural Consolidated Structures

The individual HNTs of the natural consolidated samples from different locations
in the Dragon Mine were analyzed by SdFFF for particle size, i.e., equivalent spherical
diameter (ESD), and validated by TEM imaging. Additionally, atomic spacing in the
halloysite lattice structure of the natural consolidated HNT from the Dragon Mine, UT, was
extracted from the SAXS results.

3.4.1. Size of Individual HNTs

Three HNT samples from the Dragon Mine were labeled as Dragon A, B, and C, and
were randomly selected from the natural consolidated HNT materials from different loca-
tions of the halloysite vein. All HNT samples were prepared according to the procedures
in Section 2 (Materials and Methods) for dispersion and sedimentation of individual HNTs.
As listed in Table 4, all the HNT samples had an equivalent spherical diameter (ESD) range
of 90~500 nm and an ESD peak value of 210~270 nm. The ESD range and peak for the
three groups of HNT elements of the Dragon Mine are generally consistent with published
values for HNTs from other resources [4–6,36]. The variance among these three groups of
HNT elements likely resulted from the slightly different geological conditions during the
halloysite formation and deposition at different locations in the vein.

Table 4. Particle analysis for individual HNT elements from the Dragon Mine by sedimentation
field-flow fractionation (SdFFF) for equivalent spherical diameter (ESD) range and peak, compared
with the SAXS determined HNT outer diameter.

Sample ESD Range (nm) Peak ESD (nm) Mean Diameter (nm)

Dragon A 90~500 246 –
Dragon B 100~400 211 –
Dragon C 100~500 262 –

SAXS – – 70

In addition to indicating intra-HNT pore diameters of ~12 nm, the SAXS results
indicated the outer curvature of HNT to be about 70 nm based on the Rg value obtained
from fit level 2 in the q range of 0.02–0.4 Å−1. The outer diameters of the Dragon Mine HNTs
using SAXS measurements are consistent with the literature values [4–6,36]. In Figure 10,
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the TEM image of the Dragon Mine HNT elements that were dispersed and sedimented
in deionized water is compared with the ESD distribution of Dragon C determined by
SdFFF. The majority of the HNT elements had an outer curvature of about 70 nm. The
darker color in the TEM image indicates HNT elements with relatively higher mass. The
HNT elements with different lengths and outer diameters are expected to have variable
packing patterns in the consolidated structure, which may influence the transport behavior
of confined fluids.
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3.4.2. Halloysite Interlayer Spacing

One of the distinguishing features of halloysite is the nanoscale tubular morphology,
which differs from that of planar kaolinite. Furthermore, halloysite can swell in the
presence of water, while kaolinite does not have this attribute. The information about
the interlayer spacing was extracted from fit level 4 of the SAXS curve (q > 0.1 Å−1), as
shown in Figure 5b. Peaks 1 and 2 at 0.66 Å−1 and 0.82 Å−1, respectively, were assigned
for the basal d001 spacing in the halloysite/kaolinite structure. Peaks 1 and 2 represent a d
spacing of 0.77 nm and 0.95 nm, respectively. The d spacing of 0.77 nm exactly matches
the XRD-determined spacing between two layers of halloysite/kaolinite Al2Si2O5(OH)4
without water or other molecules in between [37]. Previous studies have reported that
the d spacing of the halloysite/kaolinite structure can be expanded with the intercalation
of water or other molecules [4,5,38,39]. The gibbsite surface of the halloysite/kaolinite
structure is hydrophilic and can be wetted by water. The HNT structure has the ability
to retain water molecules between the aluminosilicate layers. The d spacing of 0.95 nm
determined from the SAXS analysis indicated that there are interlayer water molecules
present in the HNT structure. The water content in the HNT may change depending on the
moisture and temperature of the environment.

4. Conclusions

In this paper, the mechanical and multiscale porosity features of natural consolidated
structures of halloysite nanotubes are reported. This information is crucial for harnessing
the natural consolidated HNT materials as separation media. One of the unique features
of HNTs is the difference in the surface characteristics at the inner and outer walls of the
HNTs (hydrophilic vs. hydrophobic). These differences are expected to result in anomalous
flow behavior through consolidated halloysite materials. Mechanical properties such as the
elastic modulus and hardness of halloysite materials are higher compared to kaolinite. The
natural consolidated HNTs are significantly softer than common minerals such as calcite
and quartz.
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The 3D structure of the inter-HNT pore network in the natural consolidated HNT
structure is reported in this paper for the first time. This pore network was imaged by
nano-XCT with a voxel resolution of 32 nm. The porosity for the inter-HNT pores over 32
nm was about 13%. A total porosity of 40% is reported for the natural consolidated HNT
material from X-ray attenuation analysis by micro-XCT and He porosimetry measurements.
Nano-XCT imaging showed that 76% of the inter-HNT pores were smaller than 150 nm in
diameter with relatively uniform spatial distribution, and the inter-HNT 3D pore network
had sufficient connectivity through the consolidated structure.

Noninvasive SAXS characterization showed that the intra-HNT pore diameter was
~12 nm. The expanded d spacing due to the presence of interlayer water in the HNTs
was also identified from the SAXS diffraction peaks. The SdFFF-analyzed equivalent
spherical diameter of the individual HNT elements from the Dragon Mine had a peak
value from 210~270 nm. The experimental approach described in this study is uniquely
suited for characterizing geomaterials with inherent hydrophobic and hydrophilic features
and specific morphologies.
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