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Debate regarding the transport mechanisms of water and ions in highly charged one-dimensional (1D)
nanochannel continues because of a lack of available experimental data. Here, we present a
nanofluidic platform consisting of �2.7-nm-diameter boron nitride nanotubes (BNNTs) as a model
system, and report the experimental ion transport in these sub-3-nm BNNTs. We elucidate that strong
electrostatic interactions between the highly charged tube walls and ions, stemming from the high
surface-charge density (378 mC/m2) of BNNTs, play important roles in defining the ion transport
mechanism in BNNT pores. Experimental analysis of ion transports supported by numerical the
Donnan steric pore model with dielectric exclusion (DSPM-DE) and Derjaguin–Landau–Verwey–Over
beek (DLVO) model elucidate the relationship of the ionic charge density and surface-charge density of
the BNNT wall to electrostatic interaction, steric, and dielectric effects. We also demonstrate that
BNNTs exhibit higher NaCl separation (�90%) than commercial reverse-osmosis (�80%) and nanofil-
tration (�60%) membranes under the same experimental conditions, despite having a larger pore size.
Our results establish design criteria for developing highly efficient ion-selective membranes for various
practical applications.
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Introduction
Designing, evaluating, and developing next-generation mem-
brane materials for desalination or energy conversion/storage
systems requires a detailed understanding of ion transport in
nanopores, particularly with respect to the combination of
strong confinement and surface properties on the nanoscale
[1]. Many research groups have investigated novel ion transport
mechanisms in various 1D nanofluidic channels (e.g., SiO2 [2],
carbon nanotubes (CNTs) [3–5], and graphene [6,7]), and partic-
ular interest has been paid to gaining a molecular-scale under-
standing of how the physicochemical properties of nanopores
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affect water and ion transport, and relate to membrane separa-
tion performance. Among several 1D nanofluidic channel mate-
rials, CNTs have been widely used to fabricate nanopore devices
to investigate molecular transport (e.g., ions, water, or DNA) in
nanoconfined channels, owing to their precisely controllable
pore diameters, and their well-defined 1D nanostructures and
curvature, which are hardly observed in 2D nanochannels [3–
5,8–10]. Many experimental and theoretical studies have demon-
strated interesting curvature- and diameter-dependent phenom-
ena of CNTs, such as fast water flow [11,12], ion selectivity,
and rapid proton conduction [13], all of which can arise from
the unique water structures in curved 1D nanochannels. How-
ever, understanding of the ion-transport properties is more desir-
able for a highly charged nanotubes than for inert hydrophobic
1
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channels, such as pristine graphene and CNTs, because the water
flux and ion transport are controlled by complex interactions at
the water-channel and ion-channel interfaces, as well as between
water and ions, which together strongly affect the water occu-
pancy and ion distribution in nanopores. Recently, several
molecular simulation studies have suggested that BNNTs, which
share the crystallographic structure of CNTs but have radically
different electronic properties [14], show great potential for
highly efficient water and ion transport [15]. Among the few
experimental studies on mass transport through BNNTs, Secchi
et al. have recently observed no slippage of the pressure-driven
water flow rate in 14-nm-diameter BNNTs, in contrast to the
radius-dependent surface slippage observed in CNTs [16]. How-
ever, the highly charged BNNT surface is expected to show
unique ion and water transport properties near the sub-
FIGURE 1

(a) Schematic illustration of the ion-transport mechanism through the BNNT
images of BNNTs. Inset shows the Fe3O4 nanoparticles attached to the nanotube
BNNT platform. (d) (left) AFM image of the vertically aligned BNNTs protruding
left. (e) Cross-sectional SEM image showing aligned BNNTs across the platform
(inset). Arrow indicates the aligned nanotube in polymer matrix. Portions of the
portions remain embedded in the matrix. Conductance versus salt concentratio
open squares), pH 5 (yellow open squares), pH 7 (green open squares), pH 9 (re
theoretical fit according to the conductance equation. (h) Surface–charge density
3–11.
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continuum region, owing to the prominent contributions of
surface-charge-driven nanoflows. Furthermore, the effects of sur-
face wettability on the transport behavior of confined ions and
molecules becomes increasingly prominent under 10-nm pore
diameters [17]. Although several studies reported ion transport
properties in 2D BN nanochannels [18,19], both the effect of
nanoconfinement and curvature, and charged groups in
nanochannels should be considered together to understand the
interaction of ionic species in nanopores and rationally design
the nanostructred membranes that can provide high separation
performance.

Here, we report the experimental ion transport in �2.7-nm-
diameter BNNT arrays as a nanofluidic platform (Fig. 1a). We
compared the ion-transport properties of the charged BNNTs
with those of �2.7-nm-diameter CNTs, which lack strong elec-
nanofluidic platform. (b) High-resolution transmission-electron-microscopy
walls. (c) Top-view SEM image showing the nanotube distribution over the
from the polymer–matrix surface. (right) 3D topography AFM image on the
cross-section and spanning the cross-section as ion-conductive channel

aligned BNNTs are visible on the cleaved cross-sectional surface, while other
n for the (f) BNNT and (g) CNT platforms at different pH values: pH 3 (gray
d open squares), and pH 11 (blue open squares). Dotted lines represent the
of the BNNT (red open squares) and CNT devices (blue open squares) for pH
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trostatic interactions between ions and inert graphitic carbon
walls. The BNNT nanopores showed higher rejection perfor-
mance for various ion species and dyes than the CNT pores.
We also employed numerical models to show that the superior
ion-separation properties of BNNT pores originate mainly from
Donnan exclusion effects, with minor contributions of steric
and dielectric effects. In addition, we demonstrate that BNNT
arrays can outperform commercial reverse osmosis (RO) and
nanofiltration (NF) membranes, owing to their high electrostatic
interactions against ions.
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Experimental methods
Materials
Few-walled BNNTs were purchased from BNNT LLC, USA, and
the iron-oxide nanoparticles suspended in ferrofluid were
obtained from EMG 605 Ferrotec USA Corporation. Carbon nan-
otubes were purchased from Chasm Technologies Inc. UV-
curable acrylated polyurethane oligomer (SU-710) was purchased
form Soltech, Ltd, and Darocur 1173 photoinitiator was pur-
chased from BASF Corp. Pyrenetetrasulfonic acid tetrasodium
salt (Na4PTS), potassium ferricyanide (K4Fe(CN)6), 2,6-
naphthalene-di-sulfonic acid disodium salt (NDS), sodium chlo-
ride (NaCl), ruthenium-tris(2,20-bipyridyl) dichloride (99.9%),
sodium chloride (NaCl), sodium nitrate (NaNO3), potassium
chloride (KCl), potassium hydroxide (KOH), and hydrochloric
acid (37% wt/wt) were purchased from Sigma Aldrich. Sodium
fluoride (NaF) and sodium bromide (NaBr) were purchased from
Ward’s Science. Direct Blue 71 (�50%), Congo Red (�78.8%),
and Acid Orange 7 (�90%), were purchased from Sigma Aldrich.
Acid blue 92 dye (�99%) was purchased from Tokyo Chemical
Industry Co., Ltd. (TCI–America). All chemicals were used with-
out further purification, and the aqueous solutions were pre-
pared with Barnstead NANOpure deionized water (DI) (18.2
MX cm). The reverse osmosis (RO) membrane (UTC-82 V) and
nanofiltration (NF) membrane (Filmtec-NF270) were obtained
from Toray Inc. and Dow Inc., respectively, and Table S1 pro-
vides their technical specifications.
Characterization of BNNT and CNT
Fig. S1 shows Raman spectroscopy data of the CNT and BNNT
used in the array fabrications. As shown in Fig. S1a, the CNTs
are well-graphitized with a G (1590 cm�1) to D (1310 cm�1) band
ratio as high as �18 and a noticeable radial breathing mode.
Fig. S1b indicates that Raman spectrum of the BNNT shows a
strong peak at 1366 cm�1, which corresponds to the active E2g
tangential mode of BNNTs. For the TEM sample preparation,
we dropped suspension of nanotubes in isopropyl alcohol on
copper TEM grid with carbon film and dried the nanotube bun-
dles. The TEM images shown in Fig. 1b and Fig. S2 clearly con-
firmed that the CNTs and BNNTs with low defect density.
Diameter distribution of CNT and BNNT were also measured
from several TEM images. CNT and BNNT show diameter distri-
butions centered at 2.72 ± 0.93 nm and 2.67 ± 1.02 nm, respec-
tively (Fig. S3). These Raman and TEM results indicate that the
CNT and BNNT used in the fabrication of nanotube arrays were
high-quality nanotubes.
Please cite this article in press as: A. Pendse et al., Materials Today (2022), https://doi.org/1
Fabrication of the vertically aligned BNNT and CNT nanofluidic
platform
Fig. S4 illustrates the fabrication process for our nanotube
nanofluidic platform. Vertically aligned BNNT and CNT arrays
were fabricated with a facile solution-based method with mag-
netic field- and electric field-assisted alignment of nanotubes,
respectively. CNT and BNNT suspensions with a concentration
of 1 mg/mL were prepared in isopropanol through bath sonica-
tion for 15 min at 20 �C. The isopropanol was then evaporated
and replaced by DI water, and this was followed by a 10-min bath
sonication and 30-s tip sonication to obtain stable CNT and
BNNT suspensions. For the CNT platform, the aligned CNT array
in the urethane matrix was prepared without any further modi-
fication of CNT, by using an induced electrical dipole; alignment
with the electric field was as described in our previous work
[20,21]. For the BNNT platform, BNNTs were first functionalized
with iron-oxide nanoparticles to enable their alignment with a
magnetic field. A 40 mL volume of 10-nm iron-oxide nanoparti-
cles in ferrofluid was added to 10 mL of BNNT dispersion. These
iron-oxide particles in aqueous ferrofluid (3.9 vol%) were coated
with a cationic surfactant, thus resulting in positively charged
magnetic nanoparticles that could attach to the negatively
charged BNNTs. This irreversible adsorption process for BNNT
modification continued overnight and was followed by evapora-
tion of DI to prepare functionalized BNNTs in powder form.
Then the BNNTs were dispersed in a mixture of UV-curable acry-
lated polyurethane oligomer and photoinitiator (95 vol%:5 vol
%). The nanotube concentration was 1.0 mg/ml. After the solu-
tion was sonicated in a bath sonicator at 50 �C for 30 min, the
dispersion was placed between two Quartz ITO slides with high
UV light transmission separated by two 200 mm thick spacers.
A magnetic field of 1000 G was applied for 10 min to align the
BNNTs while an electric field was applied to align the CNTs
[20]. Then a 285 nm UV lamp (OPCO Laboratory, Inc) was used
to cure the polyurethane oligomer in situ. The thickness of the
cured nanotube/polymer composite was varied by changing
the duration of UV exposure. Because the polyurethane oligomer
has a relatively high UV absorption coefficient at a wavelength of
285 nm, the top 5–6 lm of liquid polymer mixture was cured
with 10 s of UV exposure, thus locking vertically aligned nan-
otubes in position and creating a solid cross-linked nanotube/
polymer composite array. Then a SF6–O2 gas mixture (1:1% mass
flow rate) was used for reactive ion etching (March Instruments
Inc, PX250) to remove any excess polymer layer and uncap the
nanotubes. A multiple cycle approach with an etching time of
1 minute per cycle and power of 100 W was used to reduce the
defects in cured polymer matrix during etching. The ion conduc-
tance of membranes was measured after every reactive ion etch-
ing cycle to monitor whether the nanotubes were opened or any
possible defects/cracks of polymer matrix was developed.

Morphology characterization
The thickness of the fabricated nanotube array was measured
with spectral reflectance (Filmetric F20-EXR) with a wavelength
range of 400–1700 nm. A transmission electron microscope
(FEI-TITAN) operated at 300 kV was used to measure the diame-
ter, quality, and adherence of the iron oxide nanoparticles of
nanotubes. The morphology of the nanotube/polymer array
3
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was characterized by field emission scanning electron micro-
scopy (Hitachi S4800) at 5 kV and atomic force microscopy
(AFM; TT-2, AFM Workshop) in tapping mode to investigate
any structural defects, the average composite thickness, the nan-
otube alignments, and the nanotube dispersion density.

Pore density estimation
The total permeable pore density of the nanotube nanofluidic
platform was estimated with KCl conductance tests, as described
in literature [22]. To minimize the surface charge effect of the
nanotubes, high concentration KCl solution at 0.5 M (Debye
length of 0.43 nm) and neutral pH 7 were used, and the open
pore density was calculated with the following equation:

G ¼ Aopen;p

Lp
103F lKþ þ lCl�ð ÞC� �þ 2lKþ rj j

Rp

� �� �

where G is the KCl conductance, Aopen, p is the open pore area, Lp is
the pore length, F is Faraday’s constant, mK

+ and mCl
� are the mobil-

ities of K+ and Cl� ions, respectively, C is the feed concentration,
rw is the surface charge density of nanotubes, and Rp is the pore
radius. At the high molarity of 0.5 M KCl, the ion conductance
was dominated largely by bulk conductance, as a linear function
of total open area.

Surface charge density measurement
The surface charge density of BNNTs and CNTs was measured
through semiquantitative analysis of concentration and conduc-
tivity. We measured the ion current (I) generated through the
nanotubes under an applied electric potential (DV) and calcu-
lated the corresponding conductance from the linear fit of the
current versus voltage between �0.3 V and 0.3 V. These electric
conductance values were measured as a function of the salt con-
centration. The theoretical conductance (G) was calculated with
[23]:

G ¼ 2e2lCs
pR2

L
þ el

2pR
L

jRj 1þ að Þ

where Cs is the KCl concentration, e is the electronic charge, m is
the KCl mobility, R is the surface charge density on the BNNT or
CNT membrane (in C/m2), and the correction a accounts for the
electro-osmotic contribution to conductance. To find the best fit
of the theoretical equation in the experimental value, we varied
the surface charge density value of the equation. Each measure-
ment was repeated three times, and the average of the I–V curve
was used to calculate the conductance corresponding to each
KCl concentration.

Pressure-induced ion rejection measurements
The filtration experiments were performed with a dead-end stir-
red cell system under 1–3.5 bar, depending on the ion concentra-
tion, device type, and commercial NF/RO membrane. The
effective test area was 0.196 cm2 for the BNNT platform,
0.176 cm2 for the CNT platform, and 15.21 cm2 for the RO
and NF membranes. The size exclusion and ion valence effects
were studied with a 10 mM concentration of NaCl, NDS, K3Fe
(CN)6, and Na4PTS at pH values ranging from 5 to 11. To mini-
mize any concentration polarization effect on the ion rejection
performance of the membranes, the feed solution was constantly
stirred at 200–300 rpm. The effects of the solution pH and ion
4
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concentration were analyzed with NaCl solutions at pH 5–11
and concentrations ranging from 1 mM to 500 mM. The rejec-
tion of 10 mM dye solutions (AO7, Congo red, AB92 and
DB71) was measured to evaluate the influence of anion valence
on the transport through the BNNTs and CNTs. The separation
performance of the nanotubes toward the monovalent salts
(NaCl, NaF, NaBr, and NaNO3) with varying hydration energy
and ionic change density, was evaluated at 10 mM and pH 3–
11 and was compared with that of the commercial RO and NF
membranes. The concentration of the feed and permeate solu-
tions was analyzed with a conductivity meter (Orion Star A210,
Thermo Scientific) and ion exchange chromatography (Dionex
DX-500 with an AS14A IonPac column). The water permeance
(L�m�2�h�1�bar�1) was determined with the following equation:

J ¼ V
A� t � p

where V is the volume of permeate solutions, A is the effective
area of the membranes used in the nanofiltration cells, t is the
testing time, and p is the applied pressure. The rejection (R) was
calculated with the equation:

R ¼ 1� CP

CF

� 	� 	
� 100%

where CP and CF are the concentrations in the permeate and the
feed, respectively.
Osmotically induced rejection measurements
Osmotically induced ion rejection properties of CNTs and
BNNTs were measured with a custom-built side-by-side diffusion
cell. The nanofluidic platforms with effective areas of 0.196 cm2

for BNNTs and 0.176 cm2 for CNTs were sandwiched between
the cells. The feed and permeate solutions were continuously
stirred to decrease the concentration polarization near the sur-
face of the platform. Concentrations of 10 mM NaCl, NDS,
K3Fe(CN)6, or Na4PTS at pH values ranging from 5 to 11 were
used. Various concentrations of NaCl solutions ranging from
1mM to 500 mMwere used to evaluate the effects of the solution
pH and feed concentration on the ion transport properties of
BNNTs compared with CNTs. The solution pH was adjusted with
either 1 M hydrochloric acid or 1 M potassium hydroxide solu-
tions. Next, the diffusion of the dye solutions (AO7, Congo
red, AB92 and DB71) was measured to evaluate the influence of
the anion valence and the ionic size on the transport through
the BNNT and CNT membranes.

The effects of the ionic charge density and the hydration ener-
gies of anion species on ion transport through the BNNTs and
CNTs was measured with different monovalent salts (NaCl,
NaF, NaBr, and NaNO3) at 10 mM and a pH ranging from 3 to
11. Each experiment was repeated at least three times. Volumes
of 15 ml salt solutions were used on the feed side in each case,
with 15 ml of deionized water on the permeate side. The ionic
conductivity of the permeate solution was continuously moni-
tored with an ionic conductivity meter (Orion Star A210, Thermo
Scientific). The measurement was continued for 48 h, and the
permeate concentration at the end of 48 hours was used to calcu-
late the ion rejection. The concentrations of anions and cations
0.1016/j.mattod.2022.09.006
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in the feed and permeate sides were analyzed with ion chro-
matography (Dionex DX-500 with an AS14A IonPac column).
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Activation energy measurement
We determined the activation energies to quantify the effects of
the feed concentration, solution pH, anion hydration energies,
and anion valence on the transport through the BNNTs and
CNTs, by measuring the ion permeability at different tempera-
ture intervals between 10 �C and 40 �C. The temperature of the
test solution in the reservoirs of the side-by-side diffusion cell
(PermeGear, Inc.) was controlled by a recirculating heater/chiller
(Polystat, Cole Parmer). Activation energies were determined
from the slopes of the plots determined by the following
equation:

ln
Jsolute
Cfeed

� 	
¼ ln Bð Þ � Ea

RT

where Jsolute is the ion flux, Cfeed is the feed concentration (mM), B
is the pre-exponential factor, Ea is the activation energy, R is the
gas constant, and T is the temperature. The ion flux (Jsolute) at dif-
ferent concentrations and pH conditions was determined by mea-
suring the permeate concentration at various time intervals
through ion exchange chromatography. Additionally, the activa-
tion energy for the RO and NF membranes was measured and
compared with that of BNNTs for a quantitative comparison of
the energy barriers to ion transport.
Numerical model for ion transport
The Donnan steric partitioning pore and dielectric exclusion
(DSPM-DE) model was adopted from Epsztein et al. [24] and
modified to simulate ion transport in BNNTs and CNTs. The
model runs based on a set of input parameters including nan-
otube charge, pore radius, kinematic viscosity, and ion diffusion
coefficients, which can be found in literature (BNNT [23] and
CNT [25]) and Tables S2 and S3. The DSPM-DE model assumes
that nanotubes and bulk aqueous phases are a continuous med-
ium, and electrolyte solutions are non-ideal and can be described
by classical Debye–Hückel theory. The extended Nernst–Planck
(ENP) equations were discretized inside the membrane by using
the finite-difference scheme. The discretized ENP equations
together with the other model equations were linearized to
obtain a system of equations that were solved simultaneously.
The linearized system of equations was based on an initial guess
for the electrical potential and ion concentrations profiles, which
were updated iteratively. The partitioning coefficients at the
interfaces between the nanotube surfaces and the external solu-
tions considered three separation mechanisms: steric hindrance,
Donnan equilibrium, and dielectric exclusion. The influence of
these mechanisms on ion transport was evaluated by analysis
of the effects of the solution pH, feed concentration, hydration
energy, and ion valence on the partitioning coefficients.

DLVO theory was used to qualitatively understand the inter-
actions between charged ions and BNNT and CNT surfaces.
The total ion-nanotube surface interaction energies were calcu-
lated as the summation of van der Waals and electrostatic double
layer interactions according to the surface element integration
model [26], which considers the total interaction energy between
Please cite this article in press as: A. Pendse et al., Materials Today (2022), https://doi.org/1
hydrated ions and the nanotube surface by integrating the inter-
action energy per unit surface area:

U Dð Þ ¼
ZZ

E hð ÞdA

where U is the interaction energy between the hydrated ion and
nanotube surface, D is the closest distance between them, E is
the interaction energy per unit area between the ion and nan-
otube surface, separated by a distance h, and dA is the estimated
differential surface area of the ion.

We used the Hamaker expression for calculating the van der
Waals and constant potential electrostatic double-layer interac-
tion energy per unit area between the hydrated ion and nan-
otube surface, as given by the following equation:

EDLVO hð Þ ¼ EVDW hð Þ þ EEDL hð Þ

¼ � AH

12ph2 þ
��0j
2

ðw2
s þ w2

mÞð1� coth jhÞ þ 2wswm

sinhjh

� �

where AH is the Hamaker constant, � is the dielectric constant of
the solvent, �0 is the dielectric vacuum permittivity, ws is the sur-
face potential of hydrated ions, wm is the surface potential of
charged nanotube devices, which was calculated with the experi-
mental surface charge density values, and j is the inverse Debye
screening length, corresponding to the different concentrations.

The surface potential of hydrated ions was calculated accord-
ing to Coulomb’s law as follows:

ws ¼
q

4pr�

where ws is surface potential of hydrated ions, q is the charge of
the ions (1.602 � 10�19 C for monovalent ions, Na+ and Cl�), �
is the dielectric constant, and r is the radius of hydrated ions
(0.358 and 0.332 nm for Na+ and Cl�, respectively [27]). Fig. S5
shows the interaction energy profiles between ions (Na+ and
Cl�) and the nanotube surface.

Results and discussion
Our macroscopic nanofluidic platform was fabricated with field-
aligned nanotube arrays serving as through-pores (details in
Methods and Fig. S4). Briefly, BNNTs or CNTs of 2.7-nm diameter
in powder form were dispersed in a liquid urethane prepolymer.
For the CNT platform, the aligned CNT array in the urethane
matrix was prepared with an induced electrical dipole and
aligned with the electric field, as described in our previous work
[20,21]. For the BNNT platform, the BNNT surface was decorated
with 10–25 nm iron-oxide nanoparticles (Fig. 1b) to align the
individual nanotubes under an external magnetic field. After
the alignment of the nanotubes, the polymer matrix was cured
with UV light, and this was followed by plasma etching (PE) to
remove the excess polymer layer and open the end tips of the
nanotubes. The as-fabricated nanotube platform showed no
detectable ion conductance before the PE, thus indicating that
the matrix was defect free and impermeable to ions. Then ion
conductance of the nanofluidic platform was measured after
every PE cycle to monitor nanotube opening. Top-view scanning
electron microscopy (SEM) showed that the aligned nanotubes
were well dispersed across the polymer matrix (Fig. 1c) without
any visible defects on the polymer matrix, and AFM images con-
firmed an average exposed nanotube length of approximately
5
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0.15 mm (Fig. 1d and Fig. S6). Cross-sectional SEM images
(Fig. 1e) showed vertically aligned BNNTs as ion-conductive
channels spanning the polymer matrix. More high-resolution
SEM images for aligned BNNTs in the polymer matrix are pro-
vided in Fig. S7. On the basis of ion-conductance measurements
with 0.5 M KCl solution, the open pore densities were estimated
to be �1.7 � 105 pores/cm2. The surface-charge density of the
BNNT channels was determined through semiquantitative anal-
ysis of concentration and conductance (details in Methods).
The conductance curve showed saturation at low salt concentra-
tions, a finding indicative of a charged confining surface [28].
The BNNT surface charge density (rBNNT) increased with the solu-
tion pH and reached a maximum of 378 mC/m2 at pH 11
(Fig. 1f). An ab initio simulation study demonstrated that an acti-
vated boron site (one with a hydrogen atom bound to a nitrogen
atom) can seed water dissociation on a BN surface (BN3 + H2-
O M BN3-OH� + H+) [23]. At higher pH, more hydroxyl ions
are present in the solution, thereby increasing the adsorption
of hydroxyl ions on the BN surface and consequently increasing
the surface-charge density. In contrast, the surface-charge den-
sity of the CNT (rCNT) remained low regardless of pH, and the
highest value was 1.2 mC/m2 at pH 11 (Fig. 1g). As shown in
Fig. 1h, the surface charge density of BNNTs was higher than that
of CNTs by two orders of magnitude over the entire pH range.
The dramatic increase in the surface charge density from pH 3
to pH 5 can be explained mainly by the enhanced adsorption
of the hydroxyl group and a corresponding increase in the sur-
face charge density beyond pKa value of BNNT (�5.5) according
to the charge regulation model [23].

To investigate the effects of the electrostatic interactions and
the hydrated radii of ions on the ion-transport properties, we first
tested the BNNT and CNT devices under the pressure by using
ions with different valances and radii: pyrenetetrasulfonic acid
tetrasodium salt (Na4PTS; z�/z+ = 4), potassium ferrocyanide
(PFCN; z�/z+ = 3), 2,6-naphthalenedisulfonic acid disodium
(NDS; z�/z+ = 2), and sodium chloride (NaCl; z�/z+ = 1). As
depicted in Fig. 2a, the rejection of 10 mM NaCl (anion hydrated
radius, rcl

� = 0.33 nm) by BNNTs was �35% at pH 5.0 and then
increased to �83% at pH 11. As the hydrated radius increased,
ion rejection by the BNNTs increased and reached a maximum
rejection of �95% for Na4PTS (rPTS

4� = 0.504 nm) at pH 11. In con-
trast, the maximum rejection of CNTs was only �13% for Na4-
PTS at pH 11, although the CNTs had the same pore diameter
as the BNNTs (Fig. 2b). Similar to BNNTs at low pH conditions
(pH 5 and 7), the CNTs showed a sharp increase in rejection as
the hydrated radius increased beyond 0.45 nm for all pH condi-
tions. When the surface-charge density of nanotubes was high
(rBNNT � 257 mC/m2 at pH 9 and 11), BNNTs showed a linear
increase in rejection with the hydrated radius of the anion
(R / 4.39 ranion

� ) in all cases. In contrast, for nanotubes with lower
surface-charge density (e.g., BNNTs < 70 mC/cm2 at pH 7 and
CNTs for all pH ranges), the ion rejection exponentially
increased with hydrated radius of the anion, thereby indicating
that the ion rejection of nanotubes with low surface-charge den-
sity is more sensitive to anion valence. Thus, the results suggest
that the electrostatic interactions of ions with highly charged
nanotube surfaces play an important role in determining the
6
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ion-rejection properties of nanotubes even in lower pH
conditions.

To further investigate the effects of electrostatic screening of
the nanotubes on the ion-transport properties, we tested the
CNT and BNNT nanofluidic platforms with different ion concen-
trations and pH conditions (Fig. 2c). At relatively low pH
(pH � 7), the BNNTs showed 19–46% ion rejection for all NaCl
solutions with a sharp increase up to 54–90% at pH 11, whereas
the CNTs showed a poor ion-rejection performance for all NaCl
concentration ranges, with a maximum rejection of only �11%
at pH 11. It has been reported that the BNNTs can provide high
level of rejection of charged molecules because of the high neg-
ative surface-charge density on the BN surface [18,23]. As the
pH increases, more hydroxyl ions are present in the solution,
thus increasing the adsorption of hydroxyl ions on the h-BN sur-
face. Thus, the stronger electrostatic repulsion present between
the nanotube fixed charges and the mobile ions resulted in
higher ion rejection at high pH. The enhancement in the ion-
separation performance continued until the surface charge den-
sity reached a saturation point around pH 9, as reflected by the
plateau in the ion-rejection curve after pH 9 (Fig. 1g). In contrast,
the CNTs showed a somewhat linear increase in ion rejection
with a slight transition between pH 7 and 9 (Fig. 2c), and the
trend is also shown in Fig. 2b (pH 7 [dashed blue line] and pH
9 [dashed red line]). The CNT surface charge is associated with
the dissociation of the carboxylic groups on the CNT rims, and
the degree of dissociation increases with increasing pH [29].
However, the fewer dissociation sites at the CNT rim resulted
in lower electrostatic repulsion and consequently less ion rejec-
tion than that of BNNTs with uniform high surface-charge den-
sity along the tube.

Several studies have suggested that ion transport through
charged nanotubes could be highly sensitive to the degree of
electrostatic screening (i.e., ionic strength) [30]. For a charged
nanotube with a diameter (dnanotube) larger than the ion size, sig-
nificant exclusion of co-ions is expected when the Debye length
(kD) exceeds the pore size (kD > dnanotube). As the salt concentra-
tion increases, kD becomes smaller than dnanotube, and this can
decrease the ion exclusion. However, the increase in the NaCl
concentration decreased 40% of the ion separation performance
of BNNTs (from 92% to 54%), whereas the NaCl ion rejection of
CNTs decreased by 70% (Fig. 2d). At high ion concentrations,
more cations are available that can completely screen the nega-
tive charges on the CNT surface, thus resulting in low ion rejec-
tion at high feed concentrations. In contrast, the BNNTs showed
a 54% rejection even at a 0.5 M feed concentration. The mea-
sured surface charge density of BNNTs at pH 11 was 0.378 C/
m2 (i.e., 1.16 � 105 charged groups per BNNT). However, the
maximum number of cation in 4.2 � 104 nm3 volume of nan-
otube (3-nm diameter and 6-lm length) at 0.5 M was approxi-
mately 1.06 � 104Na+ ions, which might not be sufficient to
completely screen the excess negative charges on the BNNT sur-
face; thus, the BNNT retained its high ion separation properties,
as illustrated in Fig. 1e.

We further compared the experimental results with the pre-
dictions from the Donnan steric pore model with dielectric
exclusion (DSPM-DE), which considers the relative contributions
0.1016/j.mattod.2022.09.006
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FIGURE 2

Experiments on the ion rejection properties of the (a) BNNT and (b) CNT platforms, as a function of the hydrated radius (Cfeed = 10 mM): sodium chloride
(NaCl), 2,6-naphthalene-di-sulfonic acid disodium (NDS), potassium ferricyanide (PFCN), and pyrenetetrasulfonic acid tetrasodium (Na4PTS). Dotted lines
indicate the best fits to the experimental data. (c) Pressure-induced NaCl rejection as a function of solution pH (pH 5–11) for BNNT and CNT devices. (d)
Pressure-induced NaCl rejection of BNNT and CNT devices with various NaCl concentrations at pH 11. (e) Schematic illustration of the ion-rejection
mechanism in BNNTs compared with CNTs. (f) DSPM–DE model analysis for BNNTs and CNTs (pH 11). The model uses extended Nernst–Planck (ENP)
equations discretized inside the nanotubes, and the finite-difference scheme is used to solve for the electrical potential and ion concentration. Contributions
are represented by the natural log of the absolute value of the partitioning factor for each anion, as calculated by the DSPM-DE. Experimentally measured ion
rejection as a function of ion valence through BNNTs and CNTs (Cfeed = 10 mM, pH 11) for (g) different ions and (h) dye molecules. Inset shows images of feed
dye solutions, CNT permeate solutions, and BNNT permeate solutions.
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of three exclusion mechanisms (steric, dielectric, and Donnan
exclusions) to the ion-rejection properties of nanopores [24].
Of note, the natural logarithm value of exclusion partitioning
factors indicated that larger values correlated with a greater influ-
ence on anion transport in BNNT and CNT channels. As depicted
in Fig. 2f, both CNTs and BNNTs showed similar steric-exclusion
partitioning factors because they had the similar pore diameter.
However, the Donnan and dielectric-partitioning factors of
BNNT were two times higher than those of CNTs. Additionally,
the decrease in the Donnan and dielectric contributions with
increasing solution ionic strength of both CNTs and BNNTs
was consistent with the experimental results. By considering that
Please cite this article in press as: A. Pendse et al., Materials Today (2022), https://doi.org/1
the surface charges of nanotubes can greatly contribute to Don-
nan and dielectric effects, our model analysis confirmed that
the high surface-charge density of BNNTs is the primary reason
for the high ion-exclusion properties.

Fig. 2g shows the effects of anion and cation valence on the
ion-rejection properties. The ion-rejection value increased with
the z�/z+ ratio, which can be explained by the classical Donnan
charge exclusion theory [31]. According to Donnan theory, ion
transport in charged nanotubes is governed by the balance
between the electrostatic forces of the anions and the cations.
An ionic solution with a higher z�/z+ ratio (e.g., Na4PTS, PFCN)
experiences a stronger repulsive force from the charged surface
7
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groups on BNNTs, thus resulting in higher salt rejection. How-
ever, as the valence of the anion decreases, the repulsive force
is not sufficiently strong to screen anions effectively, thus facili-
tating anion permeation and decreasing the overall salt (e.g.,
NaCl) rejection. In contrast, CNTs showed a minor effect of the
anion valence changes on ion rejection, in agreement with the
results of the pH effect (Fig. 2c). We also investigated the ion sep-
aration performance of BNNTs with large 10 mM anionic dye
molecules with varying z�/z+ ratios: Direct Blue 71 (DB71; 3.0 n
m � 1.5 nm � 1 nm), Acid Blue 92 (AB92; 1.43 nm � 1.36 nm
� 0.9 nm), Congo Red (CR; 2.5 nm � 0.7 nm), and Acid Orange
7 (AO7; 0.73 nm � 1.36 nm � 0.23 nm). As shown in Fig. 2h, the
BNNTs showed high dye rejection performance (R = 92%–100%),
and clear or weakly colored dye solutions were collected. How-
ever, the rejection by CNTs was 95% only for DB71 and
decreased to 55% for AO7 with a decrease in the z�/z+ ratio.
These results with ion and dye solutions clearly indicated that
surface–charge density has a critical role in ion and dye rejection,
as predicted by the DSPM-DE model.

After the pressure-induced ion separation, we investigated the
osmotically induced transport of ions in BNNTs and CNTs at dif-
ferent pH values (pH 5–11) more relevant to ion transport in
many biological systems. Similar to the pressure-induced ion
FIGURE 3

(a) Osmotically induced ion rejection for NaCl (open triangles), PFCN (open squ
(Cfeed = 0.1 mM to 500 mM) at pH 11. Dotted lines are the best exponential fit. (b)
squares), and Na4PTS (open circles) through BNNTs and CNTs as a function of th
energies between Cl� anions and the nanotube surface, by adding Van der Wa
bar). (d) Activation energy (Ea) for the transport of NaCl through BNNTs and CN
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transport, the concentration-driven (Cfeed = 0.1 mM to 500 mM
and Co,permeate = 0.0 mM) NaCl rejection for BNNTs at different
pH values showed a sharp increase from pH 7 to 9. All ion rejec-
tion by BNNT reached a maximum at pH 11, in the range of 85–
90%, owing to the large increase in the surface–charge density
(Fig. S8a). However, in contrast to BNNTs, CNTs showed a more
linear trend in NaCl rejection with a slight transition between pH
7 and pH 9 corresponding to the surface-charge density trend of
CNTs (Fig. S8b). We also tested the ion rejection of the nanotube
platforms with ions of different hydrated radii to evaluate the
contributions of the steric and charge effects to the osmotically
induced rejection (Figs. S8c and S8d). The results were in strong
agreement with those of the pressure-induced flow tests, thereby
confirming a prominent role of the charge–exclusion effects on
ion transport in nanotubes under both pressure-induced and
osmotically induced flow conditions. The results of DSPM-DE
analysis for osmotically induced flow also closely followed the
pressure-induced DSPM-DE model, which indicated the strong
dependence of ion transport on electrostatic interactions
(Fig. S9).

To further investigate the hindrance of ion transport through
the nanotubes, we measured the osmotically induced ion rejec-
tion and activation energies of Na4PTS, PFCN, and NaCl at differ-
ares), and Na4PTS (open circles) as a function of electrolyte concentration
Activation energy (Ea) for the transport of NaCl (open triangles), PFCN (open
e solution concentration (pH 11). (c) Model predictions of DLVO interaction
als attraction and electrostatic repulsion for BNNTs (red bar) and CNTs (blue
Ts as a function of solution pH (Cfeed = 10 mM).
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ent concentrations. As shown in Fig. 3a, BNNTs showed high ion
rejection for the entire tested concentration range: 76–94% (Na4-
PTS), 73–94% (PFCN), and 69–91% (NaCl), whereas the maxi-
mum ion rejection by CNTs was only 12–21% (Na4PTS), 13–
25% (PFCN), and 13–26% (NaCl). Fig. 3b shows the changes in
the activation energy as a function of the ion concentration
and anion valance. Higher activation energy was observed for
BNNTs compared with CNTs. Moreover, the transition of the
activation energies occurred at 50 mM (NaCl), 100 mM (PFCN),
and 250 mM (Na4PTS) for BNNTs, wherein the slope values for
each ion sharply increased from �10�4 to �10�2. In contrast,
CNTs showed the transition at lower concentration ranges of
5 mM (NaCl), 10 mM (PFCN), and 15 mM (Na4PTS), thus sug-
gesting that the interaction energy between ions and the nan-
otube surfaces significantly decreased even with a small
increase in ion concentration. Additionally, the influence of
the surface charge on ion transport (i.e., interaction energy) in
BNNTs was evident even at higher concentrations, thus indicat-
ing that the screening of BNNT surface charge by cations was not
sufficient for easy anion transport through BNNTs. To further
quantify the effect of interaction energy on the ion transport
mechanism in BNNTs compared with CNTs, we calculated the
interaction energy between ions and the nanotube surface by
using a surface element integration model and Derjaguin–Land
au–Verwey–Overbeek (DLVO) theory, which can estimate Van
der Waals and electrostatic double-layer interaction energies
[32]. Indeed, the charged BNNT surface showed a high interac-
tion energy barrier for NaCl in the range of 110–150 kBT, which
was higher than that of CNTs (1.86–2.72 kBT) by two orders of
magnitude (Fig. 3c). Furthermore, as depicted in Fig. 3d, the
changes in activation energy for the transport of NaCl with the
solution pH (pH 3.0–11.0) showed a good correlation with the
surface-charge-density values of BNNTs and CNTs (Fig. 1h).
The minimum activation-energy value for both CNTs and
BNNTs was 2.5 kcal/mol at pH 3, wherein the point of zero
charges of the nanotubes and the contribution of the charge-
exclusion mechanism was negligible. However, the activation
energy for BNNTs increased up to 6.08 kcal/mol at pH 11,
whereas the value for CNTs slightly increased, to 3.36 kcal/mol.

To further establish the relationships among the charge den-
sities of ions, surface charge of nanotubes, and ion-transport
properties, we systematically investigated the rejection behavior
of four monovalent anions, fluoride (F�), chloride (Cl�), bromide
(Br�), and nitride (NO3

�), at different pH values ranging from 3 to
11 (Fig. 4a and 4b). These monatomic ions possess a net charge of
�1 and similar hydrated radii but differ in their ionic radii and
hydration energy (Table S4). According to dehydration phe-
nomenon theory, ions can temporarily strip and rearrange
FIGURE 4

Various monovalent ion rejection of (a) BNNT and (b) CNT devices at pH 3–11 (Cfe
(NaBr), and sodium nitrate (NaNO3). Inset shows rejection for the monovalent
through (c) BNNTs and (d) CNTs (Cfeed = 10 mM). The activation energy is calcula
effects, calculated with the DSPM–DE model on monovalent ion transport th
performance of a single BNNT pore compared with other 1D nanopores, in term
properties of BNNTs as a function of pH, as compared with those of commercial N
the experimental data.
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hydration shells to fit more easily into nanopores (e.g., in
nanofiltration membranes), which can differ in ion rejection
[24]. The extent of dehydration is closely associated with the
hydration energy of these monatomic ions, which in turn greatly
depends on ionic sizes (size exclusion) and electrostatic interac-
tions between their charges and the membrane surface (electro-
static repulsion). The results in Fig. 4a and 4b indicated that
the four anions showed different rejection by the nanotubes
despite having the same ion valence and similar hydrated radii.
Both BNNTs (isoelectric point: pH 2.7 [33]) and CNTs (isoelectric
point: pH 2 [34]) carried a low surface charge at pH 3 (1.97 mC/
m2 for BNNTs and 0.043 mC/m2 for CNTs). Thus, the steric-
exclusion effects were expected to more strongly govern the
transport of monovalent anions in the nanotubes at lower pH
conditions. At pH 3, in both BNNTs and CNTs, Cl�, Br�, and
NO3

� showed similar rejection values, whereas F� showed a
slightly lower rejection value than the other anions, despite its
larger hydrated radius (0.352 nm). This anomaly can be
explained by fluorine (F) speciation and the formation of
uncharged hydrogen fluoride (HF) at pH < 5, because the pKa
of HF is 3.2 [35]. We predicted that the uncharged HF would
experience a lower electrostatic repulsion from the neutral (or
weakly charged) nanotube surface. Therefore, HF would show
lower rejection than the charged Cl�, Br� and NO3

� anions. How-
ever, our observations confirmed that even at lower pH condi-
tions, non-negligible contributions from Donnan exclusion
effects existed for the BNNT and CNT nanopores. Furthermore,
as the solution pH increased, a corresponding increase in the
surface-charge density increased the influence of Donnan-
exclusion effects, thus resulting in higher anion rejection, as
shown in Fig. 4a and 4b. The anion rejection for BNNT pores
at pH > 3 followed the order of the hydration energies of the
anions, which directly corresponded to their ionic-charge den-
sity (F� > Cl� > Br� > NO3

�) (Table S4). At higher pH, the fully spe-
ciated F� ions showed a higher rejection than did Cl�, Br� and
NO3

� ions, owing to strong electrostatic repulsion between the
BNNT surface and its higher ionic-charge density associated with
the markedly small ionic radius. In contrast, CNTs showed a
lower rejection of F� ions at pH < 9.

To further elucidate the monovalent ion transport properties
in CNT and BNNT nanopores, we evaluated the change in activa-
tion energy for the transport of NaCl, NaF, NaBr, and NaNO3 in
response to an increase in the solution pH from 3 to 11 (Fig. 4c
and 4d). The activation energy was used to evaluate the influ-
ences of multiple mechanisms (e.g., steric hindrance, charge
repulsion, and dehydration) limiting ion transport in nanopores.
At pH � 5, except for F�, the activation energies of ion transport
in the BNNTs were in the order Cl� > Br� > NO3

�, corresponding
ed = 10 mM): sodium chloride (NaCl), sodium fluoride (NaF), sodium bromide
ions at pH 3. Activation energy for the transport of Cl–, F–, Br–, and NO3–
ted with the Arrhenius equation. Effects of the steric, dielectric, and Donnan
rough the (e) BNNTs and (f) CNTs at Cfeed = 10 mM. (g) NaCl rejection
s of ion rejection and single-pore water-permeation rate. (h) NaCl rejection
F and RO membranes (Cfeed = 10 mM). Dotted lines represent the best fit to
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to the order of the hydration energies of the anions (Cl� > Br� >
NO3

�), as also seen in Fig. 4a. At a higher pH, � 7, the activation
energy of F� exceeded that of other ions because of the increase
in the Donnan-exclusion effect, which correlated with the
increase in the surface-charge density. However, in addition to
the activation energies of the anions in CNTs being smaller than
those in BNNTs, the CNTs showed no distinct differences in acti-
vation energies of the anions under most pH conditions, and the
changes in the activation energies between pH 3 and 5 were rel-
atively smaller than those in BNNTs (e.g., for NaCl, 43% increase
in BNNTs vs 16% increase in CNTs), as shown in Fig. 4d. To pro-
vide more insight into the ion-rejection properties of BNNTs, we
also evaluated the individual contributions of the steric, dielec-
tric, and Donnan-exclusion effects on transport through the
nanotubes, by using the DSPM-DE model (Fig. 4e and 4f). The
results of the DSPM-DE model indicated that steric and dielectric
exclusion dominate the anion transport at lower pH conditions
(pH 3 and 5). However, as the pH increases, the resistance to
the ion flow increases, owing to the enhanced contributions by
Donnan exclusion effects, and thus the activation energies show
higher values at high pH. Of note, because the DSPM-DE model
considers ion valance rather than ionic-charge density, the Don-
nan exclusion coefficients for each anion at the same pH were
calculated as equal contributions. The contribution of Donnan
exclusion in CNT channels also increased with pH, as observed
in BNNT channels, although its contribution was smaller than
that in BNNTs (2.09 of BNNT vs 1.12 of CNT at pH 11), owing
to the lower surface-charge density of CNTs.

In Fig. 4g and Table S5, the NaCl separation performance of
the 2.7-nm BNNT pores is compared with those of with other
1D nanopore systems, including CNTs, track-etched polycarbon-
ate, aluminosilicate nanotube, and zeolites. Here, we calculated a
single-pore flux of the 2.7-nm nanotubes and other nanotube
membranes by normalizing the total flux of the nanofluidic plat-
form or membranes with pore density (i.e., number of pores).
The 2.7-nm BNNT pores combined very high ion rejection and
water permeance, and thus outperformed all other 1D nano-
pores. Importantly, the NaCl separation performance of other
nanopores was within the trade-off curve for NaCl rejection
and water flux, whereas the separation performance of BNNTs
was far beyond the trade-off curve. We also compared the ion-
separation performance of the BNNT device with a commercial
RO membrane (Toray Inc., UTC-82V) and NF membrane (Dow
Inc., Filmtec–NF270). As shown in Fig. 4h, the 2.7-nm BNNT
nanopores demonstrated higher NaCl rejection than the RO
(�0.7 nm) and NF (�1–2 nm) membranes. The NaCl rejection
of BNNT was 1.6 times higher than that of NF (80% of BNNT
vs 49% of NF at pH 11). Unexpectedly, BNNTs with a pore size
approximately 5 times higher than that of the RO membrane
exhibited better NaCl rejection performance under higher pH
conditions. We observed a similar rejection trend for other
monovalent ions (NaF, NaBr, and NaNO3) in Fig. S10, which clo-
sely followed the surface-charge-density curve (BNNT > RO > NF)
in Fig. S11, thus confirming the major roles of electrostatic effects
(Donnan exclusion) on the transport of monovalent ions. The
NF membrane (8.89 LMH/bar) showed the highest permeance
and was followed by the RO membrane (4.12 LMH/bar) and
the BNNT nanofluidic device (0.53 LMH/bar). However, notably,
Please cite this article in press as: A. Pendse et al., Materials Today (2022), https://doi.org/1
the pore density of the fabricated BNNT device was only �106

pores/cm2, a value several orders of magnitude lower than the
typical pore density of CNT membranes reported elsewhere
[12,36]. By extrapolating the 7.03�10�12 L/hr of a single BNNT,
we determined that the water permeance of a BNNT membrane
with a nanotube density of 108–1011 pores/cm2 could range from
20 to 20,000 LMH/bar, indicating several orders of magnitude of
enhancement over the NF membranes.

Conclusion
We provide an account of the experimental ion-transport phe-
nomena in �2.7-nm BNNTs by using a membrane-like nanoflu-
idic platform. Our BNNT platform showed a significant
enhancement of ion rejection over �2.7-nm CNT pores with
increasing pH and anion valence (z�/z+ ratio), thus strongly sug-
gesting that the stronger electrostatic interactions between
highly charged nanotube walls and ionic species play important
roles in defining the transport mechanism in BNNT pores. By
comparing the experimental results with those of the numerical
DSPM-DE and DLVO models, we confirmed that the superior
ion-separation properties of BNNT pores stem mainly from Don-
nan effects (i.e., electrostatic interaction), with minor contribu-
tions from steric and dielectric effects. In addition, we
demonstrated that monovalent anions with similar hydrated
radii are affected to different extents by the charged nanotube
surface. BNNTs showed higher rejection properties for anions
with higher hydration energies (F� > Cl� > Br� > NO3

�) at high
pH, owing to strong electrostatic interactions resulting from
the high surface-charge density of the BNNT wall and ionic-
charge density. BNNTs also showed better performance in
small-ion separation than commercial RO and NF membranes,
despite having a larger pore size. Although further investigation
is needed for the successful fabrication of a macroscopic BNNT
membrane with high BNNT density, our experimental study pro-
vides insights into the effects of surface charge, hydration
energy, solution pH, concentration, and ion valence on ion
transport in highly charged nanopores, and establishes design
criteria for developing highly efficient ion-selective membranes
for various practical applications.
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