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The rejection of particles with different charges and sizes, ranging from a few Angstroms to tens of nano-
meters, is key to a wide range of industrial applications, from wastewater treatment to product purification
in biotech processes. Carbon nanotubes (CNTs) have long held the promise to revolutionize filtration,
with orders of magnitude higher fluxes compared to commercial membranes. CNTs, however, can only
reject particles and ions wider than their internal diameter. In this work, the fabrication of aligned boron
nitride nanotube (BNNT) membranes capable of rejecting nanoparticles smaller than their internal dia-
meter is reported for the first time. This is due to a mechanism of charge-based rejection in addition to
the size-based one, enabled by the BNNTSs surface structure and chemistry and elucidated here using
high fidelity molecular dynamics and Brownian dynamics simulations. This results in ~40% higher rejec-
tion of the same particles by BNNT membranes than CNT ones with comparable nanotube diameter.
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membranes with ~30% larger nanotube diameter than a CNT membrane with comparable rejection
would result in up to 70% higher permeance. These results open the way to the design of more effective
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Introduction

Membrane filters capable of rejecting charged particles
between 0.5-50 nm are crucial to a broad number of industrial
applications, ranging from ion and bacteria removal in waste-
water treatment," to catalyst retrieval in heterogeneous reac-
tions,” to product recovery in biotech processes.’ In commer-
cial membranes, however, higher rejection is often associated
with reduced water permeation,® stimulating research in novel
materials that could provide both. Carbon nanotubes (CNTs)
showed promise, with high particle rejection® and high pure
water flux,*” leading to significant efforts towards developing
membranes made of carbon nanotubes.® However, in CNTs,
rejection is solely based on the relative size of a particle com-
pared to the nanotubes’ diameter,’ due to the neutral surface
charge of the tubes. This necessitates the use of very narrow
tubes to reject small ions, dyes and particles.'® As a result, the
amount of water that can flow through these nanotubes is
limited, as flux scales with the square of a tube’s diameter.
Attempts to functionalize the tubes’ entrance to improve rejec-
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nanotube membranes, capable of high particle rejection and, at the same time, high water permeance.

tion have been successful,” but at the cost of reducing water
transport by 20-30%."" Molecular dynamics (MD) simulations
have shown that depending on the functional groups used, the
decrease in flux could be as high as up to 80%,'® thereby
negating the main advantage of CNTs, ie. their high flux.
Boron nitride nanotubes (BNNTs), on the other hand, have the
potential to address this limitation. Although they are iso-
structural to graphitic carbon with a similar water contact
angle,"" they have surface charges given by the different
electronegativity of the constituent boron and nitrogen
atoms."*'® There is still limited literature on the flow of water
through BNNTs, although molecular dynamics (MD) simu-
lations of sub-nanometre BNNTs and CNTs have showed larger
flow enhancement for the former compared to the latter."®"”
However, this superior performance was not observed in
experiments through an individual tube, which reported sig-
nificantly slower water flow in larger BNNTs (diameters
ranging from 14 to 46 nm), compared to CNTs,"® and in mixed
matrix membranes containing randomly aligned BNNTs."® as
well in MD simulations of nanotube with diameters >1 nm.*’
A potential explanation for this discrepancy is that in sub-
nanometre tubes alone, the energy barriers for water transport
at the entrance of and through the tubes are lower for BNNTs
than CNTs,"® hence, the overall transport of water through the
BN tubes is faster than CNTs, as a result of different water—
nanotube wall interactions. In terms of rejection, there is yet
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no molecular dynamics nor experimental evidence of BNNTSs
performance.'®

Here we report the fabrication of novel membranes of
aligned BNNTs and provide the first experimental evidence
that BNNTSs reject charged particles smaller than their internal
diameter, whereas CNTs do not. In addition, we also show that
BNNT membranes with comparable rejection as CNT ones,
have higher permeance due to the use of larger BNNTs,
enabled by the charge-rejection mechanism with no require-
ment for surface functionalization. We anticipate our results
will facilitate the design of more effective nanotube mem-
branes, capable of high rejection and high water permeance.
Furthermore, our results are of direct relevance to the emer-
ging area of 2D membranes, where both graphene and boron
nitride nanosheets have been tested for ion and particle rejec-
tion for water purification.">*!

Materials and methods
Nanotube membrane synthesis

Boron nitride and carbon nanotubes were deposited via chemi-
cal vapour deposition (CVD) inside symmetric anodic alumina
membranes (AAMs) in a custom-made quartz holder inside a
quartz tube (ID 20 mm, OD 22 mm) to be inserted in the
centre of a horizontal 3-zone furnace (Fig. S1t). The AAMs
(InRedox) were 13 mm in diameter, thermally treated, with
pore diameters ranging from ~10 nm to ~30 nm.

For BNNT-AAM membranes, the temperature was first
ramped up to 1000 °C under 150 sccm Ar flow. Borazane
(>97% purity, Sigma Aldrich) was sublimated at 80-100 °C and
the synthesis was carried out for 40 min under a 15: 135 sccm
H,: Ar flow. For the synthesis of CNTs membranes,"> AAMs
were pre-annealed with a 1 °C min™" ramp, up to 900 °C and
then brought to 670 °C, when the feed was changed to ethyl-
ene and argon (CH,:Ar 36:84 v/v%) for 4 hours (Fig. S27).
The membranes were then cured at 800 °C for 2 hours under a
50 scem flow of H,.>?

Nanoparticle probes

Silica nanoparticles were labelled S1, S2, S3 and S4 and hema-
tite nanoparticles H1, H2 and H3 in order of increasing size.
Silica nanoparticles were sourced from Sigma Aldrich (S1:
Ludox SM, S2: Ludox HS and S4: Ludox TM-50) and from
Fisher Scientific (S3: Alfa Aesar). Iron oxide H3 nanoparticle
was purchased from Sigma Aldrich, while the hematite
Sicotrans series (H1 = Sicotrans L2915, H2 = Sicotrans 2715D)
were sourced from BASF. Silica suspensions were received in
stable form. Hematite particles were stabilised with 1%
reagent grade acetyl acetone (Sigma Aldrich). The ionic
strength of each suspension was calculated using eqn (1) as a
function of the molar concentration of each ionic species c;,
and their charge number z;. Na' was used to stabilise silica
suspensions (total number of ionic species, n = 3) leading to
notably higher ionic strengths than for the hematite suspen-
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sions were the only ionic species identified were H" and OH~
(n=2).

1 n
I= EZciziZ (1)
=1

Characterisation methods

FESEM micrographs of the produced membranes were taken
with a Zeiss Sigma HD Field Emission Gun Analytical SEM
(ASEM) at 5 kV with an aperture size of 10 pm. Samples were
either coated with 5 nm AuPd or imaged as is, based on the
degree of charging. EDX scans on the same machine were per-
formed with 30 seconds livetime, 16 ps process time, all
elements measured, normalised to 100% using 5 kV and
60 pm aperture. The nanotube diameters (D,) were calculated
via statistical image analysis of FESEM micrographs using
Image]."*** A JEOL JSM-2100Plus TEM was used to assess the
size of the nanoparticles used for rejection tests (Table S1 and
Fig. S3, S41).

Before EELS analysis, the samples were finely grinded with
mortar and pestle and then diluted in 5 ml of DI water. A JEM
- ARM 200F was used, with 8C spot size 30 pm aperture, CL2 —
20 cm CL (JEOL ADF1) for imaging. The Gatan Spectrum
Imaging Toolbox was used for data acquisition and processing.
EELS settings were 6C; 40 pm CL2; 2.5 cm CL and 5 mm
entrance aperture.

X-ray photoelectron spectroscopy (XPS) was performed on a
Thermo Fisher Scientific K-alpha+ spectrometer. The mem-
brane samples were analysed using a micro-focused mono-
chromatic Al X-ray source (72 W) over an area of approximately
400 pm®. Data was recorded at pass energies of 150 eV for
survey scans and 40 eV for high resolution scan with 1 eV and
0.1 eV step sizes respectively. Charge neutralisation of the
sample was achieved using a combination of both low energy
electrons and argon ions. Data analysis was performed in
CasaXPS using a Shirley type background and Scofield cross
sections, with an energy dependence of —0.6. Raman spec-
troscopy (Renishaw Raman Microscope series 1000, wave-
length 244 cm™" (5.08 eV), spectral resolution of 5-10 cm™*
and spatial resolution of about 5 pm), and FTIR-ATR
(PerkinElmer Frontier FTIR spectrometer) were used on clean
samples.

Malvern Zetasizer NS was used to measure the membranes’
surface and the particles’ zeta potential. The tracer solution
for surface zeta membrane potential measurements was pre-
pared by adding a low concentration of 0.48 um polystyrene
microbeads (Polysciences, Inc.) in an aqueous solution of pH
6. Membranes were glued to a silicone sheet, left to dry over-
night, and then cut into the size of the sample holder prior to
measurement, to avoid breaking the membrane and acciden-
tally covering the electrodes with glue. The membranes’ zeta
potential (¢,,,) was calculated by subtracting the measured zeta
potential at zero displacement from the tracer potential.** The
linear relationship between displacement and reported zeta
potential was obtained from three repeats at four displacement
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locations and the zeta potential at zero displacement was
obtained from this relationship. Hanna standard buffer solu-
tions from Sigma Aldrich at pH 10.01 and 4.01 were used to
adjust the tracer solutions pH. For the colloidal suspensions,
fixed concentrations of 0.08 g L™" were sonicated for 5 minutes
prior to zeta potential tests (Table S17). Boron nitride was also
deposited on 13 mm diameter non-porous « alumina (Pi-kem
Ltd) discs with the aim of measuring BN’s contact angle. DI
water was used as the solvent for the sessile droplet method in
air at 20 °C with 2.5 pl droplets. Images of the drop on dense
alumina and BN-coated alumina discs were obtained using a
Dataphysics Optical Contact Angle (OCA) goniometer each
minute for 10 minutes per measurement. The accuracy of the
machine is +2°. The Young contact angle (6y) on a flat smooth
surface is related to the measured contact angle (0y) using the
Wenzel model:*®

cos Ow = r cos Oy (2)

with r being the ratio between the coated disc surface area and
the projected area, obtained by Atomic Force Microscope
(AFM) Nanosurf easyScan 2 Flex.

Permeance and rejection methods

The nanotube membranes were tested for pure water per-
meance in a custom-made dead-end filtration setup with
effective diameters of 4, 5 or 10 mm. The membrane holder
was connected to a fluid flow measurement apparatus acquir-
ing data via a Labview program. The transmembrane pressure
was recorded using pressure transducers (Swagelok) with
resolution of +5 kPa. The temperature of the water during the
experiment was measured by using a type-T thermocouple
(Omega). Ultrapure water (18.2 QM at 25 °C) was supplied by a
syringe pump (Nexus 6000) with controllable flow rate. Each
nanotube membrane was tested at a stable transmembrane
pressure (values are reported in Table S2f) and the water
permeate was collected in a beaker pre-filled with a thin layer
of silicone oil on a scale (Mettler Toledo, MS3045/01, 0.1 mg
sensitivity).

For each membrane, the permeance K in m* m™ s™* pa™*
was calculated as an average of two to four measurements at
different water flow rates as follows:

Q

:mv (3)

where Q (m® s™) is the flow rate and AP (Pa) the transmem-
brane pressure at steady state, A (m?) the effective membrane
area.

Rejection performance was tested in a crossflow setup,
based on a bored-through tee in a dead-end flow cell (Fig. 1).
The feed approached the membrane normally at 0.01 ml
min~" and flowed radially outwards once it touched the mem-
brane. The retentate was directed to the cell outlet by the side
junction of the bored-through tee. The feed line was
thoroughly cleaned and dried after each experiment. Filling
with the nanoparticle suspension was followed by degassing
before each run.
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Fig. 1 Cross flow filtration cell. The dimensions for the water tangential
flow in the feed side are 20 mm X 2 mm D X h. Image courtesy of
InRedox.

The first permeating drops of permeate, collected after discard-
ing a volume equal to the membrane’s dead volume, were analysed
with UV-vis (details and calibration data in Fig. S61) to minimise
evaporation. Then the membranes were slowly backflushed after
each rejection test for each particle (Fig. S57). Silica nanoparticles
rejection tests were performed prior to the hematite nanoparticle
tests for all membranes. Smaller nanoparticles were tested first.
Rejection R(%) is calculated as:

R(%) = (1 - ﬁ) X 100, (a)
Cr
with Cr and Cp being the concentration of nanoparticles in the
feed and permeate streams respectively. The normalised rejec-
tion (Ry) is obtained by dividing R by the average pore dia-
meter Dp. It is worth noticing that in the ceramic membranes
studied, deformation of the matrix does not take place during
testing.>® Details on adsorption tests are reported in the ESL

Molecular dynamics

The LAMMPS®>” MD software was used to simulate pressure-
driven flows of water containing a negative-charged particle
through BNNT and CNT membranes. The MD setups consisted
of solvent and permeate reservoirs filled with water, with a
piston applied to each reservoir to control local pressure and
pressure drop across the membrane (Fig. 2).

high pressure
piston

low pressure

solvent reservoir piston

Fig. 2 MD snapshot of case setup for BNNT membrane with particle

placed in the solvent reservoir (left); a slice is taken at the xy plane of the
domain for a better visual of the system.

This journal is © The Royal Society of Chemistry 2020
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To obtain MD results as close to the experiments as poss-
ible, calibration studies of intermolecular potentials between
water-BNNT and water-CNT were performed to match experi-
mental contact angles.>® Partial charges on BN atoms were
calibrated using the ReaxFF force field,*® setting an experi-
mental surface charge density of —1.28 x 107>° C nm > for
BNNT and —6.99 x 107" C nm™? for the silica particles. No
charge was set on the carbon atoms in the CNT case. The
effective hydrated diameter Dyp of the particles was chosen to
be smaller than the nanotube diameter Dp, such that 0.7 <
Dnp/Dp < 1, in analogy to experimental data, and pressure
drops varying between 5 and 1000 bar. Measurements were
conducted for particle trajectories, particle-water force, par-
ticle-surface force and membrane mass flow rates. Full details
on the MD set-up can be found in the ESL}

Computational fluid dynamics

A system of differential equations describing the forces acting
on a single particle was solved via Brownian Dynamics (BD)
using COMSOL Multiphysics™ v5.4 in a two-dimensional
domain in proximity to the entrance of a single pore for
BNNTs and CNTs. In all the numerical models presented in
this study, the flowing fluid was assumed to be Newtonian and
incompressible. The overall domain size was 40 nm x 84 nm
(height x length) (Fig. S77).

The fluid flow was modelled by solving the continuity and
Navier Stokes equations (eqn (S3) and (S4)f) for Newtonian
and incompressible fluids and the flow regimes was assumed
laminar throughout. Sieving and fouling are governed by the
interplay of forces acting on feed particles:*® Drag (Fp), electro-
static (Fg) and Brownian (Fg) force are reputed as the primary
non negligible forces that should be analysed when pollutants
size is comparable to membrane pore size.’® The combined
effect of such forces on particle trajectories in dead end fil-
tration can be modelled by numerically integrating the
Langevin equation:*"

du
mpd—::FD+FE+FB (5)

where the term u;, is the particle velocity vector and m,, its
mass, obtained in the model assuming a perfectly spherical
particle with density p,. The drag force Fy, arises from friction
induced by the relative velocity of the particle and fluid (eqn
(S6)1).

The electrostatic force Fg can be described by the DLVO
(Derjaguin, Landau, Verwey, and Overbeek)*” which is a func-
tion of the surface zeta potential of the particle and mem-
brane, the distance between the particle centre and the mem-
brane and the Debye length (eqn (S7)t). Values of the surface
zeta potential of the particle and membrane were obtained
from experimental values at pH 6. Finally, the Brownian force
Fg is modelled on the basis of the Gaussian white noise
method (eqn (S8)t).**

Particle tracing simulations were conducted to track single
particles (Dyp/Dp = 0.85) subjected to the combined drag,
electrostatic and Brownian forces®® for 0.0001 s. The pre-

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

determined time-step in all simulations was set to 1077 s to
ensure convergence. Further simulations that omitted
Brownian forces with four particles were conducted for the
same time step, to determine the isoforce Fg;, = Fp, lines.

Results and discussion
Membrane characterisation

BNNTs and CNTs were deposited in the pores of anodic
alumina membranes (AAMs) by non-catalytic chemical vapor
deposition (CVD), resulting in all the nanotubes being aligned
perpendicularly to the membrane surface (Fig. 3a and S87).
While this process is well-known for CNTs,"® it has been
demonstrated here for the first time for BNNTs via the
decomposition of borazane at high temperature, previously
used for deposition of planar BN on Cu** and Pt foils.>® BNNT
and CNT deposition due to the different synthesis conditions,
resulting in marginally different internal average diameters
(Table 1). Contact angle data for both BNNTs and CNTs is in
line with literature values.'® Contact angle data for AAMs can
be found in Fig. S9.7

High resolution XPS spectra revealed a B: N stoichiometry
of 1.2 with the characteristic BN peak at 398.3 eV for N and
190.7 eV for B (Fig. 3d).*° This value is close to the theoretical
B: N value of 1, with similar deviations observed in the litera-
ture for different synthesis methods, due to the presence of
defects in the nanotubes produced experimentally.’” BN was
also directly observed on the AAMs via electron energy loss
spectroscopy (EELS) (Fig. 3b inset), with the boron and nitro-
gen K edges appearing near 200 and 400 eV, respectively.*® The
FTIR peak (Fig. 3e) for the BN in-plane bond was identified on
the produced BNNT membranes at 1375 cm™'.*° Additional
peaks around 2000-2500 cm ™' in these spectra are associated
to the background (Fig. S117).

Raman spectra were recorded on both sides of the support
membranes after deposition showed the characteristic BN
peaks at 1369 cm ™" in all the locations investigated (Fig. 3f).

The surface zeta potential was close to zero for the bare
AAMs across a wide pH range (Fig. 3g). Literature values for
the zeta potential value of AAMs vary, with some reporting a
decreasing linear dependence with pH, with an isoelectric
point around pH 8,*° while others reporting an isoelectric
point closer to pH 6 and dependent on pore size.*' The
present behaviour is tentatively attributed to the thermal
annealing process, in analogy to what observed previously for
CNTs.** The as-synthesized CNT membranes had a zeta poten-
tial of —20.8 mV, indicating the presence of defects and func-
tional groups on their surface, a well-known consequence of
the non-catalytic CVD synthesis method used here."* Post-syn-
thesis annealing in hydrogen was used to improve the quality
of the CNTs,*” closer to CNT membranes produced via infiltra-
tion of polymers in a aligned CNT forest grown via catalytic
CVD.® This resulted in a zeta potential value of —8.5 mV. For
the BNNT membranes, the surface zeta potential was
—34.7 mV at pH 6, in excellent agreement with literature values

Nanoscale, 2020, 12, 21138-21145 | 21141


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr04058d

Open Access Article. Published on 09 July 2020. Downloaded on 6/30/2026 5:29:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
a S 21°+2°
LU
AAMs
SEToSome,  SSTToToEe
| O]

CNTs BNNTs

78°+2°
d " 2 f
= o g | -

105 ; 5

s 8 g
> s iy =
2 = WA \ =
S o £ BNNTSs -~ g
E g 1% E

al € =

1375 |
-50
0 500 1000 4000 3000 2000 1000 0 500 1000 1500 2000 2500 2 4 6 8 10 122 14
B.E. (eV) Wavenumber (cm-1) Raman shift (cm-1) pH
Fig. 3 (a) Schematic of the deposition of CNTs and BNNTSs in AAMs, with the insets containing an optical micrograph of a water droplet and associ-

ated contact angle for each material. (b) FESEM micrograph, photo of template before and after BN deposition (inset) and EELS of the resulting
BNNT membrane. (c) Individual nanotubes released from a cracked membrane after CVD. The scalebars in the FESEM micrographs are 200 nm. (d)
XPS and (e) FTIR spectra of BNNTSs. (f) Raman analysis of the BNNT membrane top and bottom surface at different locations on the sample. This is
indicated by colored crosses on the top (pink, light blue and blue) and bottom (red, black and light green) of the membrane. (g) Surface zeta poten-
tial (¢) reported as a function of the tracer suspension pH for the 3 membrane material.

Table 1 Physico-chemical average parameters of the membranes used for the rejection tests in this work: young (Y) and measured (W) contact
angle (9) computed with the Wenzel equation, r and R, values, zeta potential (¢,,) at pH 6, average porosity (¢) and inner tube diameter Dp for the
membranes under analysis. Adsorption (A) of silica and hematite, water permeance (K) and rejection (R) of a silica nanoparticle with diameter Dyp =

19.2 nm

0 A
r Ra Cm 4 DP K R
©+20 %
w Y — nm mV Silica Hematite — nm LMH per bar %
AAMs 41 21 1.23 392 —-0.6 £ 0.2 0-7 0-5 0.16 18+3 7.5 35.6
CNTs 80 78 —-8.55+£2.9 0 0-4 0.13 22.6 +4.4 19.6 27.5
BNNTs 80 78 —34.7 £ 1.8 0-6 0-22 0.14 21.2 £3.7 9.0 71.0

(=34 + 4 mV) on few layered BN.?® The surface zeta potential as
a function of pH for the 3 nanotube materials is reported in
Fig. 3g.

Before performing permeance and rejection tests, the
amount of silica and hematite adsorbed on the AAMs, CNTs-
AAMs and BNNT-AAMs was determined. Silica presents low
adsorption i.e. below 7% on all three membranes. For hema-
tite, however, adsorption on BNNTs was as high as 22%, imply-
ing that some of the apparent rejection observed is to be
ascribed to adsorption. The size, pH and surface zeta potential
of the particle dispersions used in this work are reported in
Table S1.1 Each particle dispersion was tested at the same pH
and ionic strength for all three materials.

Permeance and rejection tests

Pure water permeance tests (Fig. 4a and b) show that the CNTs
modestly outperform (~1.8x) BNNTs, with the difference

21142 | Nanoscale, 2020, 12, 21138-21145

between the CNTs and BNNTs membranes being comparable
to what was previously observed for flow in single carbon and
boron nitride nanotubes."®

This difference is smaller than what we computed via MD,
where the permeance of pristine CNTs is 3.8 times bigger than
that in pristine BNNTs. The discrepancy is attributed to the
synthesis method used here, non-catalytic CVD in the pores of
AAMSs, which results in nanotubes with a certain amount of
defects,"® which, in turn, depresses permeance.*> The presence
of defects in the BNNTs was confirmed by the oxidised BN
species in the XPS spectrum (Fig. S8et), which generate a large
charge on the surface when in contact with water.*> All experi-
mental data can be found in Table S3 and Fig. S13.7

BNNTs have consistently higher rejection of negatively
charged silica nanoparticles than bare AAMs and CNTs
(Fig. 4a) for average diameters of the nanoparticle (Dyp)
smaller than or equal to the pore diameter (Dp) of all 3 nano-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Experimental permeance K and rejection R for (a) negatively charged silica (pH = 5.5) and (b) positively charged hematite (pH = 5.3) nano-
particles are reported for particles S3, which is smaller than the average CNT and BNNT and comparable with the AAM (Dyp < Dp). Full information
on the particles and nanotubes, including sizes, can be found in Table 1. (c) Calculated silica NP rejection of AAMs, CNTs and BNNTs membranes as

a function of Dyp/Dp.

tube materials (Fig. 4c). In fact, AAMs and CNTs show appreci-
able rejections only when the particle diameter Dyp is larger
than tube diameter Dp (Fig. 4a). For example, BNNT mem-
branes with Dp = 21.2 + 3.7 could reject 71% of S3 silica nano-
particles (Dnp = 19.2 + 2.6 nm), with a permeance of 8.65 +
0.06 LMH per bar. A CNT membrane with Dp = 22.6 + 4.4 nm,
par contra, could only reject 27% of the same particles with
comparable permeance. For the AAM, with Dp = 18 + 3 nm, the
rejection is higher (38%) than for the CNT. However, in this
case, the silica nanoparticle is slightly larger than the AAMs
average pore size. If one considers particle S2 (Dyp = 14.7 +
1.8 nm), which is significantly smaller than both AAM and
CNT, the latter has a rejection which is double than the
former, 40% vs. 18%, respectively. Conversely, since per-
meance is proportional to the square of the nanotubes’ dia-
meter, using BNNT membranes with ~30% larger diameters
that a CNT membrane with comparable rejection would result
in up to 70% higher permeance (Fig. 4c and S14df). This
advantage is retained across a wide Dyp/Dp ratios (Fig. 4c). All
rejection and permeance data are reported in Tables S4-S6.7

This difference is not as marked for the positively charged
hematite particles in Fig. 4b (H2 particles only), though rejec-
tion is still higher for BNNTs. In this case, the difference could
also be due to adsorption as previously discussed.

Molecular dynamics and computational fluid dynamics
simulations were employed to model the experimental
phenomena with a theoretical model accounting for the main
forces acting on the particle.** Details of both simulations are
provided in the ESL.{ In the MD simulations, negative-charged
nanoparticles were released near the entrance of pores of
BNNT and CNT membranes. Fig. 5a shows that the dynamics
of the nanoparticle for Dyp/Dp ~ 0.9 at 20 bar pressure drop
are very different between BNNT and CNT membranes. In the
CNT, the particle approaches the pore and remains trapped at
the centre of the pore entrance under the same applied
pressure, whereas in the BNNT, the negative partial charges
between pore and particle repels the nanoparticle away from
the pore. The pressure loss at the entrance of the membrane
increases when the particle is partially blocking the entrance
of the pore, which can be elucidated from the response of the

a b
—E 5 particle trajectories 3 3.0
(4ns-7ns) = Ji

£ BNNT /\ } ! 2 ; water + silica
3 41 CNT iiesesesece | ¥ 25 s water
e o
® . e
2 3 x 2.0
B YO, ] BNNT
o SN 3
£ 2 4 815
- g10
é pore centre \ 7))
g_ 0 '/ - . - centre { 8 0.5 BNNT-

0 2 4 6 8 = a 5 E 50

time (ns) -0.723 0.014 ==Y o 2 4 6 8 10

pore-particle force, Fy [pN]

Fig. 5

pressure (MPa)

(a) Pore-particle distance measured in MD simulations over time, with the size of the same simulated silica particle indicated by the colored

circles for CNTs and BNNTSs: a repulsive pore-particle force acts on the particle introduced in the BNNT system, whilst weaker van der Waals forces
attract the particle to the neutrally charged CNT. As a result, silica particles enter the CNT but are repelled from the BNNT, as shown by their particle
trajectories plotted for the time interval 4 ns—7 ns; (b) MD mass flow rate measurements through CNT and BNNT pores for Dyp/Dp ~ 0.9, with
varying pressure. Solid lines are benchmark cases without particles.
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Fig. 6 (a) BD trajectories after 10~* s for particle tracing at 5 bar for applied electrostatic (Fg,), drag (Fp) and Brownian (Fg) forces. The silica nano-

particle enters the CNT and reaches its outlet, while the BNNT completely

rejects it; (b) BD isoforce lines for Fp = Fg in the 2D domain for BNNTs

and CNTs for different values of pressure, with Fg = 0; (c) MD isoforce lines for BNNTs and CNTs of same pressure but different values of Dyp/Dp.

mass flow rate in the MD simulations. At low applied press-
ures, there is a lower impact by the particle on the flow rate
through the BNNT (e.g. —13% mass flow rate at 20 bar) than
there is through the CNT (—40%), as seen in Fig. 5b. At higher
pressure drops (240 bar), however, the pressure force is large
enough to also trap the particle near the BNNT pore, although
with higher constrained dynamics. As such, the impact on
flow rate becomes the same for both nanotube membrane
materials for larger pressures. Further evidence of differences
in particle mobility are also measured using the Mean Squared
Displacement,** as shown in Fig. S18.7

For Brownian Dynamics (BD), particles were introduced
from the top of the domain and particle tracing equations
were solved via a time dependent solver using small time steps
of 1077 s, resulting in very small particle displacement but very
high computational expense. Consequently, only one particle
was introduced at the inlet. Fig. 6a shows the trajectory of a
negatively charged silica nanoparticle on the feed side of a
BNNT (blue line) and of a CNT (red line) in presence of the
forces (Brownian, drag and electrostatic) found in a cross-flow
filtration apparatus such as the one used here, with an external
pressure of 5 bar. The silica particle quickly reaches the CNT
pore entrance and enters the tube, while it remained in the
bulk of the feed for the BNNTs membrane, as observed in both
MD simulations (Fig. 5) and experiments (Fig. 4a). The
Brownian force was modelled as a Gaussian white noise
process,*® with its direction constantly changing.

By taking out the randomness of Brownian force, whether a
particle enters a tube or not, is the result of a balance between
drag and electrostatic forces: AF = F, — Fgy..

Fig. 6b shows isoforce lines in a 2D geometry for which AF
= 0, where the particle effectively halts in the simulation in
absence of Brownian forces. The pressure domain can be
divided in three zones based on the particle behaviour when it
reaches the pore entrance, in the absence of Brownian forces:
one below 6.6 bar, where both CNTs and BNNTSs are able to
reject the silica particle. A second zone between 6.6 bar and 29
bar, where only BNNTs allow for the rejection of the particle
due to their higher electrostatic repulsion, and a final zone

21144 | Nanoscale, 2020, 12, 21138-21145

where no rejection occurs. In both experiments and in the BD
simulation in Fig. 6b, improved rejection for pressures below
6.6 bar for the BNNTs was observed. This is due to the pres-
ence of Brownian forces, which, as suggested by both MD and
BD, tend to draw the nanoparticles back in the bulk.

In the MD, the iso-force lines are measured directly from
surface-particle and water-particle intermolecular forces.
Fig. 6¢ shows that when the nanoparticle/pore ratio Dyp/Dp is
reduced below 1.0 at a fixed pressure of 20 bar, the particle
always prefers being closer to the CNT entrance than to the
BNNT, indicating the BNNT is more likely to reject particles
than the CNT. At around Dyp/Dp ~ 0.6-0.7 there is evidence of
full particle passage through both membranes, which agrees
well with experimental observations.

Conclusions

We have shown that the choice of boron nitride nanotubes over
carbon nanotubes for the filtration of negatively charged nano-
particles results in the ability to reject nanoparticles smaller than
the tubes’ diameters and in up to 70% higher permeance for the
same rejection, due to the larger nanotube diameters that can be
used. Computational studies showed that this is due to charge-
based rejection, enabled by the charged structured of the BNNTs
as opposed to the neutrally charged CNTs. Both experiments and
simulation show that BNNTS can reject nanoparticles down to 0.7
times smaller than their internal diameter and up to an external
pressure of 6.6 bar. Thus, boron nitride nanotubes with larger dia-
meters and, hence, higher permeance, can be chosen to achieve
comparable rejection to carbon nanotubes, opening the way to sig-
nificantly increasing the performance of commercial membranes
in a variety of applications, from water treatment to bioprocessing.
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