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Abstract — In this paper, the permeance of membranes
based on the use of high-density Vertically-Aligned Carbon
Nanotubes (VACNTys) in conjunction with
Polydimethylsiloxane (PDMS), as filler material, are
investigated for polar and non-polar liquids. Reactive ion
etching is used to enhance the hydrodynamic flow properties
of the VACNT membranes. Experimental results show that
RIE treatment introduces hydroxyl ions (-OH) on the surface
of the VACNT membranes, thus enhancing their gatekeeping
activity and hydrophilicity simultaneously, and leading to an
increase in flow rate for polar and non-polar liquids. The
measured permeance improvement factors for water, ethanol,
IPA, hexane and gasoline are 100%, 37.2%, 11.8%, 20.9% and
3.8%, respectively, with respect to Oxygen-plasma-treated
VACNT membranes.

Keywords — Polar and Non-Polar Liquid Filtration, Nano-
Membranes, Vertically Aligned Carbon Nanotubes.

I. INTRODUCTION

Vertically-Aligned  Carbon  Nanotube (VACNT)
membranes mimic natural protein channels in terms of (1)
enhancing fluid flow, (2) acting as a chemical “gatekeeper”
at the entrance and (3) enabling electrochemical
transformations through their electrical conductivity. These
properties of VACNT membranes make them attractive for
applications in medical science, such as drug delivery, in
environmental science, such as water filtration and sensing.
Many factors typically affect the molecular or ionic
transport properties of VACNTSs, including the diameter of
the channel, the size of molecule, the hydrodynamics of the
channel, and the ion capping selectivity at the channel
entrance. Over the last decade, some artificial protein
channel structures have been mimicked using two classes
of materials, namely, (i) metals, such asAnodized
Aluminium Oxide (AAO), and (ii) pristine carbon
structures, such as VACNTs. The greatest challenge
associated with such structures is that the gatekeeper at the
entrance of the channel reduces the fluid flow and has a
limited chemical selectivity. However, protein channels
still support very fast water molecule transport, and hence,
VACNT based membranes are anticipated to provided
superfast transport of water molecule through their
channels.

High molecule velocities due to frictionless surface
inside CNTs have been experimentally observed [1, 2].
Majumdar et al. [3] have demonstrated fast interfacial “slip
velocity” in the pore walls of CNTs due to their large non-
interacting van-der-Waals length and atomically-flat surfa-

-ce, which would not scatter the flowing fluid. The
chemistry of such phenomenon can be explained by
Molecular Dynamic (MD) simulation, which predicts the
H-bond coupling of water molecule with the internal
surface of the CNT walls [4]. Recently, superfast transport
of liquid and gases across CNT-based membraneshas been
demonstrated [5 — 12].

This paper discusses the use of Reactive lon Etching
(RIE) to enhance the hydrodynamic flow properties of the
densely-packed highly-ordered VACNTs with Snminner
diameter, and experimentally investigates the performance
of the developed membranes for the filtration of polar and
non-polar liquids. Experimental results demonstrate the
ability of RIE treatment to enhance the gatekeeping activity
and hydrophilicity of the developed VACNT membranes,
simultaneously, thus leading to increase in the flow rate of
water, ethanol, IPA, hexane and gasoline by 100%, 37.2%,
11.8%, 20.9% and 3.8%, respectively, in comparison with
Oxygen-plasma-treated VACNT membranes.

II. EXPERIMENTAL METHOD

Several high-density VACNT samplesofCNT inner and
outer diameters Snm and 8 nm, respectively, and length 300
pm, were specially developed by DK NanoMaterials Co.
Ltd (China) using chemical Vapour Deposition (CVD). The
VACNTSs were developed by DK Nanomaterials Co. Ltd.
(China) confirmed the density, diameter of CNT, tortuosity,
vertical alignment and pristine quality of grown VACNTSs
using Transmission electron microscopy (TEM), Scanning
electron microscopy (SEM) and Thermogravimetric
analysis (TGA). Fig. 1 shows a cross-section of one of the
developed VACNT array, which was obtained using a
ZEISS-NEON 40ESP FIB/SEM system in conjunction with
a stage of variable tilting angle.SEM images captured using
an FIB-SEM (Focussed ion beam scanning electron
microscope, Zeiss - Neon 40 EsB), confirmed the high
density (10" CNT/cm?) of the developed VACNTs. The
VACNTs were grown onto a silicon wafer, which was
glued onto a glass substrate, purely for mechanical support,
and placed in a spin coater, where 50% (w/w) PDMS mixed
with Xylene was added drop by drop. The samples were
spin-coated at a speed of 2500 rpm, and thendried in a
vacuum oven for 6 hours. Subsequently, each sample was
detached from the glass substrate and then sliced into 25 pm
thick membranes using a microtome machine, as illustrated
in Fig. 2.
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Figure 2. VACNT membrane fabrication process. a)
VACNT on silicon substrate glued to glass. b) PDMS
addition and spin coating. ¢) After drying, silicon and
glass substrates are detached using mechanical peeling. d)
VACNT-PDMS composite is sliced using a microtome
machine [14].

The 25 pm thick membrane of VACNT-PDMS mix
matrix was treatedwithreactive ion etching (RIE) at a
vacuum pressure of 150 mTorr for 45 seconds, 37:13 sccm
of CF4 : O gases and an RF power was 150 W. Each RIE
treated sample was transferred onto a porous
Polyvinylidene fluoride (PVDF) support membrane, which
was mainly used as a backbone to provide additional
mechanical support to the VACNT-PDMS mix matrix
membrane. Note that, the PVDF support membrane had no
contribution to the active filtration process.

Every etched membrane was then installed in a crossflow
cell,shown in Fig. 3, where the membrane was placed on a
wire mesh support and sandwiched between acrylic plates
before sealing the cell with O-rings, thus forcing the liquid
feed to pass through the membrane at high pressure.

Note that, during the fabrication process, open ends of the
VACNTs were exposed to the highly-viscous polymer,
however, subsequently the VACNT-PDMS block was
sliced using a microtome machine, which eliminates
possibility of CNT ends being blocked by the polymer
material. Additionally, the RIE treatment, after slicing,
ensured the removal of any unexpected blockage, and this
was also confirmed by a pressure test.

Fig. 4 shows the experimental setup that was used to
investigate the performance of the developed VACNT

International Journal of Engineering Innovation & Research

Volume 6, Issue 2, ISSN: 2277 — 5668

membranes. For liquid filtration, a stock solution was
pumped to the cross flow cell via a peristaltic pump at a
pressure that was controlled by a pressure gauge. The
unfiltered feed was then sent back to the stock-solution tank
and mixed with it. Permeate was collected by the permeate
tank and its quality was analysed.

ouT

Figure 3. Schematic of the developed crossflow cell. The

VACNT membrane is placed on a wire mesh support and

sandwiched between acrylic plates before sealing the cell
with O-rings to enable feed filtration at high pressure.
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Figure 4. Benchtop crossflow setup used to investigate the
performance of the developed VACNT membranes.

Note that, the feed was continuously circulated via the
peristaltic pump to keep the feed concentration uniform
throughout the experiment.

Experiments were performed using the dead-end filtration
setup shown in the fig. 5 below, where feed flow through
the membrane is forced using a vacuum pump rather than
direct pressure [13]. The dead end cell used in the
experiments comprised a bottom collection chamber with a
magnetic stirrer, a ceramic support onto which the VACNT
membrane was placed, a polyurethane gasket (sealer) that
prevented water/gas leakage through the membrane edges
and a water reservoir. The VACNT membrane was fed from
a water reservoir containing water of salinity initial
10,000 ppm, and a vacuum pump was used to create
pressure gradient that enables water to flow through the
membrane. During the experiments, negative pressure was
applied to the modified dead-end cell setup, with an
ambient pressure of 780 torr applied at the feed side and
vacuum of 640 torr at collection side. The vacuum pressure
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at the permeate side was monitored by a pressure gauge and
the quality of permeate was monitored using a salinity
sensor. As vacuum was applied to the permeate-collecting
container, the solution was automatically degassed, and this
degassed solution was used to measure the water flux. The
volume of the collected permeate was recorded every
minute for 60 minutes. Note that, as illustrated in the below
figure, a decrease in flux with time was experienced since
the feed was not stirred.

Figure 5. Modified dead-end cell setup used to measure
the VACNT membrane performance [14].

Prior to the experiment, the benchtop crossflow setup, the
modified dead-end cellandthe prepared membranes were
checked up for cracks or leakage through the cell’s edges at
2 bars and 4 bars. A50 ppm Fe,Os3 solution of 10 nm particle
size was used to test the filtration capability of the 25 um
thick membranes at high pressure. Fig.6 shows the
measured UV-Vis spectra of the iron oxide solution at the
feed side and the collected permeate. It is obvious from Fig.
6 that the absorption of the collected permeate is
significantly reduced after filtration, confirming the ability
of the VACNT membranes to produce clear and colourless
permeate water.
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Figure 6. UV-Vis spectra of the iron oxide solution at the
feed side and the collected permeate [14].

The permeate flux of various liquid was measured at the
standard conditions for the evaluation of 20° C and at 2 bar.
The pure water flux was then calculated using the
followingequation [15]

=— @
A
Where M is the weight of permeate water (Kg). A is the
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membrane area (m?), Dt is the permeation time (h)
The liquid flow through porous membrane was calculated
using Hagen-Poiseuille equation [15]
2

A
)

8

where J is the flow of liquid,  is the relative porosity, »
is pore radius, P is the pressure applied, 4 is the dynamic
viscosity, t is the tortuosity (1.1) and L is the length of the
pore.

III. RESULT AND DISCUSSION

The prepared samples were tested for salt rejection
capability using the modified dead-end cell setup, shown in
Fig. 6, over a time period of 60 min. Fig. 7 shows the salt
rejection versus time for the various developed VACNT
membranes. The salinity of the feed was 10,000 ppm NaCl
solution and the salinity of the collected permeate was
continuously monitored using a Vernier salinity probe at a
time interval of one minute [12-17]. The salt rejection was
simply calculated using the following equation [18]

(%)= (1--)

Two main factors typically affect the salt ion rejection,
namely, 1) diameter of the carbon nanotubes and 2) the
surface charge of the material used to fabricate the
membrane. Note that the negatively-charged native PDMS
surface traps Na* ions [19], thus increasing the salt rejection
of the PDMS-CNT membrane. During the experiments,
initially, the surface charge of the membrane was high,
since both the low CNT diameter and high surface charge
of the membrane contributed to the high salt rejection of the
membrane.The salt rejection was decreased to 97% from
99% in first 10 mins due to concentration polarization but
after 10 mins the salt rejection stabilized at 97% and it was
constant for remaining time period. After 60 minutes of
filtration, concentration polarization reduced the salt
rejection contributed by the surface charge of the
membrane, as evident from Fig. 7, wherein the
experimental results are in agreement with the results
reported by Schrott et al. [20].
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Figure 7. This is extracted graph of the Salt rejection
versus time, for the different developed VACNT

membranes [ 14].
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Note that, the iron oxide particles were used only to show
size exclusion, and Fig. 6 shows the UV-Vis absorbance
spectra of the iron oxide particles in feed and permeate
solutions. Note also that, the increase in NaCl rejection with
increasing the hole size can be attributed to (i) the fact that
salt rejection decreases with increasing the CNT diameter
[21] and (ii) the negatively charged CNT surface traps Na*
ions [21], and hence, reduces salt passing through large
holes.

The increase in flux is not directly proportional to the
VACNT density. This is because when the density of
VACNT increases, the number of CNT walls also increases,
while the active inner diameter of CNT remains the same.
Therefore, the slight increase in flow rate is attributed to
additional small volumes of water flowing between walls of
the MWCNTs.

The permeance of the prepared VACNT membranes were
analysed for various polar and non-polar liquids. Inspired
by the selective ionic transport capability of protein
channels RIE etching was a proposed and investigated as an
effective process for opening the VACNT pores and
making the membrane surface smoother. In addition, the
RIE process not only opened the VACNT pores but also
changed the electrochemical properties of the VACNTSs and
PDMS at the surface of the membrane through the
introduction of active hydroxyl ion[22], as illustrated in

Fig.8(a).
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Figure 8. a) Hole opening after dry etching (RIE). b)
[lustration of the formation of hydroxyl ion on PDMS and
VACNT entrance. The black rings represent MWCNTs,
whereas the dotted line connecting the black rings between
the top to bottom surfaces of the membrane are just a
depiction of the vertical alignment of the CNTS.

Fig.8. (a) Hole opening after dry etching (RIE). (b)
Illustration of the formation of hydroxyl ion on PDMS and
VACNT entrance. The black rings represent MWCNTs,
whereas the dotted line connecting the black rings between
the top to bottom surfaces of the membrane are just a
depiction of the vertical alignment of the CNTs.

As illustrated in Fig. 8 (b), hydroxyl ions are introduced
only at the entrance of the VACNT membrane, since
plasma etching mainly reacts with the surface of the
membrane, thus adding two major functions, namely (i)
selective ionic transportation of liquid with different
molecular size and (ii) selective permeation[23]. Note that,
other factors might also affect the selective permeation
feature, such as the ionic strength of liquid, the functional
groups present in the liquid and its chain length.
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Another feature was developed by the dry etching, that is,
the membranes became more hydrophilic, instead of being
hydrophobic. This feature was demonstrated through
surface tension measurements. As illustrated in Fig.9,
which shows a change in contact angle formed by a water
drop on the VACNT membrane before and after RIE
etching. The change in contact angle from 60° to 42° after
etching, confirms the change of the hydrophobicity of the
RIE-treated VACNT membrane and reveals the presence of
hydroxyl ions on the VACNT entrances, as reported by
Majumdar et al. [3].

a

Figure 9. Photographs of a water drop on the VACNT
membrane a) before RIE etching and b) after RIE etching.
Contact angle decreases from 60° before etching to 42°
after etching.

Table 1 shows the permeance of the developed VACNT
membranes for various liquids that were filtered through,
before and after RIE treatment. Also shown in Table 1 is the
permeance of VACNT membranes for various liquids,
those were etched using oxygen plasma [3].

Table 1. Permeance of the 25 um-thick VACNT
membranes for various liquids, before and after RIE
treatment. Average inner CNT diameter: 5 nm, CNT

density: 1 x 10" cm™.
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2% | 5% |E°F| %

= 8 |7
Water 1.0 1203 1202 600 100
Ethanol 1.1 330 288 210 37.2
Isopropyl | 2.0 64 59 52.8 11.8

alcohol

Hexane 0.3 307 319 264 20.9
Gasoline 0.3 33 33 31.8 3.8

*VACNT density used in experiments was 3.4 x 10° cm™
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Figure 10. Permeance of RIE-treated PDMS-based (blue
bars) and Oxygen-plasma-treated Polystyrene-based
(orange bars) VACNT membranes, for various polar and
non-polar liquids.
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Fig.10(data extracted from Table 1) shows the permeance
of the RIE-treated PDMS-based (Blue bars) and Oxygen-
plasma-treated Polystyrene-based PDMS-based (orange
bars) VACNT membranes, for various liquids. The
measured improvement factors in permeance for water,
ethanol, IPA, hexane and gasoline are 100%, 37.2%, 11.8%,
20.9% and 3.8%, respectively.

Note that oxygen plasma treatment typically introduces
carboxylic group (-COOH) on the surface of a VACNT
membrane, thus improving its gatekeeping activity without
affecting its hydrophobicity[22]. On the other hand, RIE
treatment introduces hydroxyl group (-OH) on the surface
of the VACNT membrane, thus simultaneously introducing
gatekeeping activity and improving the membrane’s
hydrophilicity (hence, increasing its permeance for water).
The —OH bondsof water moleculesinteracts with the walls
of the VACNTsto form depletion layerswith a reduced
number of hydrogen bonds, thus enhancing the flow rate by
reducing friction [7]. Note, on the other hand,that ethanol
also has one—OH bond, however, its effect is weak, and
therefore,the flow rate for ethanol is comparativelyless than
that of water[23].

Typically, the hydrogen bondsof water are not the only
factor that affects the flow ratethrough RIE-treated VACNT
membranes. The size of the liquid molecules is also an
important factor that controls the flow rate through VACNT
membranes[24]. Finally, it is important to note that
thecontribution of electrostatic interactions between fixed
membrane charges and mobile ions to the ion rejection
capability of etched VACNT membranes are much more
significant than that of the steric and hydrodynamic
effects[25].

Finally, it is important to mention that high-resolution
SEM and TEM images were used to measure the tortuosity
of the VACNT membrane transport channels, which was
1.2.

IV. CONCLUSION

Highly-dense RIE-treated VACNT-PDMS membranes
have been developed and their permeance have
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experimentally been investigated forpolar and non-polar
liquids. Experimental results have shown that the
permeance of the developed VACNT membranes is
enhanced by the negatively-charged  hydroxyl
ionsintroduced into the entrance of the VACNTSs by the RIE
etching process. Experimental results have also shown that
the permeance of the RIE membrane for water, ethanol,
IPA, hexane and gasoline is enhanced by 100%, 37.2%,
11.8%, 20.9% and 3.8%, respectively, in comparison with
an oxygen-plasma treated VACNT membrane.
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