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Membrane technology is widely used for liquid separation and
purification, such as in various water treatments, protein purifi-
cation, virus removal, and artificial organs." Despite great prog-
ress in membrane development, it is still challenging to increase
both flux and rejection, which overcome the ‘trade-off’ line,> and
to prevent membrane fouling.* Although strategies for anti-
fouling membranes, including the role of surface chemistry, such
as hydrophobicity, charge, and roughness, have been well
established,*® it is still challenging to develop membranes that
have faster water permeability with reasonable rejection.
Because conventional polymers rely on the ‘trade-off
phenomenon, carbon nanomaterials (CNMs), such as carbon
nanotubes (CNTs) and graphene oxide (GO)/reduced GO (rGO),
have been attractive for overcoming the limitation of polymer-
based membranes.®” The strategies for CNT-based membranes
and GO/rGO-based membranes to achieve high flux are using fast
transport of water molecules through the pore's hydrophobic
surface and/or a very thin active layer for GO/rGO membranes.*™*
For example, GO membranes also showed increased flow allowed
by a thin active layer (ie., flux is inversely proportional to the
length of the pore) by applying various membranes,'> whereas rGO
membranes have been applied only to a water vapor passing-
through process (i.e., membrane distillation).”* Additionally, the
water flow through the inner wall of CNTs is several hundreds to
thousands times faster than the theoretical flow because of the low
interaction force between water molecules and CNT's hydrophobic
wall."*** However, the energetic requirements, found by using
molecular dynamic simulation, needed to pass water molecules
through the hydrophobic CNT end were several hundred atm of
applied pressure.’® Lee et al."” reported that CNT wall membranes
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Relationship between surface hydrophobicity and
flux for membrane separationf
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Surface hydrophobicity of anodic aluminum oxide (AAO) membranes was controlled via carbon coating
using the CVD method or O, plasma treatment with insignificant changes of pore diameter. This study
first demonstrated that a larger hydrophobic pore surface and hydrophilic membrane surface are
favorable for developing high performance membranes.

showed approximately 30 000 L m™~> h™" bar of water permeability
using O, plasma etching (to use the inner pores of CNT by
removing the its fullerene cap and possibly to introduce the
hydrophilic surface) and densification technique (to increase pore
density and to use the outer wall as pores). Given the results from
previous studies, it is still unclear how the hydrophobicity of the
pore surface affects both flux and rejection behaviors.

In this study, we experimentally demonstrate that the surface
hydrophobicity of an AAO membrane affects the flow behavior,
distinguished to the membrane surface and pore surface; it is
more favorable to transport water through the membranes
having a hydrophilic membrane surface and a hydrophobic
pore surface.

We fabricated anodized alumina oxide (AAO) membranes
and controlled their hydrophobicity by using carbon coating via
a CVD method (more details are described in the ESI; 1 digital
pictures of AAO and C-AAO membranes are provided in
Fig. S11). Fig. 1 shows the hydrophobicity and surface chemistry
of the AAO membrane and carbon-coated AAO (C-AAO)
membrane with 60 nm of pore diameter. As shown in Fig, 1a
and b, the contact angle of the AAO membrane of 19° + 2°, is in
good agreement with the values in the literature for non-porous
alumina (~12°)."® The membrane surface became more hydro-
phobic, to 65° &+ 3° in the C-AAO membrane (Fig. 1b).

XPS spectra of carbon (Fig. 1c) and oxygen (Fig. 1d) obtained
from a C-AAO membrane indicate successful carbon deposition
on the AAO membrane. According to the XPS spectrum of C 1s
(Fig. 1c), the graphitic sp> carbon shows C-C bonding (284.6
eV), C-O bonding (286.5 eV), a C=0 group (288.0 eV), and an
O-C=0 group (289.4 eV)."***

The O 1s spectrum of C-AAO in Fig. 1d shows Al-O bonding
(531.6 eV) and C-O bonding (533.2 eV),>*** whereas that of AAO
had only Al-O bonding (Fig. S21). These AlI-OH groups chemi-
cally reacted with carbon in a high-temperature CVD process,
eventually forming the thin carbon layer.>* Additionally, we
used cross-sectional Raman spectroscopy to evaluate carbon
coating on the pore surfaces, where the positions are marked in
Fig. 1e. We observed typical Raman spectra of an amorphous
carbon through each point, shown in Fig. 1f. The D-band at
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Fig. 1 The surface analysis of AAO and carbon-coated AAO
membranes. (a)The image of a pristine AAO membrane and (b) a C-
AAO membrane by contact angle. (c) C 1s and (d) O 1s XPS spectrum of
C-AAO. (e) Optical image of C-AAO cross-section, and (f) Raman
microscopy (A = 514 nm) of each position.

1 1

1350 cm ' and the G-band at 1580 cm ' represent the sp’
bonds and sp® bond, respectively. The ratio of I/l at five points
was approximately 1.3 (Fig. 1e and f), consistent with graphene
oxide.'?>?® These results indicate that C-AAO membranes were
more hydrophobic, not only on the top surface (i.e., membrane
surface), but also on the pore surface of the membranes.

We evaluated the water flow velocities of AAO and C-AAO
membranes with 40-80 nm of pore diameter using a dead-end
filtration system (Fig. S31), with results shown in Fig. 2. The
flow velocity increased with increasing pore diameter of both
AAO and C-AAO membranes, as expected. However, the flow
velocity of C-AAO membranes was faster in all ranges of pore
diameter than that of AAO membranes, almost consistent with
the theoretical flow velocity calculated from the Hagen-Poiseuille
(H-P) equation in the no-slip condition (eqn (1) in ESIf); the
water flow velocity of C-AAO membranes increases from 0.7 X
10 *ms ' t0 3.5 x 10~* m s}, whereas that of AAO membranes
increases from 0.3 x 107" m s t0 2.9 x 107" m s~ as pore
diameter varies from 40 nm to 80 nm. Note that the changes of
pore diameter and membrane thickness were negligible after
carbon coating and an average pore diameter and pore density,
used as 1.02 x 10'° em™? of all membranes, were measured from
SEM images using a ‘Measure I'T" program (Fig. S4t). Since the
physical properties (e.g. pore diameter, pore density, and
membrane thickness) of both AAO and C-AAO membranes were
the same, the faster flow in C-AAO membranes can be explained
by the hydrophobic surface, consistent with previous studies
which showed that water molecules rapidly pass through the
hydrophobic wall surface of carbon nanotubes."”?”** It is well
known that hydrophobic pore surfaces lead to a frictionless flow
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Fig. 2 Flow velocities with various pore diameters depending on the
surface chemistry. The theoretical flow velocity (black line) as a func-
tion of pore diameter. The blue dot is the flow velocity of a hydrophilic
surface (AAO membrane), and the red dot is that of a hydrophobic
surface (C-AAO membrane) by experimental water velocity.

and weaken interfacial force between water molecules and
carbon-coated surface, resulting in faster flow.*>***° Note that the
adhesion energy of water on alumina is ~800 mJ m 23!
that of water on graphite is about 100 mJ m 2.3

To find the extent of faster flow for C-AAO membranes,
enhancement factor (¢) and slip length (Ls) along with the
experimental flux (Qexp) with a unit of L m 2 h™"', and theoret-
ical flux (Qup, calculated from H-P eqn) are represented in
Table 1. Enhancement factor was calculated from Q., divided
by Qup, and slip length was calculated using the H-P eqn in the
slip condition (eqn (2) in ESIt); more details are described in the
ESL{ Enhancement factor increased from 1.2 to 3.6, which also
affected the increased slip length, from 3.1 nm to 15.2 nm when
the pore diameter decreased from 80 nm to 40 nm. These
results indicate that water flow velocity increases with smaller
pore diameter because of the larger hydrophobic effects.

We did another experiments to evaluate the flux behavior
according to the solvent's viscosity (shown in Fig. S51). We ob-
tained data using acetone (0.32 cP), methanol (0.6 cP), water (1.0
cP), ethanol (1.1 cP), and IPA (2.3 cP) at ambient temperature.
The results also showed that the flow of C-AAO membranes was
much faster than that of AAO membranes, in a good agreement
with theoretical flux calculations using viscosity and density of
all solvents.**-*

The negative effects of a hydrophobic surface can limit how
the water molecules enter the gate of pore; high pressure (e.g.,
a few hundred atm) is needed to pass water molecules through
a theoretically hydrophobic surface composed with C=C bonds
with a few nm of pore diameter. Therefore, it is favorable that
membranes have a relatively hydrophilic membrane surface with
a hydrophobic pore surface; this scheme is presented in Fig. 3a.

In order to control the hydrophobicity of the membrane
surface, we treated 60 nm of C-AAO membrane with O, plasma.
Fig. 3a shows the Raman spectra of the pore surface and
membrane surface of the O, plasma-treated C-AAO membrane
(referred as an O, C-AAO membrane), indicating that coated
carbon maintained in pores (ratio of I/l maintained as 1.3)
while no carbon existed on the membrane surface. This change

whereas

This journal is © The Royal Society of Chemistry 2020
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Table1 Theoretical and experimental water flux of C-AAO membrane with 40—80 nm of pore diameter and its calculated enhancement factor

and slip length

Enhancement
Diameter” (nm) Theoretical flux (Qup: Lm > h™) Experimental flux (Qexp: Lm > h™) factor (e) Slip length (Lg: nm)
40 66.8 243 + 13 3.6 15.2 £ 2.2
50 163.0 518 £ 29 3.2 134+ 1.5
60 338.1 928 + 46 2.7 12.0 + 0.8
70 626.3 1118 £ 46 1.8 6.4 1.2
80 1068.4 1242 £ 20 1.2 3.1+1.0

¢ Pore diameter were measured from SEM image (see ESI Fig. S4) using Measure IT program, standard deviation for pore diameter was +2.

made the membrane surface more hydrophilic again (14° of
contact angle), below the value of C-AAO and comparable with
AAO membranes (Fig. 3b; the dramatically changed surface
hydrophobicity can also be found in the movie file of the ESI¥).
These carbons are etched on the C-AAO membrane surface,
where the carbon atoms break and remove oxygen bonds and
the oxygen atoms have functional groups. The hydrogen atoms
of water weakly bond with the surface oxygen negative charges
of the O, C-AAO membrane. For this reason, water molecules
spread faster than the AAO membrane surface, as confirmed by
the green dot in the water-flux graph shown in Fig. 4a. The water
flux of the C-AAO membrane was about 928 L m~2 h™?*, which
was increased to 1160 L m~> h™' when only the membrane
surface became more hydrophilic.

We did another experiment to evaluate the rejection property
using 16 mg L~ of CuO solution, shown in Fig. 4b. The hydro-
dynamic diameter of the synthesized CuO nanoparticles** was
approximately 64 nm, measured using dynamic light scattering
(Fig. S7t). Flux behaviors of AAO, C-AAO, and O, C-AAO
membranes were similar to that using DI water, and the rejec-
tion properties of all three membranes were similar to 92%,
consistent with the calculated value from the Ferry-Renkin eqn
(see ESIT).
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Fig. 3 (a) Schematic of AAO (left), C-AAO (middle) and O, C-AAO
membranes (right). (b) Raman spectra of an O, C-AAO membrane;
upper red line, representing the inner pore surface indicates the
presence of D and G bands, while the lower green line, representing
the membrane surface, indicates there is no carbon on the membrane
surface. (c) Contact angle image of the O, C-AAO membrane.
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Fig. 4 (a) Water fluxes of each membrane depending on the external
and inner surface. (b) CuO molecules (about 64 nm) rejection rate
depending on the surface chemistry of 60 nm AAO membranes as UF.
The blue dot is the rejection rate of the AAO membrane, and the red
dot and green dot that of the C-AAO membrane and O,-treated C-
AAO membrane, respectively. The blue, red, and green bars are CuO
Flux with each CuO molecule removal of the AAO membrane, C-AAO
membrane, and surface-treated C-AAO membrane.

Conclusions

We first demonstrated that the hydrophilic entrance surface
and hydrophobic pore surface are favorable for membrane used
for liquid separation. Carbon coating by the CVD method on
AAO membranes changed the hydrophobicity of both surfaces
by changing the pore size insignificantly. Explaining that two
different membranes have the same physical properties, but
different hydrophobicities on both entrance and pore surfaces
(i.e. C-AAO, and O, C-AAO membranes in this study). This
hydrophilic entrance membrane surface implies that the
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hydrophobicity of a pore surface would play a critical role in flux
behavior at few tens of pore diameter, providing an important
insight in to develop high-performance membranes.
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