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ABSTRACT

Carbon nanotube (CNT) membranes are considered as next-generation membranes for
desalination. Among the various types of CNT membranes, vertically aligned (VA) CNT
membranes provide rapid water transport. However, when the water permeability of VA
CNT membranes are compared with those of the commercial membrane, the VA CNT
membranes only showed slightly higher water permeability due to their low pore densities.
Additionally, the applicability of VA CNT membranes for desalination has been limited due
to their larger pore sizes. Herein, we improved VA CNT membranes in terms of the desali-
nation potential, flux enhancement, and scale-up. For the desalination potential, graphene
oxide (GO) or polyamide (PA) were coated on a VA CNT membrane as a selective layer,
which showed approximately 40–65% NaCl rejection, respectively. A pretreatment polyelec-
trolyte coating for a GO-coated VA CNT membrane increased the water permeability by
approximately 50%. For the flux enhancement, the water permeability of a VA CNT mem-
brane was nearly doubled when the VA CNT forest was mechanically densified by half.
Finally, an enlarged VA CNT forest (2 × 2 cm2), sequential VA CNT forests (1 × 1 cm2) in a
large cast, and an assembly of the VA CNT membrane were suggested as scale-up
approaches.
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1. Introduction

Carbon nanotube (CNT) membranes have been
considered as one of the next-generation desalination
membranes [1,2]. CNT membranes are known to be
high performance and/or fouling-resistant membranes
due to their unique properties, such as rapid transport
of water molecules [3] and antimicrobial properties
[4]. Currently developed CNT membranes can be clas-
sified as vertically aligned (VA) CNT membranes or
mixed CNT membranes. VA CNT membranes can be
fabricated using an as-grown VA CNT forest itself or
adding filler encapsulation in VA CNT forest. On the
other hand, mixed CNT membranes can be fabricated
by inserting modified CNTs during the polymerization
process (i.e. phase inversion for UF and interfacial
polymerization for NF/RO) [5].

VA CNT membrane composites typically utilize an
inner wall or an outer wall of CNTs as a pore. These
membranes usually show much higher water perme-
ability than mixed CNT membranes. Water transport
through a CNT wall is tens of thousands times faster
than conventional water transport due to the
hydrophobic surface properties of the CNT wall [6].
According to previous studies, this enhancement fac-
tor ranged from 3,000 to 61,000, depending on the use
of a double-wall CNT (DWNT) or multi-wall CNT
(MWNT) [7,8]. Note that the enhancement factor indi-
cates the extent of the increased flux, which is
expressed as the measured flux over the calculated
flux by the Hagen–Poiseuille equation. Despite this
fast water transport through CNTs, we previously
reported that a VA CNT membrane had only 2–3
times enhanced water flux than a commercial UF
membrane due to a smaller pore size, lower pore den-
sity, and greater thickness [9].

Additionally, VA CNT membranes are not typi-
cally used for desalination. According to a simulation
study, a 0.59 nm inner diameter CNT showed 95% of
salt rejection, and a 0.75 nm inner diameter CNT
decreased salt rejection to 58% [10]. This indicated that
the inner diameter of CNTs should be < 0.6 nm for
desalination, which is limited in current technology.
Furthermore, CNTs with sub-2 nm pore sizes showed
about 0% salt rejection of a 10 mM KCl solution [11].
Other studies have attempted to increase the desalina-
tion potential of VA CNT membranes. For example, a
“gate-keeper” has been functionalized onto CNTs to
enhance ion selectivity [12]. The smallest pore size of
these functionalized VA CNT membranes was 3.3 nm,
which was larger than most mono-and di-valent ions.
Another attempt polymerized VA CNT membranes by
using a grafting technique, but showed no Na2SO4

rejection [13].

In this work, we improved the desalination poten-
tial and flux properties of VA CNT membranes and
further suggested scale-up approaches. First, graphene
oxide (GO) or polyamide (PA) was coated onto a VA
CNT membrane as a selective ion-separating layer.
Second, the VA CNT forest was mechanically densi-
fied to enhance water permeability by increasing the
pore density. Finally, three scale-up approaches were
suggested.

2. Materials and methods

2.1. Fabrication of VA CNT membranes

VA CNT membranes were fabricated as follows.
CNTs were vertically grown by water-assisted thermal
chemical vapor deposition method [14,15]. VA CNTs
were filled up with epoxy resin (Epon 828, Miller–
stephenson Inc., CA) under about 0.1 bar of vacuum
condition. After the epoxy-VA CNTs matrix was hard-
ened, pores were formed through cutting the matrix
using an ultramicrotome (HM 340 E, MICROM Lab.,
Germany). More details about VA CNTs and VA CNT
membranes are described in our previous study [9].

2.2. Active layer coating on the VA CNT membrane for
desalination

2.2.1. Graphene oxide (GO) coating

GO platelets were synthesized from graphite (Bay
Carbon, SP-1, USA) using the modified Hummers
method [16]. A solution mixture of graphite powder,
sulfuric acid (>98%, Sigma-Aldrich, USA), and potas-
sium permanganate (>99%, Sigma-Aldrich, USA) in a
beaker was stirred for 6 h at 45˚C. The solution was
neutralized by deionized (DI) water (Barnsted NANO
Pure, USA) with hydrogen peroxide (>30%, Sigma-
Aldrich, USA). The brown-colored solution was rinsed
with DI water in triplicate to completely remove any
residual acid and salt in the solution. The GO pow-
ders were obtained by filtering the solution using a
polytetrafluoroethylene (PTFE) membrane filter
(47 mm diameter, 0.2 μm pore size, Whatman.,
Germany). After the GO powder was prepared, the
GO platelets were re-dispersed in DI water with a
concentration of 0.01 mg/mL and sonicated for 1 h to
make a homogeneous suspension.

GO-coated VA CNT membrane was fabricated as
follows. Polyallylamine hydrochloride (PAH; MW
65,000 g/mol, Sigma-Aldrich, USA) was used as
buffering layer between the VA CNT membrane and
the GO layer to avoid blocking pores directly through
the deposition of the GO layer. 0.01 M PAH solution
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was coated onto the VA CNT membrane using a spin-
coater (ACE-200, Dong Ah Trade Corp., South Korea)
[17]. A PAH solution was dropped on the VA CNT
membrane and rotated for 20 s with 4,000 rpm of a
rotation speed. Excess PAH was removed with DI
water and the surface of the VA CNT membrane was
dried by spinning for 20 s. After the dry process,
10 mL of 0.01 mg/mL GO solution was filtrated under
vacuum on the approximately 0.1 cm2 area of the VA
CNT membrane.

2.2.2. Polyamide coating

Polyamide was synthesized onto the VA CNT
membrane by interfacial polymerization. 3.0 wt.% of
m-phenylenediamine (MPD, 99%, Sigma–Aldrich,
USA) solution and 0.1 wt.% of trimesoyl chloride
(TMC, 98%, Sigma–Aldrich, USA) solution were pre-
pared in DI water and n-hexane (Samchun Chemicals,
Korea), respectively. VA CNT membranes were
immersed in MPD solution for 1 h and then, the
excess MPD on the surface was removed by air knife.
The TMC solution was poured on that surface for
1 min and washed by n-hexane after 1 min. This poly-
amide-coated VA CNT membrane was stored in the
DI water before the measurement. Note that 3.0 wt.%
of MPD solution was optimized in our previous study
for CNT-embedded RO membrane because some

MPD might be consumed by adsorption on the surface
of CNTs while the polyamide RO membrane was syn-
thesized with 2.0 wt.% of MPD solution [18].

2.3. Mechanical densification of VA CNT forest

VA CNT forest was mechanically densified to
increase the pore density of the VA CNT membrane.
After VA CNT forest was separated from the sub-
strate, it was positioned on the Teflon cast to be com-
pressed by applying mechanical force in the direction
perpendicular to the CNT axis. The substrate area (A0)
was 2 × 1 cm2, and those for the densified VA CNT
forest (A1) was 1 × 1 cm2. Other processes were same
as fabrication method for VA CNT membrane. This
densification sufficiently increased the pore density of
VA CNT membrane because it is difficult to control
the CNT density during the CNT growth. More details
for the mechanical densification are described in our
previous study [19].

2.4. Membrane filtration test

Membrane performances (i.e. water permeability
and salt rejection) were performed by the modified
dead-end membrane filtration system [9,19]. The size
of the VA CNT membrane was 1.3 × 1.3 cm2. Pure
water permeability of the surface-modified VA CNT

Fig. 1. Characteristics of graphene oxide (GO) platelets, GO-coated VA CNT membrane and polyamide (PA)-coated VA
CNT membrane: (a) AFM image of the synthesized GO platelets, (b) XPS spectrum of the GO platelets, SEM images of
the top surface in, (c) VA CNT membrane, (d) GO-coated VA CNT membrane, and (e) PA-coated VA CNT membrane
(scale bar: 200 nm).
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membrane was obtained by measuring the weight of
the permeate for 5 min with DI water under 10 bar
pressurized by N2 gas. Water permeability and salt
rejection were obtained with 10 mM NaCl solution in
conditions of 15.5 bar of pressure, 600 rpm of stirring
speed and room temperature. Water permeability (Jw)
was calculated by Jw = ΔV/(a × Δt × P), where ΔV is
the volume of the collected permeate, a is the effective
area of the membrane, Δt is the measurement time,
and P is the applied pressure. Rejection rate (R, %)
was calculated by R = (1 – Cp/Cf) × 100%, where Cp is
the salt concentration of the permeate and Cf is the
salt concentration of the feed. The salt concentration
was measured using a conductivity meter (Horiba,
F-54 BW, Japan).

3. Results and discussion

3.1. Desalination potential of VA CNT membrane

3.1.1. Characteristics of GO platelets, GO-coated VA
CNT membrane, and PA-coated VA CNT membrane

The characteristics of synthesized GO platelets and
surface morphologies for GO-coated VA CNT mem-
branes and PA-coated VA CNT membranes are illus-
trated in Fig. 1. The GO platelets mostly existed as
monolayers ranging from a few hundred nm to a few
μm (Fig. 1(a)). A C 1s XPS spectrum (Fig. 1(b)) showed
peaks typical for GO platelets and indicative of a non-
oxygenated carbon ring (284.6 eV) and C–O (286.5 eV),
C=O (287.8 eV), and C–O–O (289.1 eV) bonds [20,21].
Surface morphologies for the VA CNT membranes
were shown by SEM images (Fig. 1(c)–(e)). In Fig. 1(c),
the white dots indicate the ends of the VA CNTs, i.e.
the pores of the VA CNT membrane. After coating
with GO, these dots disappeared under the GO layers
(Fig. 1(d)). The surface morphology of the PA-coated
VA CNT membrane showed a “ridge and valley”
structure, which is typically observed in PA RO mem-
branes (Fig. 1(e)) [22,23].

3.1.2. Water permeability and salt rejection

Fig. 2 shows the water permeability and the salt
rejection for the GO-coated VA CNT membrane and
the PA-coated VA CNT membrane. The pure water
permeability for VA CNT membranes are shown in
Fig. 2(a). The permeability of the GO-coated VA CNT
membrane and the PA-coated VA CNT membrane
decreased to 173 ± 27–187 ± 35 LMH bar−1, respec-
tively, which represented 83–84% decreases from that
of a non-coated VA CNT membrane (1,100
± 130 LMH bar−1). This indicated that the GO and PA

layers acted as dense active layers on the VA CNT
membranes; these dense layers may impart some
desalination ability.

To evaluate the desalination potential, the water
permeability and the NaCl rejection of GO, 0.01 M
PAH + GO and PA-coated VA CNT membranes were
investigated using 10 mM NaCl solutions (Fig. 2(b)).
The NaCl rejections for the GO, 0.01 M PAH + GO
and PA-coated VA CNT membranes were 44.9 ± 7.6,
42.3 ± 6.1, and 64.8 ± 4.2%, respectively. However, the
non-coated VA CNT membrane showed no NaCl
rejection and had same water permeability as that
under pure water conditions (Fig. 2(a)) due to a larger
pore size (approximately 5 nm) [9]. GO layers have
been shown to have some degree of NaCl rejection in
previous studies. For example, ultrathin graphene

Fig. 2. Membrane performances: (a) pure water permeabil-
ity of non-coated, GO-coated, and PA-coated VA CNT
membranes and (b) water permeability and NaCl rejection
of GO-coated, 0.01 M PAH + GO-coated, and PA-coated
VA CNT membranes.
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nanofiltration membranes showed 30–40% NaCl rejec-
tion [24,25]. This NaCl rejection property can be
explained by the Donnan exclusion theory due to the
negatively charged GO layer [26,27]. Because of an
electrical repulsion force, Cl– and Na+ ions are both
rejected to maintain solution electroneutrality. The
narrow gap between GO layers could also account for
this salt rejection property. The interlayer distance
between GO sheets is approximately 0.7 nm [28], i.e. a
size small enough to reject monovalent ion (the
hydrated diameters of Na+ ions and Cl– ions are 0.716
and 0.664 nm, respectively [29]). The low NaCl rejec-
tions in this study can be explained by a high capil-
lary force which helps the hydrated ions pass through
the GO layers [30]. The PA-coated VA CNT membrane
showed better rejection rates; however, these values
were lower than those of commercial PA layers
(>99%). The spiky surface morphology of the PA-
coated VA CNT membranes could affect the formation
of the PA (or GO) layer, and thereby affect the rejec-
tion rate. Furthermore, concentrations of the MPD and
TMC monomers used in the preparation of the PA
layer could have affected the VA CNT membrane.
Overall, the GO and PA coating methods require

further optimization to enhance VA CNT membrane
desalination performances.

The water permeability of the GO, 0.01 M
PAH + GO and PA-coated VA CNT membranes were
5.0 ± 0.4, 7.6 ± 0.5, and 4.0 ± 0.8 LMH bar−1, respec-
tively. The PAH treatment enhanced water permeabil-
ity by 52% with only a 6% decrease in NaCl rejection,
whereas the pure water permeability of the 0.01 M
PAH-coated VA CNT membrane decreased to 75.8%
(834 LMH bar−1). The PAH coating acted as a bridge
connecting the pores of the GO layers to the pores of
the VA CNT membrane. The PA-coated VA CNT
membrane had a water permeability of 4.0
± 0.8 LMH bar−1 and a NaCl rejection of 64.8 ± 4.2%,
i.e. a lower water permeability and a higher NaCl
rejection than those of the GO-coated VA CNT mem-
brane. The permeability of the PA layer was lower
due to its dense structure. When compared with pre-
vious studies on the GO membranes, wherein
3.3 LMH bar−1 of water permeability and 40% NaCl
rejection were reported [24,25], the performances of
the GO, 0.01 M PAH + GO and PA-coated VA CNT
membranes were slightly higher at 4.0–7.6 LMH bar−1

and 42–65%.

Fig. 3. Cross-sectional SEM images of (a) a pristine CNT forest and (b) a two times densified CNT forest (Scale bar:
500 nm).

Table 1
Water permeability for a pristine VA CNT membrane and a two times densified VA CNT membrane

Pristine VA CNT membrane Two times densified VA CNT membrane

CNT densitya (#/cm2) 6.8 × 1010 1.3 × 1011

Water permeability (LMH/bar) 1,100 ± 130 2,070 ± 260

aareal density of VA CNT forest was calculated by the geometric shape with following equation.

Areal density of VA CNT ¼ 3
ffiffi
3

p
a2c�c

4pmcN

� �
� M

SL�douter

� �
; where ac–c is the C–C bond length in a nanotube (0.144 nm), mc is the mass of one car-

bon atom (1.993 × 10−20 mg), N is the average wall number, M is the mass of CNTs (mg), S is the CNT growth area (cm2), L is the CNT

height (cm), and douter is the outer-wall diameter (nm) [31].
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3.2. Flux enhancement of VA CNT membrane

Fig. 3 presents the cross-sectional SEM images of a
pristine VA CNT forest and a two times densified VA
CNT forest. The two times densified VA CNT forest
showed more CNTs within same magnification, indi-
cating a higher pore density in the VA CNT mem-
brane. This mechanical densification enhanced the
membrane tortuosity. According to our previous
study, the tortuosity was enhanced from 1.2 to 1.1
[19]. Table 1 shows the water permeability of a pris-
tine VA CNT membrane and a two times densified
VA CNT membrane. The membrane with the greater
CNT density (1.3 × 1011#/cm2) displayed nearly twice
the water permeability (2,070 LMH bar−1). Interest-
ingly, more than two times densified VA CNT mem-
brane showed indication of a leak. This was likely due
to the inability for epoxy resin to fully fill the CNT
interstitial voids (data not shown). Furthermore, a two
times densified VA CNT membrane showed
1,910 LMH bar−1 water permeability and no NaCl
rejection when the desalination potential was evalu-
ated.

3.3. Scale-up of the VA CNT membrane in laboratory scale

Fig. 4 shows the proposed scale-up approaches for
VA CNT membranes. Three approaches are suggested:

an enlarged VA CNT forest (2 × 2 cm2; Fig. 4(a)),
sequential VA CNT forests (1 × 1 cm2) in a large cast
(Fig. 4(b)), and a VA CNT membrane assembly
(Fig. 4(c)). These scale-ups have some limitations. For
example, an enlarged VA CNT forest is difficult to
homogeneously produce. The other approaches
require a large epoxy areas, i.e. the effective mem-
brane area is inefficiently smaller than the actual
membrane area.

4. Conclusion

VA CNT membranes have been used for high-
performance water treatment. In this paper, we
attempted to develop the desalination potential and
increase the flux of VA CNT membranes and further
proposed various scale-up approaches. Firstly, the
desalination potential of the VA CNT membrane was
evaluated by coating GO and PA as selective layers.
The resultant membranes showed approximately 4–
5 LMH bar−1 water permeability with 40–65% salt rejec-
tion. The water permeability of GO-coated VA CNT
membrane were enhanced with a 0.01 M PAH coating,
which prevented the GO layers from directly blocking
water pathways. Second, water permeability was
enhanced by the densification of the VA CNT forest,
which resulted in increased pore density. Finally, three

Fig. 4. Schematics of scale-up approaches for VA CNT membranes; (a) an enlarged VA CNT forest (2 × 2 cm2), (b)
sequential VA CNT forests (1 × 1 cm2) in a large cast, and (c) a VA CNT membrane assembly.
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scale-up approaches for VA CNT membranes were sug-
gested. Further improvements to VA CNT membranes
are required to apply in practical water treatment pro-
cesses. These include characterizations of vertical align-
ment of CNT in the membrane, the ability to synthesize
uniform CNTs with small pores, improved salt rejection
with maintaining high water permeability and innova-
tive scale-up methods.
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