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ABSTRACT

Forward osmosis (FO) for desalination is receiving tremendous attention due to its low
energy consumption and simple operation compared to reverse osmosis. Here, we propose
a thin-film nanocomposite (TFN) membrane with vertically embedded carbon nanotubes
(CNTs) in the active layer to maximize membrane permeability without significantly sacri-
ficing selectivity. We first attempted a spray-assisted electromagnetic field alignment tech-
nique to vertically embed CNT in the active layer of the TFN membrane. After vertically
embedding the CNT, the developed TFN membrane exhibited 20% increased water flux.
When chemical etching of the active layer was further applied, increase in water flux was
over 300% (40 LMH). Meanwhile, the increased reverse salt flux was mild most likely due
to the steric effect of CNT in the active layer. The developed TFN membrane, thus showed
even higher water flux and lower reverse salt flux when compared to recently provided
commercial FO membranes. This method is easy to up-scale with a one-step fabrication pro-
cess, and it is cost-effective due to its simplicity and the low concentration of CNT solution
used. Therefore, these findings could contribute to freshwater production using the FO
process to overcome global water scarcity.

Keywords: Thin-film nanocomposite; Membrane; Carbon nanotube; Vertically embedded;
Forward osmosis

1. Introduction

As water scarcity increases in severity around the
world, many countries are struggling to secure freshwa-
ter resources [1]. Conventional wastewater treatment
and water recycling remain imperfect solutions because
regional variation in water resources is worsening due

to climate change. For this reason, many consider sea
water desalination to be an alternative solution of fresh-
water supply by utilizing plentiful sea water [2]. Vari-
ous desalination processes exist, including forward
osmosis (FO), reverse osmosis, multi-stage flash, multi-
effect distillation, membrane distillation, and capacitive
deionization; however, the FO process has drawn atten-
tion recently due to its relatively low energy consump-
tion and simple operating conditions [3,4].*Corresponding author.
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In FO, the membrane must possess excellent per-
formance. High permeability and selectivity are
required to produce the maximum amount of freshwa-
ter without simultaneously sacrificing draw solute [5].
The thin-film composite (TFC) membrane, composed
of a thin active layer and a porous support layer, is
favorable due to its high water flux [6,7]. High perme-
ability membranes, such as polyamide-based TFC
membranes, make the FO process commercially rea-
sonable, but there is still room for development.
Recently, researchers have aggressively investigated
the thin-film nanocomposite (TFN) membrane due to
the enhanced permeability induced by the unique
properties of nanomaterials [8–28].

Among various nanomaterials, such as carbon nan-
otube (CNT), zeolite, silica, titania, and alumina, CNT
has received the bulk of attention because of its excel-
lent mechanical strength, surface area, hydrophilicity,
and alternative pathway for water molecules after
functionalization [8–30]. Researchers have thus investi-
gated the TFN membrane with a CNT in the active or
support layer [10,31]. Now it has been proven that
CNT can accelerate water molecule transport through
membranes by providing another pathway inside or
on the outer surface of the CNT [32–35]. However,
precursor solution filtration or vertically grown array
of CNT are required prior to embedding the CNT in
the active layer, and a simple method for doing so is
needed for commercial viability.

A spray-assisted thin-film formation technique is
currently used in layer-by-layer membrane fabrication
[36–38]. This technique can homogeneously disperse
the CNT on the membrane surface and requires only a
tiny amount of precursor solution compared with
other methods. Studies have also reported that CNT
alignment substantially increases membrane perme-
ability [39,40]; CNT orientation was vertically aligned
along the electromagnetic field. Therefore, the mem-
brane could have a vertically embedded CNT in the
active layer when the spray-assisted electromagnetic
field method is applied.

Based on this rationale, we designed and synthe-
sized a TFN membrane with a vertically embedded
CNT in the active layer for the FO process. The perfor-
mance enhancements in terms of water flux and
reverse salt flux were evaluated in a lab-scale FO
setup.

2. Material and methods

2.1. Materials

The multi-wall CNT, 10–15 nm in diameter, was
supplied by Hanwha Chemical Corporation (CM-150).

To functionalize the CNT, nitric acid (ACS reagent,
70%) and sulfuric acid (ACS reagent 95.0–98.0%) were
purchased from Sigma–Aldrich. Deionized (DI) water
was generated using a water purification system (Syn-
ergy, Millipore, USA) and had a resistivity of
18.2 MΩ-cm at room temperature (25˚C). A 0.45 μm
nylon filter (Millipore Corporation, USA) and an ultra
sonicator (B8510-MT, Branson, USA) were used for
uniform dispersion of functionalized CNT (fCNT) and
for sieving, respectively.

Polyethersulfone (PES, Solvay Korea Co, Gafone
3000P), with a molecular weight (Mw) of 62,000–
64,000 g/mol, was used for support layer fabrication.
N-methyl-2-pyrrolidinone (NMP, anhydrous 99.5%,
Sigma–Aldrich) and polyvinylpyrrolidone (PVP, Mw:
10,000 g/mol, Sigma–Aldrich) were used as a solvent
and pore formation additive, respectively. A casting
knife made of high precision-machined iron was also
used to obtain constant thickness and surface.

Trimesoyl chloride (TMC, 98%) and m-phenylene-
diamine (MPD, flakes 99%) were acquired from
Sigma–Aldrich to deposit the polyamide (PA) active
layer. The n-hexane (anhydrous 95%) and deionized
water (DI) water were used as organic and inorganic
solvents, respectively. A custom-made acrylic plate
was used to hold the membrane during interfacial
polymerization (IP), and a commercial rubber roller
was used to eliminate the excess amount of solution
during the IP process. The NaOCl and NaHSO3 were
purchased from Sigma–Aldrich to further modify PA
active layer. The electromagnetic field setup to orient
the CNT vertically consisted of frame from two steel
plates with 50 mm spacing connected to a custom-
made 2.5 kV direct current (DC) power supply pow-
ered from a regular 220 V power grid.

2.2. PES support layer fabrication

Nonsolvent-induced phase separation (NIPS) was
applied to fabricate the support layer of the TFC
membrane. PES (17 wt% ratio to total solution) pow-
der was dissolved in the NMP solution with PVP (1
wt% ratio to total solution) to prepare the polymer
solution; this solution was immediately sonicated for
3 h and degassed for 30 min to fully remove visible/
invisible air bubbles. The prepared polymer solutions
were cast onto the glass plate at 100 μm thicknesses
using the custom-made casting knife. Afterward, the
casted polymer solution was left for 30 s and
immersed in the DI water bath for over 30 min. The
prepared PES support layer was stored in a bottle of
DI water for over 24 h to remove any remaining
solvent.
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2.3. PA active layer fabrication

Widely used for highly selective PA-based mem-
branes, the IP method was applied to fabricate the PA
active layer. The 2 wt% of MPD with 0.5 wt% fCNT in
100 mL DI water was poured onto the support layer’s
surface. After 2 min, the MPD-saturated membrane
was placed in direct contact with 100 mL n-hexane
solution containing 0.15 wt% TMC for 2 min. Then,
the membrane was cured in an oven at 70˚C for
2 min. The prepared membranes were stored in DI
water at 4˚C to remove any unreacted residues.

A custom-made setup for vertical alignment and
vertical embedding (VE) of CNT in the PA active layer
during IP process of the TFN-VE membrane consisted
from a frame holding two steel plates. The plates
acted as electrodes as they were connected to an elec-
tric potential 2.5 kV DC provided by the custom-made
power supply. As illustrated in Fig. 1, the acryl plate
holding the support layer was inserted inside this
frame to align the CNT in vertical orientation.

The PA active layer in the TFN-VE membrane was
chemically etched by NaOCl and NaHSO3, reported
and named the TFN-VE500 membrane [28,41]. Table 1
and Fig. 2 provide a summary of the prepared compo-
sitions for the synthesized membranes.

2.4. Characterization

Because the opened end-tip of fCNT can allow
ultrafast water transport inside it, we conducted

transmission electron microscopy (TEM, JEM-2100,
Jeol, Japan) analysis to confirm the end-tip of the
fCNT were open [32–35]. We investigated the mem-
brane surface and cross-sectional morphology using
scanning electron microscopy (SEM, S-4700, Hitachi,
Japan). The synthesized membrane was fully dried
and cut into a rectangle. Then, we immediately
immersed the piece in liquid nitrogen and cracked it
to determine the precise cross-sectional structure of
the membrane. The types of functional groups on the
CNT, fCNT, TFC, and TFN-VE were characterized by
Fourier transform infrared spectroscopy (FTIR, 660-IR,
Varian, US).

2.5. Lab-scale FO test

We evaluated membrane performance using a lab-
scale FO setup in terms of water flux and reverse salt
flux (Fig. 3). We used 0.5 M of NaCl aqueous solution
and DI water as draw and feed solutions, respectively.
As illustrated in Fig. 3, we used a cross-flow mem-
brane test unit, in which the temperature of both draw
and feed solutions were controlled at 25 ± 1˚C with a
water-cooled chiller (DH-003BH, Daeho Auto Chiller,
Korea). Both the draw and feed solutions were circu-
lated with a peristaltic pump (BP-60601, Won Corp.,
Korea) with a 1,000 cm3/min cross-flow rate. The
effective membrane area of the testing cell was 20 cm2.
We measured the water flux through a mathematic
calculation dividing the permeated volume rate by the
effective membrane area as follows:

Fig. 1. Schematic illustration of active layer of TFN-VE membrane fabrication processes.
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JW ¼ VFO � VF

Amt
(1)

where Jw is the measured water-permeated flux, VFO

is the initial volume of feed solution, VF is the final
volume of feed solution after operation, Am is the
effective membrane area, and t is time. We measured
the final concentration of feed solution with an electri-
cal conductivity meter (YSI-85, YSI Incorporated,

USA), after operation to determine the reverse salt
flux using following equation:

JS ¼ CF VF

Amt
(2)

where JS is the measured reverse salt flux, CF is the
final NaCl concentration of the feed solution after
operation, VF is the final volume of the feed solution
after operation, Am is the effective membrane area,

Table 1
Prepared composition of membranes

Classification TFC TFN-VE TFN-VE500

Active layer Polyamide Polyamide/fCNT Etched polyamide/fCNT
Support layer PES + PVP PES + PVP

Notes: Polyamide was etched using NaOCl (500 ppm) and NaHSO4 (1,000 ppm) for TFN-VE500 membrane. TFC: thin-film composite,

TFN-VE: thin-film nanocomposite with vertically embedded (VE) CNT in active layer, TFN-VE500: active layer etched TFN-VE, PES:

polyethersulfone, PVP: polyvinylpyrrolidone, fCNT: functionalized carbon nanotubes.

Fig. 2. Structure illustration of prepared: (a) TFC, (b) TFN-VE, and (c) TFN-VE500 membranes.

Fig. 3. The lab-scale FO filtration setup.
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and t is time. The units of water flux and reverse salt
flux are L m−2 h−1 (LMH) and g m−2 h−1 (gMH),
respectively. The FO tests were repeated at least two
times for accuracy and reproducibility of the results.

3. Results and discussion

3.1. CNT functionalization

As shown in Fig. 4, the TEM observation is consis-
tent with literature reports, suggesting successful

functionalization and opened tips [32–35]. The CNT
length also shortened to around 500 nm due to strong
acid contact with the CNT during oxidation [12,31].
The fCNT, therefore, had the potential to disperse well
in the polymer solution for the active layer; it was also
trapped well inside the PA layer.

It has been widely reported that hydrophilic func-
tional groups can attach to the fCNT during the func-
tionalization process. FTIR spectrum analysis to
determine the functional groups on the fCNT revealed

Fig. 4. TEM images of (a–b) CNT and (c–d) fCNT.

Fig. 5. FTIR spectrum of (a) CNT and fCNT, (b) TFC and TFC-VE membranes.
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peaks at 1,380 cm−1 (–COOH), 1,547–1,560 cm−1

(>C=O), and 3,440 cm−1 (–OH) (Fig. 5(a)) [42,43].
Therefore, fCNT has the potential to act as an alterna-
tive pathway for water molecules and to increase the
hydrophilicity of the membrane, resulting in water-
flux enhancement during the FO process.

The FTIR spectra for fully aromatic TMC and 1,3-
benzenediamine-based membranes had an amide II
band (1,541 cm–1) and an aromatic amide band
(1,609 cm–1) that were absent for the semi-aromatic
membranes [44]. The peaks of functional groups, such
as carboxyl (–COOH), carbonyl (>C=O), and hydroxyl
groups (–OH), were hindered by the overlapping
effects of the polymer peaks after embedding fCNT in
the active layer of the TFC-VE membrane due to the

relatively small amount of CNT used (Fig. 5(b)). The
functional groups of TFN-VE500 membrane were not
investigated because the TFN-VE membrane already
possessed fCNT.

3.2. Morphology analysis of prepared membranes

Composed of the PA active layer and PES support
layer, the TFN-VE membrane was successfully synthe-
sized. Fig. 6(a)–(b) shows that the PA layer was depos-
ited well with a generic ridge-and-valley structure. In
addition, its support layer had uniform finger-like
structures, which are favored for FO processes in
order to minimize the structure parameters; such

Fig. 6. Surface and cross-sectional SEM images of (a–b) TFC, (c–d) TFN-VE and (e–f) TFN-VE500 membranes.
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structures have a tortuosity of near unity (Fig. 6(b), (d)
and (f)) [45].

The conventional method with the TFN membrane
and CNT in the PA layer requires an additional filtra-
tion step with MPD solution, which is not eco-friendly
and difficult to scale up for commercialization. With-
out that additional filtration step, the CNT is immedi-
ately washed out of the PA layer during the
fabrication step. To overcome these issues, we applied
a spray-assisted electromagnetic field method during
the fabrication step to make the CNT vertically
embedded in the PA matrix. Researchers recently used
similar method in the gas filtration membrane to verti-
cally align the CNT in a polymer matrix [39]. It was
difficult to detect the presence of fCNT in the PA layer
due to the low concentration of fCNT (0.5 wt%) com-
pared to the total MPD solution. There was also a hin-
dering effect due to the structure of the PA layer, as
shown in Fig. 6(c)–(f). Nonetheless, the membranes
synthesized by either similar electromagnetic (EM)
field-based or another method of vertically embedding
CNT in the polymer matrix have increased permeabil-
ity [39,40]. Sharma et al. also reported that CNT were
well aligned in polymer matrix (polycarbonate) by
applying EM field [39]. When the fCNT concentration
is higher than 0.5 wt%, fCNT aggregate each other,
and the membrane exhibits poor performance due to
the decreased selectivity under the same experimental
conditions.

3.3. Membrane performance in FO

The water flux of TFN-VE membrane increased by
20% in the FO, from 10.00 LMH to 12.00 LMH, due to
the presence of fCNT in the PA layer compared with
the bare TFC membrane (Fig. 7(a)). The reverse salt
flux of the TFN-VE membrane, which is one of the
representative parameters of membrane selectivity in
FO, also increased, from 0.78 to 2.19 gMH, in tandem
with increased water flux. This water flux and reverse
salt flux incensement indicate that the gap between
the CNT and PA layer formed during the IP process;
meanwhile, the inner holes of the CNT served as extra
pathways allowing water molecules and hydrated salt
ions to penetrate the active layer because the CNT
used in this study was 10–15 nm in diameter. As illus-
trated in Fig. 2, vertically aligned CNT can play
important role as alternative channel for water mole-
cules and hydrated salt ions resulting in increased the
water flux and the reverse salt flux, simultaneously.
However, the single-wall CNT did not lead to signifi-
cant flux enhancement under the same experimental
conditions, and the multi-wall CNT has cost benefits.
Due to chemical damage in the PA layer compared

with the TFN-VE membrane, the water flux of the
TFN-VE500 membrane dramatically increased by over
3 times, from 12.00 to 40.00 LMH as shown in
Fig. 7(a). Studies have reported that chemical etching
of the PA layer significantly increases both water flux
and reverse salt flux [28,31,41]. The chemical etching
method increased membrane permeability due to not
only opening up the end-tips of CNT blocked by PA
layer to serve as alternative channel for water mole-
cules, but also due to decreased cross-linking of PA
layer as illustrated in Fig. 2(b)–(c) [31,41]. However,
compared with the TFN-VE membrane simultane-
ously, the TFN-VE500 membrane exhibited signifi-
cantly increased water flux and moderately increased
reverse salt flux, from 2.19 to 5.02 gMH. This phe-
nomenon could be interpreted as a steric effect of
CNT in the PA layer. CNT is physicochemically stable,
and well-scattered CNT prevents damage to the PA
layer during the chemical etching step. As expected,
the PA layer covering the CNT was etched, allowing
CNT to act as an ultrafast pathway. Therefore, the
combined effects of CNT resulted in moderately

Fig. 7. The water flux and reverse salt flux of (a) TFC,
TFN-VE, and TFN-VE500 membranes and (b) HTI-CTA,
HTI-TFC, and TFN-VE500 membranes in FO. The 0.5 M
NaCl and DI water were used as draw and feed solutions,
respectively.
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increased reverse salt flux, while water flux increased
significantly after chemical etching of the PA layer.

Recently, several commercial FO membranes have
become available in the market, and HTI Inc. pro-
duced a cellulose triacetate (CTA)-based and PA-based
FO membrane named HTI-CTA and HTI-TFC mem-
branes, respectively, which were tested under same
conditions as previous membranes. Due to the dense
structure of the active layer, the HTI-CTA membrane
exhibited a relatively low water flux of 5.58 LMH and
reverse salt flux of 0.85 gMH. The HTI-TFC membrane
is comparable because it is also composed of a poly-
mer support layer and a PA active layer, as shown in
Fig. 8. The HTI-TFC membrane showed a high water
flux of 33.12 LMH and reverse salt flux of 12.63 gMH
because of its favorable thin active layer compared to
the HTI-CTA membrane. However, the developed
TFN-VE500 membrane exhibited a higher water flux
and lower reverse salt flux compared to the HTI-TFC
membrane, as shown in Fig. 7(b). With its high water
flux and low reverse salt flux, the membrane is
promising in FO because it generates more water
without losing the draw solute dissolved in the draw
solution. Thus, the developed TFN-VE500 membrane
has great potential for commercialization due to its
excellent performance and easy to up-scale.

4. Conclusions

In this study, we propose a TFN membrane with
vertically embedded CNT in the active layer for the
FO process. This type of TFN membrane exhibited
20% increased water flux, from 10 to 12 LMH, when
CNT was vertically embedded in the PA layer and
over three times higher water flux (to 40 LMH) after
chemical etching of the active layer. The presence of
the CNT in the PA layer prevents chemical damage
during the etching step, maximizing the membrane’s
water flux. Thus, we can take advantage of chemical
etching without significantly sacrificing membrane
selectivity. Moreover, the developed TFN membrane
exhibited even higher water flux and lower reverse
salt flux compared with the commercial HTI-TFC
membrane, which is one of the most famous FO mem-
branes on the market. This method is easy to up-scale
compared with other methods of incorporating the
CNT in the PA layer; it is also cost-effective due to the
relatively low concentration of CNT used. However,
there is still room for steric interpretation of vertically
embedded CNT in the PA layer to support these
results. These findings could contribute to fresh water
production by utilizing the tremendous potential of
sea water. We also expect further potential of the

Fig. 8. (a–b) Surface and (c–d) cross-sectional SEM images of commercial HTI-TFC membrane.
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presented method for membrane synthesis in the field
of pressure-retarded osmosis for electricity production
from saline water.
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