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AbstractWith the advantages of one-dimensional hollow structure, high porosity and prominent mechanical strength,
single-walled carbon nanotubes (SWCNTs) have been extensively utilized to improve conventional filtration membranes
for oil/water separation. Their intrinsic hydrophobicity, however, adversely affects the anti-fouling performance of the
SWCNT membrane. Herein, a super-hydrophilic and underwater super-oleophobic hierarchical modified membrane
with enhanced permeability and anti-fouling property was fabricated using the vacuum-assisted filtration technique by
synergistically assembling SWCNTs and titanium dioxide (TiO2) nanoparticles on a cellulose acetate membrane. Highly
dispersed SWCNTs were obtained by carboxylating treatment of agglomerate SWCNTs. The controlled stacking of
SWCNTs fibers and a controllable amount of TiO2 rendered a modified membrane with high porosity and hierarchical
structure, leading to an ultrahigh water flux up to 4,777.07 L·m2·h1, and excellent separation performance with effi-
ciency greater than 99.47%. Most importantly, the membrane exhibited excellent anti-fouling ability during ten cycles
with the aid of the super-wetting property of TiO2 nanoparticles. The results indicated that coating TiO2 nanoparticles on
SWCNTs modified the surface topography of the obtained SWCNT/TiO2 membrane, which improved hydrophilicity,
permeability and anti-fouling property, manifesting attractive potential applications in oil/water separation.
Keywords: Oil-in-water Emulsions, Super-hydrophilic, Underwater Super-oleophobic, SWCNT/TiO2 Membranes, SWCNT

Membrane

INTRODUCTION

With the increasing release of oily industrial wastewater and the
frequency of oil spills, oil/water separation problems have attracted
considerable public attention [1-3]. Direct discharge of oily waste-
water can damage the ecosystem and seriously endanger human
health [4,5]. Traditional techniques such as sedimentation tanks,
air flotation, ultrasonic separation, centrifuges, coalescers, and skim-
mers have been utilized to treat oily wastewater [6-8]. However,
these techniques are only suitable for the treatment of immiscible
oil/water mixtures; for surfactant-stabilized oil-in-water emulsions
with a droplet size less than 10m, they are essentially ineffective
[9-12]. For oil/water emulsions, filtration and adsorption are often
used. Due to the poor selectivity of adsorption materials for oil and
water, however, they adsorb the oil/water mixture, resulting in poor
oil/water separation efficiency. In addition, adsorption materials are
not easy to recycle, and the post-treatment process results in serious
secondary pollution [13]. The separation effects of several adsor-
bents and membrane materials are compared (Table S1) [14-17].

The utilization of membrane technology provides a potential
solution for microsized oily wastewater [18]. It has been acknowl-
edged that membrane technology can reject micron-sized parti-
cles and molecules due to its molecular sieving effect, coupled with
its unique surface properties and surface structure, and has been
successfully applied for the separation of various emulsions [19,20].
Moreover, owing to its green and simple operation, and energy-
efficient and continuous operation advantages, membrane technol-
ogy has been extensively employed for oil/water separation [21-23].
However, traditional commercial membranes, such as CA, PES and
PVDF, are susceptible to serious oil fouling caused by surfactant/oil
adsorption or pore plugging, which results in membrane fouling
and high costs for large effluent volumes [24-26]. Indeed, numer-
ous research groups have fabricated composite membranes for oil/
water separation. Hydrophobic membranes used to treat oil-in-water
emulsions, however, can cause severe membrane contamination due
to oil adhesion [27-29]. Currently developed hydrophilic membranes
suffer from low flux and poor separation efficiency, which seri-
ously limits applications of the membranes [30-32]. Consequently,
a great need exists for new, advanced separation membranes that
are capable of working with superior permeation and oil rejection
[33,34].

Due to their excellent mechanical, thermal, and chemical prop-
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erties, carbon nanotubes (CNTs) offer numerous potential applica-
tions, including field emission displays, nano-electronic devices,
and polymer or ceramic reinforcement [35]. Moreover, their high
surface area, good chemical stability, high porosity and low den-
sity make them an ideal participant in the treatment of oily waste-
water [36]. Single-walled carbon nanotubes (SWCNTs) can also
achieve extremely high permeation flux owing to their one-dimen-
sional hollow structure and prominent mechanical strength [37-39].
Unfortunately, the inherent hydrophobicity of carbon nanotubes is
prone to cause membrane fouling, resulting in a rapid decline in
permeate flux, as well as secondary pollution, which is incongru-
ous for large-scale oil/water separation operations. Consequently, it
is necessary to carry out carboxylation treatment, in addition to
adding hydrophilic substances to further increase surface wettability.

Inspired by fish scales, “water-removing” membranes with super-
hydrophilicity and underwater super-oleophobicity have attracted
widespread focus because they can remain clean as long as they
are water-wetted [40]. Various hydrophilic materials, such as poly-
mers and inorganic metal oxides, have been considered to prepare
“water-removing” membranes [41]. Polymers such as hydrogel usu-
ally exhibit weak environmental adaptability, while inorganic nano-
particles in the membrane matrix can practically improve mechani-
cal strength, hydrophilicity, water flux, and anti-fouling properties
[42,43]. Among them, nanosized titanium dioxide (TiO2) is a supe-
rior candidate as an additive due to its strong adhesion, stable chemi-
cal properties, low cost, green, and environmentally benign aspect
[44]. Titanium and oxygen atoms in titanium dioxide are located
in the crystal lattice, and Ti-O bonds are not equal in length and
close in distance. The imbalance between Ti-O bonds makes TiO2

possess strong polarity and water retention capacity. The water mol-
ecules adsorbed on the surface are dissociated due to polarization
to form hydroxyl groups. Studies have demonstrated that the larger
the specific surface area of TiO2 particles, the more hydroxyl groups
it carries on its surface, and the presence of abundant hydroxyl groups
leads to concurrent smooth water filtration and prominent oleop-
hobicity [45,46]. Therefore, TiO2 nanoparticles are utilized as a key
inorganic additive material to modulate the wettability of the SWCNT
membrane surface, which greatly alleviates membrane fouling. Jin’s
group fabricated a novel film by coating TiO2 via the sol-gel pro-
cess onto an SWCNT ultrathin network film [47]. However, the
super-hydrophilic and underwater super-oleophobic properties of
this film can only be achieved by employing UV-light irradiation.
Consequently, to develop a high mechanical strength membrane
which can be easily prepared, have continuous super-hydrophilic
and underwater super-oleophobic properties and be energy-effi-
cient is of paramount significance.

In this work, aiming at simultaneously improving water perme-
ability and anti-fouling performance of cellulose acetate (CA) mem-
brane for feasible application of ultrafast oil/water separation, we
constructed superhydrophilic-superoleophobic surfaces in conjunc-
tion with surface chemistry and structure. It is expected that coat-
ing TiO2 nanoparticles on SWCNTs fibers can expand the channel
structure and modify the surface topography of the membrane,
resulting in high permeation flux and hierarchical structure. More-
over, abundant surficial hydroxyl groups endow the composite mem-
brane with high water retention capacity and greater hydrophilicity.

And the synergistic effect of the modified surface chemistry and
surface architecture is anticipated to facilitate the permeation flux
and anti-fouling behavior of the SWCNT-based membrane. The
resulting modified SWCNT/TiO2 composite membrane is predicted
to maintain high permeation flux and high separation efficiency
during multiple cycles, demonstrating excellent anti-fouling per-
formance. The present work may contribute substantially to treat-
ing real emulsions.

EXPERIMENTAL

1. Materials
Cellulose acetate (CA) microfiltration membrane (0.45m pore

size, 47 mm diameter) from the Safelab Technology Co., Ltd. (Bei-
jing, China) was used as the support layer for modification. The
SWCNTs (o.d. <2 nm, length: 1-3m, purity: >95%) utilized in
this study were a commercial product supplied by the Nanjing
XFNANO Materials Tech Co., Ltd. (Nanjing, China). TiO2 nano-
particles (anatase, hydrophilic, 60 nm, 99.8%) were obtained from
the Macklin Biochemical Technology Co., Ltd. (Shanghai, China).
Decane (Acros Organics BVBA, Geel, Belgium), hexadecane (Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan), white mineral oil (Mar-
col 52) (Exxon Mobil Co, Ltd., Avon, U.S.A.), and petroleum ether
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) used
for oil-in-water emulsions preparation were purchased. Sodium
dodecyl benzene sulfonate (SDBS) was supplied by the Shanghai
National Medicines Co., Ltd. (Shanghai, China). Deionized water
(>18.2 M cm1), which was used throughout the experiment, was
purified by the Persee GW purification system (Beijing, China).
All chemicals used in the experiments were of reagent grade.
2. Fabrication of the SWCNT and SWCNT/TiO2 Modified
Membranes

Original SWCNTs have very poor dispersion in deionized water
due to their intrinsic hydrophobic property. To improve dispers-
ibility, carboxylation pretreatment of SWCNTs is indispensable.
Ultra-high purity carboxylated SWCNTs could be generated by
nitric/sulfuric acid treatment.

The SWCNT membrane and the SWCNT/TiO2 modified mem-
brane were separately prepared by vacuum filtering the SWCNT
dispersion and the SWCNT/TiO2 mixture onto a CA filter with a
pore size of 0.45m. Typically, 5 mg of ultra-high purity carboxyl-
ated SWCNTs were dispersed in water in a 200 mL beaker and
sonicated for 10 min. TiO2 nanoparticles (anatase) were then added
into the prepared SWCNTs suspension under stirring to obtain the
mixture of TiO2 and SWCNTs with mass ratios that varied from 1
to 7. The specific percentage of TiO2 coated SWCNTs, with a dif-
ferent mass ratio of TiO2 and SWCNTs (0 : 1, 1 : 1, 3 : 1, 5 : 1, and
7 : 1, respectively), were dispersed by sonication for an additional
10 min to improve the homogeneity. Afterwards, the obtained
SWCNTs and SWCNTs/TiO2 suspensions were vacuum-filtered
upon the CA membrane to obtain SWCNT membrane and
SWCNT/TiO2 membranes. Subsequently, the prepared membrane
samples were rinsed with deionized water and then dried in a vac-
uum drying oven at 313 K for 5 h.
3. Preparation of Oil-in-water Emulsions

The SDBS-stabilized oil-in-water emulsions, including hexadec-
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ane-in-water, white oil-in-water, decane-in-water, and petroleum
ether-in-water emulsions with droplet diameter of 1.38, 1.55, 1.70,
and 1.91m, respectively, were prepared. For the preparation, 1.5 g
of oil was added to 1 L of water. SDBS with a concentration of
50 mg/L was added to the mixture as an emulsifier. The mixture
was stirred at 10,000 rpm for 10 min to obtain a white milky solu-
tion. All of the surfactant-stabilized oil-in-water emulsions were
stable for several hours in a laboratory environment and no demul-
sification or precipitation was observed. All emulsions were sepa-
rated immediately after preparation.
4. Characterization of Membranes

Fourier transform infrared spectroscopy (FTIR) (Nicolet Nexus
670, Thermo Fisher Scientific, U.S.A.) with an attenuated total reflec-
tance (ATR) accessory was utilized to confirm the covalent struc-
ture of the modified membrane surface. Membrane surface morph-
ology and cross-section were observed with field-emission scan-
ning electron microscopy (SEM) (SU8010, Rili, Japan). Atomic
force microscopy (AFM) (Dimension ICON, Bruker, U.S.A.) was
applied to evaluate the surface roughness. Contact angles were
measured on the Teclis Tracker tensiometer platform at ambient
temperature. For each value, three measurements per sample were
performed and the average value was obtained. In the process of
the underwater oil contact angles (UOCA) experiment, all mem-
branes were fixed at the bottom of a special quartz tank filled with
water, and 1, 2-dichloroethane was used as a model oil because its
density is larger than water and is easy to deposit at the bottom of
the aqueous phase and contact with the membrane. The simu-
lated drag force test was carried out using an approach-compress-
detach of a 1, 2-dichloroethane droplet (3L). The oil content in
the corresponding collected filtrates was determined using an infra-
red oil detector (OIL 460, China). Oil droplet size of four different
oil-in-water emulsions was measured by dynamic light scattering
(DLS) (BI-200SM, Brookhaven, U.S.A.).
5. Oil-in-water Emulsions Separation

The modified membrane was previously wetted with water and
then fixed by a vacuum-driven filtration system with an effective
permeation area of 12.56 cm2 under 0.1 MPa trans-membrane pres-

sure. 50mL of the oil-in-water emulsion was poured onto the mem-
brane to perform oil/water separation. The flux was evaluated along
with the filtration process by calculating the time of emulsion pen-
etrating through the membrane. The filtrate was collected for sub-
sequent measurement of the oil content. In one cycle of the anti-
fouling performance experiment, 50 mL of the white mineral oil-
in-water emulsion was completely separated by the modified mem-
brane, and then the membrane was simply rinsed with pure water
to remove oil contamination. Each membrane was measured in
triplicate to ensure high reproducibility of this measurement. The
permeation flux (J) was calculated by Eq. (1). The separation effi-
ciency (R) characterized by oil rejection ratio was calculated by Eq.
(2):

(1)

(2)

where J is the permeation flux (L·m2·h1); V is the volume of feed
emulsion (L); A is the efficient membrane area (m2); t is the per-
meation time (h); and Co and Cp are the concentrations of the oil
in the original and permeate solutions, respectively.
6. Porosity

Membrane porosity was determined by the dry-wet weight
method [48]. The membrane was immersed in water, and then
filter paper was used to wipe off the superficial water. The weight
was recorded in the wet state. Next, the wetted membrane was
placed in a vacuum drying oven at 313 K for 24 h before measur-
ing the dry weight. The porosity () was determined as defined by
Eq. (3):

(3)

where  is the porosity of membrane, mw and md are the wet and
dry sample weight (g), respectively; w is the density of pure water
(g/cm3); A is the area of membrane in wet state (cm2); and  is the

J  
V

A t
--------------

R  1 
Cp

Co
------

 
  100%

  
mw   md

A  w
----------------------

Fig. 1. Schematic illustration of the fabrication of SWCNT/TiO2 membrane via vacuum-assisted filtration and the separation of an oil-in-
water emulsion.
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membrane thickness by SEM characterization (cm). Each mem-
brane was measured in triplicate to obtain an average value.

RESULTS AND DISCUSSION

1. Membrane Fabrication and Characterization
A series of SWCNT/TiO2 modified membranes were fabricated

by combining the nano-properties of TiO2 with the special geo-
metrical structure of SWCNTs, and the mass ratio of TiO2 to
SWCNTs was controlled by changing the additive amount of TiO2

during the modification process. The fabrication procedure of
SWCNT/TiO2 modified membrane via vacuum-assisted filtration
assembly is schematically presented in Fig. 1. The bare SWCNTs
tend to agglomerate through strong van der Waals forces [49]. How-
ever, due to the oxidation treatment and subsequent sonication,
the SWCNTs are not intertwined with each other. The ultra-high
purity carboxylated SWCNTs used in this study were made by
nitric/sulfuric acid oxidation treatment. There were abundant car-
boxylic acid groups on the surface of SWCNTs, which could have
polar covalent bonding by the electro-negativity difference [42].
TiO2 is positively charged at a pH of 7, and it can adhere well to
the CA membrane. Moreover, TiO2 nanoparticles are attached to
SWCNTs by surface adsorption and covalent bonding [50,51]. The
surface adsorption results from the electrostatic attraction between
the carboxyl groups on the SWCNT surface and titanium ions [52].
Chemical adsorption is ascribed to the strong interaction between
carboxyl groups and TiO2, such as ester-like linkages and hydro-
gen bonding [53,54].

To elucidate the composites of the membrane surface, FTIR anal-
ysis was performed to investigate the surface functional groups. To
further confirm the ultra-high purity carboxylation of SWCNTs,
FTIR spectra of SWCNTs are shown in Fig. S1. The SWCNT par-

Fig. 2. ATR-FTIR spectra of (a) pure CA membrane, (b) SWCNT
membrane, (c) SWCNT/TiO2 membrane (TiO2/SWCNT=1),
(d) SWCNT/TiO2 membrane (TiO2/SWCNT=3), (e) SWCNT/
TiO2 membrane (TiO2/SWCNT=5), and (f) SWCNT/TiO2
membrane (TiO2/SWCNT=7).

Fig. 3. SEM images of (a) SWCNT membrane, (b) SWCNT/TiO2 membrane (TiO2/SWCNT=1), (c) SWCNT/TiO2 membrane (TiO2/SWCNT=
3), (d) SWCNT/TiO2 membrane (TiO2/SWCNT=5), and (e) SWCNT/TiO2 membrane (TiO2/SWCNT=7). (f) Porosity of modified mem-
branes with various nano-TiO2 contents.

ticles exhibit a broad and strong characteristic peak at ~3,409 cm1

that can be ascribed to the O-H bond stretching of hydroxyl, because
the oxidized SWCNTs possessed abundant carboxyl groups. There
are also obvious stretching vibration bands of C=O at ~1,747 cm1

and ~1,566 cm1. In addition, the bond at ~1,186 cm1 is attributed
to C-O vibration. Fig. 2 shows the FTIR spectra of the CA mem-
brane, SWCNT coated membrane, and SWCNT/TiO2 coated mem-
branes. The CA membrane has characteristic bands at ~3,492 cm1

and ~1,745 cm1, which are attributed to O-H stretching and C=O
stretching, respectively. There are also evident C-H vibration peaks
at ~2,940 cm1 and ~2,883 cm1. The C-O stretching of carboxylic
groups and the C-O-C bridge asymmetric stretching appear at
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~1,238 cm1 and ~1,042 cm1, respectively. When SWCNTs were
deposited on the CA membrane, the characteristic peak of O-H
was not obvious when the transmittance range was large due to
the poor transmittance of SWCNTs to infrared light. When TiO2

was deposited on the SWCNTs fiber, significant changes in the char-
acteristic peaks of the membrane surface were observed, indicat-
ing that TiO2 altered the chemical composition of the membrane
surface. The shift of the O-H vibration band from ~3,492 cm1 to
~3,280 cm1 and the increasingly obvious peak vibration caused by
an increase in the amount of TiO2 both constitute evidence that
more hydrogen bonds were formed in the membrane surface. Fur-
thermore, the modified membrane exhibits a distinct broad peak
at ~727 cm1, which is ascribed to the Ti-O vibration caused by the
adhesion of TiO2 nanoparticles to the SWCNTs fiber. These results
demonstrate that TiO2 nanoparticles are successfully loaded onto
single-walled carbon nanotubes.

The surface morphologies of CA membrane, SWCNT mem-
brane, and SWCNT/TiO2 membranes were investigated by SEM.
The CA membrane exhibited a porous structure and was relatively
smooth compared with modified membranes (Fig. S2(a)). As shown
in Fig. 3(a), SWCNTs were coated on the base membrane surface
loosely with single SWCNT stacked together. The SWCNT mem-
brane is relatively flat compared to the SWCNT/TiO2 membrane.
After the addition of TiO2, TiO2 nanoparticles were uniformly dis-
persed between SWCNTs to enlarge the pore size of the SWCNT
membrane, and some micro/nanostructures were formed on the
membrane surface (Fig. 3(b) and 3(c)). This result constitutes evi-
dence that TiO2 was successfully embedded between SWCNTs
and formed its surface layer to enhance the mechanical strength
and hydrophilicity of the membrane. When the mass ratio of TiO2/
SWCNT was increased to 5, the membrane surface was completely
covered by hydrophilic TiO2 nanoparticles and became relatively
smooth. With a further increase in the concentration of TiO2, it
could be seen that the surface of the modified membrane exhib-

ited no significant change, and it had become flatter (Fig. 3(e)).
Meanwhile, the thickness of the membrane increased slightly, which
could be determined by SEM images using image analysis soft-
ware with more than 5 positions for each membrane, and the
porosity increased first and then decreased (Fig. 3(f)). Both were
essential to the demulsification of oil-in-water emulsions.

AFM was utilized to obtain intuitive information about hierar-
chical structures, which are crucial in controlling the anti-fouling
behavior of the membranes (Fig. 4). A porous CA membrane was
selected as the support for the coating materials. The root-mean-
square roughness (Rq) of the pure CA membrane was 89 nm (Fig.
S2(b)). When SWCNTs were deposited on the original CA mem-
brane, Rq was slightly increased. It is shown that the load of SWCNTs
augmented the roughness of the modified membrane, but still
exhibited a relatively flat surface. On a modified membrane coated
only with carboxylated SWCNTs, because of low electrostatic inter-
actions among the SWCNTs, they are regularly collocated on the
membrane to smooth the surface of the membrane. The Rq of the
SWCNT membrane increased from 93 to 108 nm and 133 nm for
the SWCNT/TiO2 membrane (TiO2/SWCNT=1) and the SWCNT/
TiO2 membrane (TiO2/SWCNT=3), respectively. Due to the addi-
tion of TiO2 nanoparticles, the surface of the SWCNT/TiO2 mem-
brane became rough. In addition, as the amount of TiO2 on SWCNTs
increased, the membrane had a higher surface roughness than the
SWCNT/TiO2 membrane (TiO2/SWCNT=1). Because more load-
ing of TiO2 on the SWCNTs made the modified membrane flat-
ter, as well as the robust interactions between the two components,
the Rq value decreased to 95 nm for the SWCNT/TiO2 membrane
(TiO2/SWCNT=5). As we further increased the TiO2/SWCNT mass
ratio to 7, the surface roughness of the modified membrane was
further reduced with the Rq value of 87 nm. This change is also con-
sistent with the surface morphology described by the SEM. Indeed,
it has been reported that an increase in the surface roughness is
responsible for the formation of hydrophilicity as well as super-

Fig. 4. 3D AFM images of (a) SWCNT membrane, (b) SWCNT/TiO2 membrane (TiO2/SWCNT=1), (c) SWCNT/TiO2 membrane (TiO2/
SWCNT=3), (d) SWCNT/TiO2 membrane (TiO2/SWCNT=5), and (e) SWCNT/TiO2 membrane (TiO2/SWCNT=7). (f) Rq values of
membranes with different TiO2/SWCNT mass ratios.



Superwetting composite membrane for highly efficient oil-in-water emulsion separation 2059

Korean J. Chem. Eng.(Vol. 37, No. 11)

oleophobicity underwater in the water/membrane interface [55].
2. Wetting Behavior

Increasing the surface roughness can facilitate the formation of
super-hydrophilic and super-oleophobic surfaces because the mem-
brane surface can solidify a part of the water molecules into its hierar-
chical structure, thereby forming a hydration layer, which can
avoid oil droplets from direct contact with the membrane surface
and facilitate the demulsification of oil-in-water emulsions [32].
Therefore, it can be inferred that separation performance and anti-
fouling properties are highly dependent on the wetting behavior of
the membrane surface.

To characterize the surface wettability by hydrophilicity in air
and oleophobicity in water of the modified membranes, a series of
contact angles were measured. Our previous work demonstrated
that the water contact angle of the pure CA membrane could not
be measured after 2 s because of the microporous structure [24].
The results of water contact angle (WCA) and underwater oil
contact angle (UOCA) of the SWCNT and SWCNT/TiO2 mem-
branes are shown in Fig. 5. Compared with the hydrophobicity of
bare SWCNTs, the hydrophilicity of ultra-high purity carboxylated
SWCNTs was increased evidently due to the abundant carboxyl
groups formed by the oxidation of strong acid. The WCA of the
SWCNT membrane was 32.2o±1.5o, which is unfavorable for emul-
sion separation (Fig. 5(a)). The WCA of membranes decreased

with the addition of TiO2, implying that the hydrophilic character-
istic of nanoparticles made the membrane surfaces more hydro-
philic. It can also be seen that the WCA was less than 10o within
2 s, corresponding to the TiO2/SWCNT mass ratio of 3, 5 and 7,
suggesting super-hydrophilicity in air.

Since the as-prepared membranes were mainly used in an aque-
ous environment, the underwater oil contact angle also constituted a
key parameter. Fig. 5(b) shows that the UOCA of the SWCNT
membrane was 106.5o±1.6o and oil droplets can easily adsorb on
the surface of the membrane, which cannot meet the requirements
of oil-in-water emulsion separation. When the mass ratio of TiO2/
SWCNT was 1, the UOCA was 131.2o±2.1o, which is not condu-
cive to the anti-fouling properties of the membrane. As the amount
of TiO2 nanoparticle coating increased, the SWCNT/TiO2 com-
posite membranes showed an improved underwater oleophobicity
with UOCA of 153.4o±3.5o, 157.6o±2.2o and 165.2o±2.5o, corre-
sponding to the TiO2/SWCNT mass ratio of 3, 5 and 7, respec-
tively. In aggregate, the underwater oil contact angle increased as
the TiO2/SWCNT mass ratio increased. It is obvious that super-
hydrophilicity (WCA<10o) and underwater super-oleophobicity
(UOCA>150o) of SWCNT/TiO2 membrane were achieved by coat-
ing an appropriate amount of hydrophilic TiO2 nanoparticles on
SWCNTs. Moreover, owing to the hierarchical structures, more
water would be entrapped in the membrane pores to form a robust

Fig. 5. Water contact angle in air (a) and underwater oil contact angle (b) of SWCNT/TiO2 membranes with different TiO2/SWCNT mass ratios.
Photographs of dynamic measurements of oil-adhesion under water of the (c) SWCNT membrane and (d) SWCNT/TiO2 membrane
(TiO2/SWCNT=3).



2060 Y. Sun et al.

November, 2020

hydration layer, which can avoid direct contact between oils and
membrane surfaces. Overall, as the surface hydration capacity in-
creased, the underwater oil contact angle also increased.

To further elucidate the oil repellency of the two different modi-
fied membranes, the SWCNT membrane and SWCNT/TiO2 mem-
brane (TiO2/SWCNT=3) were submitted to an underwater adhesion
test. Fig. 5(c) and 5(d) show dynamic photographs, in which a 3L
oil droplet was forced to touch the surface of the SWCNT mem-
brane and SWCNT/TiO2 membrane and then lifted up. The obvi-
ous deformation of the oil droplet proved that it was in full contact
with the membrane surface. Consequently, as the oil droplet was
lifted off of the SWCNT membrane, the oil droplet formed an ellip-
tical shape due to adhesion to the membrane surface and eventu-
ally remained on the membrane. However, due to the lower adhesion
of the oil droplet to the membrane surface, the oil droplet could
overcome the adhesive force, which facilitated the detachment of
the oil droplet from the SWCNT/TiO2 (TiO2/SWCNT=3) mem-
brane. For the hierarchical SWCNT/TiO2 (TiO2/SWCNT=3) mem-
brane, the trapped water barrier layer effectively prevented oil contact
with the membrane. It could efficiently increase the anti-fouling
properties and ensure long-term operational stability of separation
efficiency.
3. Separation Performance and Anti-fouling Properties

Due to the hierarchical structure and superwetting behavior, water
molecules in the emulsion could be selectively adsorbed or perme-
ated through the SWCNT/TiO2 membrane, resulting in effective
and fast separation of surfactant-stabilized oil-in-water emulsions
with different oil phases. The flux and separation efficiency of the
SWCNT/TiO2 membrane for SDBS-stabilized hexadecane-in-water
emulsion are shown in Fig. 6(a). It can be seen that the SWCNT/
TiO2 (TiO2/SWCNT=3) had the highest flux of 4,777.07 L·m2·h1,
and the oil rejection could reach 99.47%. This flux value is one order
of magnitude higher than commercial filtration membranes with
similar rejection properties [11,56,57]. As the mass ratio of TiO2/
SWCNT increased to 5 and 7, respectively, the oil repellency of the
modified membranes gradually increased to 99.58% and 99.66%,
while the flux decreased to 2,866.24 L·m2·h1 and 2,388.53 L·m2·
h1. The Hagen-Poiseuille equation (J=rp

2
p/8L) could be used

to analyze the flux of liquid through an open pore, by the liquid
passing through the membrane, where the flux J is proportional to
pore size rp and surface porosity  and inversely proportional to

membrane thickness L [58]. As the loading of TiO2 increases, the
membrane thickness increases and its pore diameter decreases. It
can also be seen from Fig. 3(f) that the surface porosity was 69.80%,
60.83% and 53.88% for TiO2/SWCNT membranes of 3, 5, and 7 mass
ratio, respectively. Therefore, with the increase of TiO2/SWCNT mass
ratio from 3 to 7, the flux gradually decreased. This result was also
consistent with the surface roughness results shown in Fig. 4 and
contact angles shown in Fig. 5(a) and 5(b).

The oil repellency of all SWCNT/TiO2 membranes was higher
than 98%. These results indicate that oil-in-water emulsions could
be successfully separated by SWCNT/TiO2 modified membranes.
Note that 50 mL oil-in-water emulsion cannot penetrate and pass
through the pure CA membrane, indicating its poor anti-fouling
performance. The SWCNT/TiO2 (TiO2/SWCNT=3) membrane was
selected as a suitable sample to compare the flux and separation
efficiency with the SWCNT modified membrane. Fig. 6(b) shows
the separation results of two modified membranes for four differ-
ent oil-in-water emulsions. The SWCNT membrane has lower oil
repellency than the SWCNT/TiO2 membrane, and the flux is only
approximately one-half of that of the SWCNT/TiO2 membrane. It
is well known that the oil-in-water separation mechanism of micro-
filtration membranes is the molecular sieve effect. The micro-aper-
ture of the membrane acts as an efficient passageway for water
transport, while the macromolecular oil droplets were rejected on
the membrane. This is because the addition of TiO2 on SWCNTs
increased the pore size and porosity of the SWCNT membrane sur-
face, which in turn increased the permeate flux. As shown in Fig.
S3 of the oil droplet size distribution of four oil-in-water emulsions,
although the addition of TiO2 increased the membrane pore diame-
ter, it is much smaller than the smallest oil droplet size in the four
oil-in-water emulsions, so that the separation effect is not dimin-
ished. Under the synthetic effect of hydrophilicity and physical block-
ing, water molecules are much easier to pass through the channels,
while the oil droplets are obstructed outside of the membrane. There-
fore, much less oil was detected in the filtrate through the SWCNT/
TiO2 membrane than SWCNT membrane. This result was also in
accordance with the result of the underwater simulated oil-adhe-
sion test as presented in Fig. 5(c) and 5(d).

Compared with other composite membranes in the literature that
deal with oil-in-water emulsions, the SWCNT/TiO2 (TiO2/SWCNT=
3) membrane exhibits excellent separation performance (Table 1)

Fig. 6. (a) Permeation flux and oil-in-water separation performance of SWCNT/TiO2 membranes. (b) Oil/water separation performance of
SWCNT and SWCNT/TiO2 membrane (TiO2/SWCNT=3) for oil-in-water emulsions of different oil phases.
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[30-32,59-64]. Among these studied systems, the present system
has much higher initial oil concentration than that of other sys-
tems. As the initial oil concentration is 1,500 mg/L, higher perme-
ation flux and oil rejection could be achieved by the optimal modified
membrane.

Furthermore, an emulsion containing white mineral oil was pre-
pared to evaluate the anti-fouling property of the modified mem-
branes. It was assessed by detecting the change of the flux and sep-
aration efficiency during cyclic experiments. As observed in Fig. 7,
the flux of the SWCNT membrane exhibited a continuous decreas-
ing trend, whereas the SWCNT/TiO2 membrane did not decrease
obviously with increasing cycle number, even up to ten cycles. It
can be seen that the separation efficiency of both membranes is
above 98%, but that of the SWCNT/TiO2 membrane in every cycle
remains greater than 99.5%. This means that the oil content in the
filtrate is less than 8 mg/L. As discussed above, the architecture of
the hydrophilic TiO2 contributed to hierarchical structures and higher
water capture capacity, thus reducing the possibility of oil stain adhe-
sion on the membrane. In addition, TiO2 nanoparticles could polar-
ize hydrates to form abundant surficial hydroxyl groups, which will
chemically enhance anti-fouling ability. Therefore, the oil droplets

have a stronger adhesion to a membrane that is not coated with
TiO2, as can be seen from underwater oil-adhesion tests in Fig. 5(c)
and 5(d). This indicates the superior recyclability of the SWCNT/
TiO2 membrane, which is essential for practical applications.

CONCLUSIONS

Although SWCNT-coated membrane has a certain effect on de-
mulsification of oil-in-water emulsions, its permeate flux and anti-
fouling performance need to be further improved. TiO2 nanoparti-
cles contribute to the formation of hierarchical structures, polarize
hydrates, and increase the porosity of the membrane surface, thus
augmenting the anti-fouling ability and water transport efficiency
of the membrane. With the addition of the super-hydrophilic and
underwater super-oleophobic properties of the SWCNT/TiO2 modi-
fied membrane, an ultrahigh permeation flux of up to 4,777.07 L·
m2·h1 was achieved, which is one order of magnitude higher than
commercial filtration membranes with similar oil rejection prop-
erties. The membrane has excellent oil-in-water separation perfor-
mance with efficiency greater than 99.47%. More importantly, the
modified membrane maintains high separation capacity even after

Table 1. Comparison of separation performance of SWCNT/TiO2 (TiO2/SWCNT=3) membrane and other composite membranes

Composite membranes Model oil  Initial oil concentration
(mg/L)

 Permeation flux
L/(m2·h·bar) Oil rejection Ref.

PVDF/polyamide /PVA Oil (GS-1) 0,100 47.5 98.5%0 [30]
P(VDF-co-CTFE)-g-PMAA-

g-0.136 fPEG (PVDF/AP)
Hexadecane 0,500 ~20.59 98%00. [31]

GO/TiO2 Hexadecane 0,200 531 97.5%0 [32]
ZrO2-Al2O3 20# engine oil 1,000 316.25 97.8%0 [59]
polymer@CNT Soybean 1,000 4,592 - [60]
silica-NPs/-alumina

tubular membrane
Cyclohexane 0,500 116.67 93%00. [61]

CNTs-PVA Petroleum 1,000 300 95%00. [62]
nanosilica/PSF  Machine oil 0,065 160 98.89% [63]
15 wt%SZY(SO4

2/
ZrO2-Y2O3)/PSF

 Machine oil 0,120 55 99.16% [64]

SWCNT/TiO2 Hexadecane 1,500 4,777.07 99.47% This work

Fig. 7. Change of flux (a) and separation efficiency (b) with cycle times when separating white mineral oil-in-water emulsion by SWCNT and
SWCNT/TiO2 (TiO2/SWCNT=3) membrane.
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ten cycles and the oil fouling in the membrane can be cleaned by
simple water cleaning, indicating the excellent antifouling property
of the membrane. Therefore, we expect that this study would be
beneficial for the separation of oil-in-water emulsions by microfil-
tration processes.
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Table S1. Comparison of separation effects of several adsorbents and membrane materials

Materials  Oil removal efficiency/
oil adsorption capacity Recyclability Ref.

Inorganic sorbents 19.6%-21.2% - [14]
Organic sorbents 43%-95% - [14]
Sponge 25-87 times its own weight 05 cycles [15]
Natural fiber materials 85.2% 08 cycles [16]
Aerogel 22-87 times its own weight 05 cycles [17]
Membrane 99.75% 10 cycles This work

Fig. S1. ATR-FTIR spectra of SWCNTs particles.
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Fig. S2. SEM image (a) and AFM image (b) of pure CA membrane.

Fig. S3. Oil droplet size distribution of the SDBS-stabilized oil-in-water emulsion, including (a) hexadecane-in-water, (b) white mineral oil-
in-water, (c) decane-in-water, and (d) petroleum ether-in-water was examined by DLS.
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