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lic and underwater
superoleophobic chitosan–TiO2 composite
membrane for fast oil-in-water emulsion
separation†

Yanqing Du, a Yujiang Li *a and Tao Wu*b

Oil/water separation has become a worldwide challenge due to large volumes of industrial oily wastewater

and frequent oil spill accidents, which constitute an enormous threat to human and biological safety.

Herein, a superhydrophilic and underwater superoleophobic composite membrane was fabricated using

the vacuum-assisted filtration technique of assembly of chitosan (CS) and titanium dioxide (TiO2) on

a cellulose acetate membrane for emulsified oil separation. The hydrophilic chitosan–TiO2 (CST)

composite and nanoscale hierarchical structure are beneficial for forming a water layer that can repel

the infiltration of oil droplets into the membrane. The modified membrane demonstrated an excellent

flux up to 6002.5 L m�2 h�1 for hexadecane-in-water emulsion, which is one order of magnitude higher

than traditional filtration membranes. Furthermore, the separation efficiency for all of the emulsified oils

is above 97%, indicating superior oil/water separation performance. Most importantly, the modified

membrane can maintain underwater superoleophobicity even in corrosive aqueous media, including

strongly acidic, strongly alkaline, and highly saline solutions. It is expected that the chitosan–TiO2

composite membrane can be potentially useful in treating oily wastewater from industry and daily life.
1. Introduction

With the development of the world economy, large volumes of
oily wastewater are produced by the food, pharmaceutical,
petrochemical, textile, metal nishing, and steel industries and
frequent oil spill accidents, which bring severe environmental
pollution.1–3 Due to the severe negative inuences of oily
wastewater on the environment and human life, functional
materials that can separate oily wastewater efficiently are highly
sought by many researchers. Conventional oil/water separation
techniques, such as centrifugation, skimming, coagulation–
occulation, air otation and gravity separation, are restricted
by high energy input, complex separation steps, generation of
secondary pollutants, and low separation efficiency in treating
oil-in-water emulsions.4–6 However, membrane separation
technology has been acknowledged as an advancedmethod that
is environmentally friendly, economical, highly efficient,
possesses a small footprint, and is easy to scale up compared to
other techniques.7,8
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There are two types of oil/water separation membranes that
have been utilized to separate oily wastewater, including “oil-
removing” and “water-removing”.9 In recent years, “oil-removing”
membranes with a superhydrophobic and superoleophilic surface
have attracted widespread attention. The “oil-removing”
membrane allows the oil droplets to lter through, be absorbed
by, or spread over the membrane surface, and the water is
repelled. For example, Li et al. coated silica particles on stainless
steel mesh to fabricate a highly hydrophobic and superoleophilic
surface for oil/water separation.10 Cao et al. reported a highly
hydrophobic mesh coating with adhesive polydopamine and
n-dodecyl mercaptan for oil/water separation.11 However, during
the oil removal process, these superoleophilic membranes are
easily polluted or even blocked by adhered or adsorbed oils due to
their intrinsic oleophilic property, which induces a rapid decrease
in ux, separation efficiency, and membrane life. Furthermore, it
is difficult to remove these adhered or adsorbed oils. Cleaning oils
during the post-treatment process also results in second pollution,
as well as a waste of both oleophilic materials and oils.12,13 In
contrast, “water-removing” membrane with superhydrophilic and
underwater superoleophobic materials could overcome these
disadvantages, and constitutes an attractive approach to solve the
long-term use and effective oily wastewater separation problems.14

In addition, during the oily water separation process, the oil-
adhesion force of the underwater superoleophobic membrane is
This journal is © The Royal Society of Chemistry 2017
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View Article Online
extremely low, preventing the membrane from fouling by oil,
which makes the membrane recyclable.

Recently, many research groups have fabricated underwater
superoleophobic membranes for oil/water separation. As
a typical example, Liu et al. reported a polydopamine-coated
reduced graphene oxide membrane with high separation effi-
ciency for multiple types of oil-in-water emulsions.15 Lin et al.
fabricated a TiO2 nanocluster-based mesh by a strategic
solvothermal method in situ emulsion separation with an
ultrafast and efficient step.16 Zhao et al. reported a facile free-
standing graphene oxide-palygorskite (GOP) nanohybrid
membrane with high separation efficiency and antifouling
property.17 However, most of these membranes were not
chemically stable in corrosive conditions, especially under
a strong acid or alkali environment, which seriously limited the
application of the membrane. Therefore, to develop a stable
underwater superoleophobic membrane which can adapt to
sharp corrosive conditions, possesses high oil/water separation
ux, and is economically feasible is of paramount signicance.

Chitosan (CS), as a nontoxic, naturally biodegradable, and
biocompatible polysaccharide derived from the deacetylation of
chitin has become an attractive polymer with high hydroxyl and
amino functional groups present on the surface.18–23 Moreover,
the amines of chitosan are protonated under acidic conditions to
confer chitosan positive charges and membrane-forming prop-
erties.24 Titanium dioxide (TiO2) nanoparticles with a super-
hydrophilic surface, high safety and stability, wide availability,
low cost, and self-cleaning surface, have been regarded as the
optimal candidate material for effective oil/water separation.25,26

In this work, we expect to develop a superhydrophilic and
underwater superoleophobic membrane by the ltration tech-
nique under a vacuum ltration device based on chitosan and
TiO2 on a cellulose acetate membrane for the separation of oil-in-
water emulsions. The resulting modied chitosan–TiO2 (CST)
composite membrane is not only excellent for oil-in-water emul-
sions separation with high separation efficiency and ux, but also
suitable for large-scale production. The modied membrane
shows outstanding underwater superoleophobicity even in
strongly acidic, alkaline, and saline environments. The current
work may contribute substantially to the development of efficient
and inexpensive oil/water separation membranes for practical
applications.

2. Experimental
2.1 Materials

The cellulose acetate membrane (CAM, pore size 220 nm, 4
47 mm) utilized in this work was purchased from Beijing Safe-
lab Technology, Ltd., Beijing, China. TiO2 nanoparticles
(anatase, hydrophilic, 60 nm, 99.8%) (Macklin Biochemical
Technology Co., Ltd., Shanghai, China), hexadecane (Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan), glutaraldehyde
(Tianjin Damao Chemical Reagent Co., Ltd., Tianjin, China),
carbon tetrachloride (Tianjin Guangfu Fine Chemical Research
Institute, Tianjin, China), octane (Aladdin, China), and sodium
dodecyl sulfate (SDS, Tianjin Fengchuan Chemical Reagent
Technologies Co., Ltd., Tianjin, China) were used as purchased.
This journal is © The Royal Society of Chemistry 2017
Chitosan, petroleum ether, toluene, acetic acid, and 1,2-
dichloroethane were purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China and used as received.
Deionized (DI) water (conductivity 18.2 MU cm�1) was achieved
from a Milli-Q system (Flom, China).

2.2 Fabrication of the CST and CS modied membrane

The CST and CS modied membranes were fabricated by the
ltration technique under a vacuum ltration device. Typically,
30 mg of chitosan was dissolved in 100 mL 1% (v/v) of acetic
acid solution, and then 0.2mL of glutaraldehyde was added into
this solution. Subsequently, the prepared solution was stirred
gently at room temperature for 12 h to obtain a homogenous
solution. TiO2 nanoparticles (5 mg, 20 mg, and 35 mg) were
ultrasonically dispersed in 50 mL deionized water. To fabricate
the CST modied membrane, the resulting chitosan homoge-
nous solution (5 mL) was vacuum-ltrated on one piece of clean
cellulose acetate membrane rstly, and then 5 mL TiO2 solution
with different concentrations was vacuum-ltrated on the
CS-coatedmembrane. The membrane was further dried at 40 �C
in an oven for 6 h, and then the resulting membrane was
washed with deionized water, and further dried at 40 �C for 2 h.
Due to the mass ratio of CS and TiO2, the modied CST
membranes were denoted as CST (3 : 1), CST (3 : 4) and CST
(3 : 7), respectively. The chitosan was 0.12 mg cm�2 for each
modied membrane. In addition, the TiO2 content for CST
(3 : 1) membrane, CST (3 : 4) membrane and CST (3 : 7)
membrane was 0.04, 0.16, 0.28 mg cm�2, respectively. Similar to
the CST modied membrane, the CS modied membrane was
fabricated by pouring chitosan homogenous solution (5 mL) on
the cellulose acetate membrane. The resulting membrane was
further dried at 40 �C in an oven for 6 h, then washed with
deionized water, aer which the membrane was further dried at
40 �C in an oven for 2 h.

2.3 Preparation of the oil-in-water emulsions

Different kinds of surfactant-stabilized oil-in-water emulsions
(hexadecane-in-water, octane-in-water, petroleum ether-in-
water, and toluene-in-water) were prepared by adding 1.5 g of
oil in 1 L of deionized water, and thenmixed with 0.05 g sodium
dodecyl sulfate (SDS) as the emulsier, followed by stirring the
mixture by a homogenizer (HG-15D, DAIHAN Scientic Co.,
Ltd., Korea) at 10 000 rpm for 10 min to produce a milky solu-
tion. All of the emulsions were stable at room temperature for
hours and were used for oil/water separation immediately.

2.4 Oil-in-water emulsion separation

The emulsion separation tests were performed by a vacuum
lter apparatus (Fig. S1†) equipped with the modied
membrane (separation area is 12.56 cm2). The membrane was
wetted by water prior to oil-in-water emulsion separation. For
each separation process, 50 mL of the prepared oil-in-water
emulsion was poured into the upper ltration cup under
a pressure difference of 0.09MPa. The water permeated through
themembrane quickly and was collected into the container, and
the oil content in the collected water was determined by an
RSC Adv., 2017, 7, 41838–41846 | 41839
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infrared spectrometer oil content analyzer (Oil 460, Beijing
China Invent Instrument Tech. Co., Ltd., Beijing, China). Aer
each cycle, the membrane was washed with deionized water,
and then used for the next cycle until the membrane was
completely blocked.
2.5 Characterization

The morphology of each membrane surface was observed using
by scanning electron microscopy (SEM, JEOL JSM-6700F, Japan)
and an energy dispersive X-ray spectroscopy (EDS) detector
attached to the SEM was used to examine the elements distri-
bution of the membrane surface. Contact angles (CA), including
water contact angle (WCA) in air and underwater oil contact
angle (OCA), were conducted on an interfacial rheometer
(Tracker, IT Concept, France). To measure the WCA, water
droplet (2 mL) was directly dropped onto the membrane surface
using a microsyringe. When measuring the OCA, the
membranes were rst xed on a glass slide and then wetted by
water. The glass slide was put into a self-designed system
including a transparent polycarbonate container serving as the
water reservoir. 2 mL of oil droplet (1,2-dichloroethane) was
carefully dropped on the membrane surface. The CA was ob-
tained by measuring three different positions, and then the
average value was calculated. Optical microscope images of oil-
in-water emulsions were taken with a uorescent microscope
(Eclipse E200, Nikon Corporation, Japan). Dynamic light scat-
tering (DLS, BI-200SM/BI-9000, Brookhaven, USA) was utilized
to examine the oil droplet sizes of the oil-in-water emulsions.
The surface roughness of the modied membrane was charac-
terized utilizing atomic force microscopy (AFM, Bruker, USA)
under tapping mode. The chemical compositions of the
membranes were obtained by X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250XI, USA).
3. Results and discussion
3.1 Preparation and surface morphology characterization of
the modied membranes

The fabrication of CST membranes by the vacuum-assisted
ltration technique was schematically presented in Fig. 1. The
Fig. 1 Schematic illustration of the preparation procedure for the
chitosan–TiO2 composite membrane by the vacuum-assisted filtra-
tion technique.

41840 | RSC Adv., 2017, 7, 41838–41846
protonated amine group of chitosan is positively charged, and it
can adhere well to the cellulose acetate membrane. The amino
group of chitosan can react with the aldehyde group of glutar-
aldehyde to form a network copolymer.27 Chitosan (1.5 mg) was
rst ltered to the pristine cellulose acetate membrane,
enhancing the hydrophilic property of the modied membrane
due to the existence of hydroxyl and amino functional groups on
the chitosan. And then 5 mL TiO2 solution with different
concentrations was vacuum-ltrated on the CS-coated
membrane. Herein, TiO2 nanoparticles had nanoscale rough-
ness and ensured good superhydrophilicity and underwater
superoleophobicity. Moreover, TiO2 nanoparticles could be
closely deposited on the surface of chitosan through electro-
static interactions.28

To achieve advanced performance of effective oil/water
separation, a membrane with superior oil resistance and
water-spreading velocity is crucial. As is well-known, both
geometrical structure and chemical composition inuence the
wettability of solid surfaces.29–32 In this work, TiO2 nanoparticles
with a nanoscale hierarchical structure is critical for super-
hydrophilicity based on Cassie–Baxter theory.33 The scanning
electron microscope (SEM) images of pristine and modied
membranes by chitosan and TiO2 were depicted in Fig. 2. As
clearly presented in Fig. 2a, the pristine cellulose acetate
membrane exhibited an abundant porous structure with a rela-
tively smooth and clean surface. However, aer coating a layer
of chitosan, we found that the porous structure of the pristine
cellulose acetate membrane was preserved, and some nano-
structures were formed on the surface of the membrane
framework (Fig. 2b). Then, with the increase of TiO2, the
hydrophilic nanoparticles on the CST membrane increased,
while the effective pore size decreased correspondingly (Fig. 2c–
e), which is advantageous for the demulsication of emulsied
oil containing small oil droplets. As shown in Fig. 2d, when the
TiO2 nanoparticles were increased to 20 mg, a layer of hydro-
philic TiO2 completely covered the membrane surface and lled
the membrane pores. In addition, it can be seen from the
membrane surface that the TiO2 nanoparticles aggregated
together to form a rough surface. With further increase of the
content of TiO2, the surface morphology of the modied
membrane exhibited no apparent change (Fig. 2e).

To prevent membrane fouling, both chemical composition
and hierarchical micro/nanostructures of membranes are two
important factors. As is shown in Fig. 2f, root-mean-square
roughness (Rq) was obtained by the AFM image of the
membrane to determine roughness. We chose a porous cellu-
lose acetate membrane with 3D pores as the skeleton or support
for the coating materials. The AFM image showed that the
pristine cellulose acetate membrane exhibited an Rq of 95.6 nm
(Fig. S2a†). We deposited 1.5 mg of chitosan onto the pristine
cellulose acetate membrane by vacuum ltration, and found
that the roughness of the CSmodied membrane was increased
as the Rq was 108.67 nm (Fig. S2b†). When we added 0.5 mg
hydrophilic TiO2 nanoparticles onto the membrane, the Rq

value decreased to 104.30 nm as presented in Fig. S2c,† indi-
cating the loss of roughness with the coating of TiO2. As we
further increased the hydrophilic TiO2 nanoparticles to 2 mg,
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of (a) pristine cellulose acetate membrane, (b) CS modified membrane, (c) CST (3 : 1) membrane, (d) CST (3 : 4) membrane,
and (e) CST (3 : 7) membrane. (f) Rq values of different modified membranes: A – pristine cellulose acetate membrane, B – CS modified
membrane, C – CST (3 : 1) membrane, D – CST (3 : 4) membrane, and E – CST (3 : 7) membrane.
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the Rq value of the CST (3 : 4) modied membrane decreased to
85.30 nm, which indicated that the microscale roughness of the
modied membrane was gradually lost as the hydrophilic TiO2

nanoparticles increased. When the content of TiO2 nano-
particles increased to 3.5 mg, the surface roughness was nearly
unchanged with the Rq value of 85.90 nm. The relationship
between surface roughness and membrane surface wettability
will be discussed later.

X-ray photoelectron spectroscopy (XPS) was used to analyze
the surface chemical composition of the pristine cellulose
acetate membrane and the modied membranes. As shown in
Fig. 3a, the elements of carbon and oxygen were examined on
the pristine cellulose acetate membrane, while a weak N 1s peak
at 399.9 eV was existent on the CS and CST modied
membranes, which should arise from chitosan and the cross-
linking agent glutaraldehyde. A strong Ti 2p peak was evident
on the CST modied membranes, indicating that the TiO2

nanoparticles were successfully coated. The element contents of
different membranes were presented in Table S1.† The high-
resolution spectra of C 1s peak showed four sub-peak at
This journal is © The Royal Society of Chemistry 2017
285.0 eV, 286.3 eV, 287.2 eV and 288.9 eV, which were assigned
to the –CHX(C–C and C–H), C]N, C–O and O–C]O bonds,
respectively (Fig. 3b).25 As shown in Fig. 3c, a high-resolution
spectra of N 1s peak was observed at 399.4 eV. The Ti 2p
exhibited two distinct peaks at 458.1 eV of Ti 2p3/2 and at
464.0 eV of Ti 2p1/2 (Fig. 3d). Furthermore, the CST (3 : 4)
membrane was measured by EDS mapping to investigate
surface element composition. As shown in Fig. S3,† the EDS
mapping results indicated that Ti, O, C and N were uniformly
distributed on the membrane surface.
3.2 Wettability of membrane

To achieve effective oil/water separation, a membrane surface
with stable superhydrophilic and underwater superoleophobic
properties is critical. To evaluate the wettability of the pristine
and modied membranes, both water contact angle (WCA) in
air and underwater oil contact angle (OCA) were measured. As
can be seen in Fig. 4a, the pristine cellulose acetate membrane
showed a WCA of 82.5 � 5.0�, which is not suitable for oil/water
RSC Adv., 2017, 7, 41838–41846 | 41841
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Fig. 3 (a) XPS survey spectra of the pristine cellulose acetate membrane and the modified membranes, and the corresponding high-resolution
spectra of (b) C 1s, (c) N 1s and (d) Ti 2p.

Fig. 4 (a) Water contact angle of different modified membranes and
(b) underwater oil (1,2-dichloroethane) contact angle of different
modified membranes: A – the pristine cellulose acetate membrane, B
– CS modified membrane, C – CST (3 : 1) membrane, D – CST (3 : 4)
membrane and E – CST (3 : 7) membrane.
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separation. The CS modied membrane had a water contact
angle of 69.2 � 4.7�, due to the amine groups present in chi-
tosan, which is hydrophilic. With the increase of TiO2 nano-
particles, the WCA decreased rapidly. It can be seen that the
WCA was nearly 0� within several seconds with the mass ratio of
CS/TiO2 of 3 : 4 and 3 : 7, indicating their superhydrophilicity.
Underwater oil (take 1,2-dichloroethane as an example) contact
angles can be utilized to evaluate the underwater oleophobic
properties of different membranes. As shown in Fig. 4b, the
pristine cellulose acetate membrane showed an underwater
contact angle of 112.5 � 3.8� and oil can easily adhere to the
membrane, leading to membrane clogging. The CS modied
membrane had a OCA of 139.2 � 4.7�, and the relatively weak
underwater oleophobic property cannot meet the requirement
of oil/water separation. When the mass ratio of CS/TiO2 was
3 : 1, the OCA of the modiedmembrane was 155.7� 3.3�. With
the increase of hydrophilic TiO2 nanoparticles, the underwater
oil contact angles from 161.1 � 4.5� for the CST (3 : 4)
membrane to 165.7 � 5.0� for the CST (3 : 7) membrane. The
CST (3 : 4) and CST (3 : 7) modied membranes showed typical
superhydrophilicity in air and underwater superoleophobic
properties. The architecture of the hydrophilic TiO2 contributed
to hierarchical nanostructures and higher water capture
capacity. It is usually accepted that hierarchical nanostructures
and surface hydrophilicity of membrane surfaces synergistically
contributed superhydrophilic and underwater superoleophobic
properties.17 Comparing the contact angles of the pristine
cellulose acetate membrane and the CS modied membrane,
we can conclude that the hydroxyl and amino functional groups
41842 | RSC Adv., 2017, 7, 41838–41846 This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Underwater oil-adhesion test of the CST (3 : 4) membrane. An oil droplet (1,2-dichloroethane, 2 mL) was contacted with the membrane
surface, and then allowed to lift up.
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on the chitosan and the geometrical structure synergistically
improved the wettability of the membrane surface. With the
addition of TiO2 nanoparticles, surface roughness is reduced,
but the improvement of membrane surface wettability is
obvious. Therefore, the superhydrophilic TiO2 nanoparticles
played a key role in membrane surface hydrophilicity. Thus, the
excellent wetting with superhydrophilicity and underwater
superoleophobicity of the modied membrane is obtained by
the synergistic effect of the outstanding hydration capacity of
TiO2 nanoparticles and hierarchical nanostructures. We also
measured the contact angle of oil droplets in air. Contrary to our
expectations, the oil (1,2-dichloroethane, 2 mL) contact angle in
air was close to 0� for the CST (3 : 4) membrane, as presented in
Fig. S4.† We believe that the cause of the CST (3 : 4) membrane
superhydrophilicity and superoleophilicity in air is the intrinsic
high surface energy and the micro/nanoscale hierarchical
structures, which signicantly amplify wettability.

To further investigate the oil repellent property of the
membrane, the CST (3 : 4) membrane was selected as a suitable
sample for an underwater oil-adhesion test. The underwater oil-
adhesion test was dynamically measured using a 1,2-dichloro-
ethane oil droplet (2 mL) on the needle tip of a microsyringe to
contact with the CST (3 : 4) membrane and then leave the
surface of the modied membrane. As can be seen in Fig. 5, an
oil droplet was compressed on the membrane surface from
a spherical to an ellipsoidal shape, and then leaves the surface
of the CST (3 : 4) membrane easily. It can be seen from the
image that the oil droplet can overcome the adhesion force with
the CST (3 : 4) membrane, and the oil droplet exhibited almost
no obvious deformation. In addition, there was no residue on
the surface of the membrane. This result demonstrated that the
underwater oil-adhesion force is extremely low, and simulta-
neously showed that the CST membrane has a superior anti-oil-
fouling property.
Fig. 6 (a) Flux and separation efficiency of different membranes for
separation hexadecane-in-water: A – pristine cellulose acetate
membrane, B – CS modified membrane, C – CST (3 : 1) membrane, D
– CST (3 : 4) membrane, and E – CST (3 : 7) membrane. (b) Changes of
flux of CST (3 : 4) membrane with increasing cycle numbers for
separation.
3.3 Separation of oil-in-water emulsions by the modied
membranes

To test the separating capacities of the pristine and modied
membranes for oil-in-water emulsions, a series of proof-of-
concept studies were performed. Cyclic oil/water separation
tests were conducted using a vacuum ltration setup with
a membrane permeation area of 12.56 cm2. Prior to the sepa-
ration process, the membrane was wetted by water and then
sandwiched between two glass devices. The separation process
for oil-in-water emulsion is simple. When the vacuum pump's
switch was turned on, 50 mL of oil-in-water emulsion was
This journal is © The Royal Society of Chemistry 2017
separated by the modied CST membrane under a pressure
difference of 0.09 MPa. Aer each surfactant-stabilized emul-
sion separation experiment, the used membranes were rinsed
with water. The permeate ux F (L m�2 h�1) was calculated by
using eqn (1):

F ¼ V

At
(1)

where V (L) is the volume of the oil-in-water emulsion; A (m2) is
the effective membrane area; and t is the time of the permeation
experiment. The oil rejection coefficient R (%) was calculated by
eqn (2):

R ¼
�
1� CP

C0

�
� 100% (2)
RSC Adv., 2017, 7, 41838–41846 | 41843

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08266e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 8

:3
1:

33
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
where C0 and CP are the concentration of oil in the original oil-
in-water emulsions and the permeate solution, respectively. The
oil content of permeate was determined by an infrared spec-
trometer oil content analyzer (Oil 460, Beijing China Invent
Instrument Tech. Co., Ltd., Beijing, China).

The ux and oil rejection coefficient of the pristine and the
modied membranes for hexadecane-in-water emulsion are
shown in Fig. 6a. It should be pointed out that the ux of
emulsion was the average velocity for several cycles. 50 mL
hexadecane-in-water emulsion cannot permeate and pass
through the pristine cellulose acetate membrane, indicating its
weak anti-oil-fouling performance (Video S1†). It can be seen
that the CST (3 : 4) membrane had the highest ux of
6002.5 L m�2 h�1, which is one order of magnitude higher than
conventional ltration membranes (Table S2†).34–38 When the
mass ratio of chitosan and TiO2 increased to 3 : 7, the ux
decreased to 5893.7 L m�2 h�1 due to the increase of the
thickness of the membrane by the Hagen–Poiseuille equation,
in which the uid dynamic theory suggests that the ltration
ux inverses ratio to the thickness of the membrane.39 All
modied membranes exhibited extremely high oil rejection
ratios: 99.54% for the chitosan modied membrane, 99.43%
for the CST (3 : 1) membrane, 99.77% for the CST (3 : 4)
Fig. 7 (a–c) Schematic diagram of the hexadecane-in-water emulsion se
(3 : 4) membrane was sandwiched between two glass devices, and the he
water emulsion was poured onto the modified membrane. (c) Water perm
the membrane surface. (d) Optical microscopy images and digital phot
separation (left) and after separation (right).

41844 | RSC Adv., 2017, 7, 41838–41846
membrane, and 99.85% for the CST (3 : 7) membrane. The
recycle numbers of different membranes for hexadecane-in-
water emulsion separation were shown in Fig. S5.† Herein,
when the ux is less than 500 L m�2 h�1, it can be seen that the
membrane is not available. The CST (3 : 4) membrane had the
highest separation cycles, i.e., over 10 repetitions. This result
was consistent with the contact angles, as presented in Fig. 4a
and b. Considering the excellent wettability and high ux for
hexadecane-in-water emulsion separation, the CST (3 : 4)
membrane was chosen for further investigation. As can be seen
in Fig. 6b, the CST (3 : 4) membrane retained its high ux even
aer 10 separation cycles. To characterize the loss of TiO2

nanoparticles, the surface morphology of the CST (3 : 4)
membrane aer 10 separation cycles for hexadecane-in-water
emulsion was observed by SEM. As clearly presented in
Fig. S6,† there was only a slight loss of TiO2 nanoparticles due to
the wash with water.

A schematic diagram of the hexadecane-in-water emulsion
separation process of the CST (3 : 4) membrane was achieved, as
shown in Fig. 7a–c. The prepared CST (3 : 4) membrane was pre-
wetted by water and xed between two glass devices (Fig. 7a),
and then the hexadecane-in-water emulsion was poured onto
the modied membrane (Fig. 7b). As shown in Fig. 7c, when the
paration process of the CST (3 : 4) membrane. (a) The pre-wetted CST
xadecane-in-water emulsion remained stable. (b) The hexadecane-in-
eated through the CST (3 : 4) membrane, while hexadecane stayed on
os of the hexadecane-in-water emulsion separation process: before

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Underwater oil contact angles of the CST (3 : 4) membrane
under different (a) pH and (b) salt concentrations.
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vacuum pump's switch was turned on, hexadecane (dyed with
oil red O) was repelled by the membrane, while the water
quickly permeated through the membrane (Video S2†). No
visible oil was seen in the permeate solution due to the super-
hydrophilic and underwater superoleophobic properties of the
CST (3 : 4) membrane. Clearly revealed by the images shown in
Fig. 7d, original oil-in-water emulsion has a milky white color
prior to treatment, while the collected ltrate was colorless and
transparent. In addition, we also observed droplets that existed
in the feed of the hexadecane-in-water emulsion and the ltrate
by optical microscopy. As clearly shown in Fig. 7d, oil droplets
in the feed solution were homogeneously dispersed in the whole
view, while no droplets can be seen in the whole view of the
collected permeate, conrming that this CST (3 : 4) membrane
was highly efficient for separating hexadecane-in-water emul-
sion. The oil droplet size distribution of hexadecane-in-water
emulsion in feed was measured by dynamic light scattering
(DLS). As presented in Fig. S7,† the droplet size of the
hexadecane-in-water emulsion is in the range of 1.4 mm to 2.1
mm, with a mean size of 1.7 mm.

Three other sodium dodecyl sulfonate (SDS) stabilized oil-in-
water emulsions were utilized to measure the separation
capacity of the CST (3 : 4) membrane, including octane-in-water,
petroleum ether-in-water, and toluene-in-water. As can be seen
in Fig. S8,† all of the surfactant stabilized emulsions exhibited
extremely high uxes: 5517.43 L m�2 h�1 for octane-in-water,
4521.01 L m�2 h�1 for petroleum ether-in-water, and
3644.63 L m�2 h�1 for toluene-in-water, while the oil rejection
ratios were 98.46%, 97.72% and 97.06%, respectively. The oil
concentration of each kind of oil-in-water emulsion was lower
than 20 mg L�1, which can satisfy the U.S. Environmental
Protection Agency (EPA)'s regulation that themaximumdischarge
of grease and oil in effluents is 42 mg L�1 for any one day. In
addition, water trapped in the micro/nanoscale hierarchical
structure to form a continuous phase provided a strong oil
repelling force, which is essential for oil-in-water emulsion sepa-
ration. Moreover, the adsorbed water layer provided channels for
water droplets from the oil-in-water emulsion to permeate
into the opposite side of the modied membrane. Thus, the
oil-in-water emulsions were separated successfully due to the thin
water layer that can prevent oil droplets from passing through the
modied membrane. When the membrane had a high water
capture capacity, it can form a strong water layer on the oil/water/
membrane contact interface to prevent oil droplets from con-
tacting with the membrane surface and maintain the stable
underwater superoleophobicity of the membrane.
3.4 Stability of the modied membrane

As is well known, oily wastewater sometimes exists in corrosive
acid, alkali, or saline environments. For a water-removing
membrane, during the emulsion separation process, the
membrane surface is full of water, and the durability and
stability of the materials in those corrosive solutions would be
critical to maintain superhydrophilicity and underwater super-
oleophobicity. To evaluate stability, we further monitored the
underwater oil contact angles aer immersing the CST (3 : 4)
This journal is © The Royal Society of Chemistry 2017
membrane in a series of solutions with various pH values (from
1 to 13). It can be seen that the underwater oil (1,2-dichloro-
ethane) contact angles of the modied membrane >150�

(Fig. 8a), indicating underwater superoleophobicity under
a strong acid and alkali environment. Moreover, as shown in
Fig. 8b, the oil contact angle of the CST (3 : 4) membrane was
hardly affected by the salt concentration, and all of the OCA >
150�. Fig. S9† showed the SEM images of the CST (3 : 4)
membrane aer immersing in different solutions (pH¼ 1, pH¼
13 and 5% NaCl). As clearly presented in Fig. S9a–c,† there were
no obvious change for the surface morphology of the CST (3 : 4)
membrane in those corrosive solutions.

Furthermore, the separation performances for hexadecane-in-
corrosive liquid emulsions with pH of 1, 13, and 5% NaCl were
investigated to evaluate stability of the CST (3 : 4) membrane. As
shown in Fig. S10,† the separation uxes for hexadecane-in-water
at pH ¼ 1, pH ¼ 13, and 5% NaCl were 5094.63 L m�2 h�1,
5215.06 Lm�2 h�1, and 4282.8 L m�2 h�1, respectively. Moreover,
the oil rejection ratios of the CST (3 : 4) membrane hexadecane-
in-corrosive liquid emulsions were higher than 99%. The
decline of separation performances for the CST (3 : 4) membrane
was not obvious, and the CST (3 : 4) membrane was stable. These
results demonstrated that the CST (3 : 4) membrane possesses
advantages for industrial applications.
4. Conclusions

We have successfully fabricated a novel chitosan–TiO2

composite membrane with robust superhydrophilic in air and
RSC Adv., 2017, 7, 41838–41846 | 41845
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underwater superoleophobic properties by the ltration tech-
nique under a vacuum ltration device. The modied CST
membrane combined the benets of both chitosan and TiO2 in
a synergistic manner. The resulting membrane displays supe-
rior oil/water separation efficiency above 97% and a high
permeate ux above 6000 L m�2 h�1 for hexadecane-in-water
emulsion, which is several times greater than conventional
ltration membranes. The characteristic of hydrophilic TiO2

endows the CST membrane with excellent anti-oil-fouling and
low oil-adhesion properties, indicating the potential application
of the modied membrane for removing emulsied oil in
industrial contexts. More importantly, the CST membrane
possesses superior chemical stability and outstanding resis-
tance to strong acid, alkali, and salt. Therefore, we expect that
this work would be substantially helpful for the development
and design of new anti-oil fouling materials and related devices.
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