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A B S T R A C T

Inspired by mussels’ byssus with remarkable adhesive power that is neither degraded nor deformed in the marine
environment, dopamine coating has emerged as an option for membrane surface modification. With its many
advantages, direct-contact membrane distillation (DCMD) appears to hold potential for the recovery of high
quality water from produced water. However, membrane fouling and pore wetting are challenging issues of long-
term DCMD operations due to the presence of oils and surfactants in these waters. Hence, it is paramount to
develop robust membranes with anti-fouling and anti-wetting properties for effective produced water treatment.
In this study, we fabricated a composite hollow fiber membrane by single-step co-deposition of polydopamine
(PDA)/polyethylenimine (PEI) onto the outer surface of a commercial hydrophobic polyvinylidene fluoride
(PVDF) substrate. The successful co-deposition was verified using different characterization techniques. The
composite membrane exhibited Janus wettability (Janus membranes have opposing properties at an interface)
with its modified outer surface being in-air hydrophilic/underwater superoleophobic for preventing organics
adhesion while insuring that unmodified pores beneath the surface remained hydrophobic for vapor transport.
The anti-fouling and anti-wetting properties of the modified membrane were investigated via DCMD experiments
by feeding a series of low surface tension solutions. In comparison to the pristine PVDF membrane, the modified
membrane exhibited promising wetting resistant property against different surfactant types and excellent fouling
resistant property against nonionic and cationic surfactants. Moreover, the modified membrane presented a
promising long-term performance when feeding a cationic surfactant-stabilized petroleum-in-water emulsion
mimicking produced water, during which a stable flux and excellent permeate quality were maintained
throughout 7 days of operation. The efficacious combined effects of a hydration layer and protonated amine-
functional groups on the PDA/PEI grafted layer could prevent membrane fouling and pore wetting. The results
suggest that the mussel-inspired composite PVDF membrane could potentially be used for long-term water re-
covery from produced water via DCMD.

1. Introduction

The importance of oil and gas in today's context cannot be over-
stated as they continue to account for nearly 78% of the world's total
energy consumption [1]. With many production activities, a substantial
volume of produced water is generated annually within the oil and gas
industry, making it one of the most water-intensive industries. Mana-
ging produced water has become a consequential part of the sustainable
development of the oil and gas industry due to stringent environmental
legislations, severe strain on water resources, and escalating costs of

wastewater disposal [2]. Amongst numerous management methods, the
reuse of produced water is a growing trend as it provides a potential
profit stream [3]. To tap on this potential, produced water has to be first
treated to remove main constituents such as oils and greases, produc-
tion chemicals (surfactants), and production solids (salts).

Membrane distillation (MD) is an emerging thermally driven se-
paration process using a hydrophobic porous membrane as a selective
barrier against liquid transport. In the MD process, the transport of
water vapor molecules through the membrane pores is driven by the
partial vapor pressure difference resulting from the temperature
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difference between the hot feed and the cold permeate [4–6]. Highly
purified distillate is produced when the vapor molecules condense on
the cold permeate side, while most of the nonvolatile species are re-
jected. MD has a couple of distinct advantages over other pressure-
driven membrane processes that include its ability to treat wastewater
with high salinity and utilize low-grade thermal energy, which is an
abundant available source of emission-free power in the oil and gas
industry [7–14]. From the economic perspective, MD's small footprint
and low operating cost render it a leading candidate for small-scale and
off-grid applications for water recovery from produced water [15].

Polyvinylidene fluoride (PVDF) is one of the most extensively used
polymeric materials for MD operations ascribing to its excellent thermal
stability, chemical stability, and mechanical strength. However, hy-
drophobic PVDF membranes are especially vulnerable to fouling caused
by the adsorption of hydrophobic species (e.g. oil) and/or amphiphiles
(e.g. surfactants). Adsorption can be through either hydrophobic in-
teractions or electrostatic interactions between the foulants and mem-
brane surface. Besides membrane fouling, pore wetting also remains a
huge challenge faced in long-term MD operations for produced water
treatment due to the presence of low surface tension substances (e.g.
natural or add surfactants). These substances can significantly reduce
the liquid entry pressure (LEP) of the membrane pores, compromising
on the permeate flux and salt selectivity of the membrane. Moreover, it
has been proven that membrane fouling is the main contributor to pore
wetting [16]. Therefore, it is paramount to develop robust MD mem-
brane with both anti-fouling and anti-wetting properties in long-term
operations for water recovery from produced water.

Minimizing pore wetting and fouling of PVDF membranes con-
currently have proven to be challenging. A wide range of surface
modification methods has been adopted to achieve this goal. For ex-
ample, Yuan et al. fabricated PVDF membranes with superhydrophobic
surfaces that exhibited minimal pore wetting [17–19]. However, these
superhydrophobic surfaces might remain susceptible to fouling and
sensitive towards low surface tension feeds [20–22]. As a result, these
membranes might not be suitable for long-term MD operations for
produced water treatment. Inspired from biological surfaces such as fish
scales, clamshell, and sharkskin in the natural world, materials scien-
tists have found that their underwater superoleophobic surfaces could
be the key to resisting organic fouling and microorganism adhesion in
the marine environment [23–26]. Therefore, engineering membrane
surfaces with underwater superoleophobicity property has emerged as
an effective strategy to prevent oil fouling in MD applications such as
produced water treatment [27–29]. Generally, two aspects that include
the hierarchical surface structure and hydrophilic surface chemistry are
key requirements for fabricating such surfaces [30–37]. By following
this principle, numerous composite MD membranes with asymmetric
wetting properties have been developed. These membranes consist of a
hydrophilic/underwater oleophobic top surface for preventing organics

adhesion and a hydrophobic substrate for vapor transport. For example,
a composite PVDF membrane with a hydrophilic surface was developed
by plasma-induced deposition of polyethylene glycol and TiO2 nano-
particles, exhibiting good resistance against both wetting and mineral
oil fouling [38]. In recent studies, PVDF membranes with underwater
superoleophobic property were prepared by spray coating of various
nanocomposite layers with sophisticated micro/nano-hierarchical
structures to repel the adsorption of physically emulsified crude oil
[27,29]. Even though significant progress has been made to develop
these composite membranes to minimize oil adhesion and pore wetting,
they have not realized the full potential of long-term MD operations
with low surface tension feeds from industries. Moreover, previous
membrane surface modification methods often involve several steps to
create a hydrophilic layer with hierarchical structures, which may be
too complex for real applications. Therefore, there is an urgent need to
develop a facile method to engineer membrane surfaces that can
achieve robust long-term MD performance when handling low surface
tension wastewaters.

Over the last decade, the mussel-inspired chemistry of dopamine has
been widely used for a variety of surface modifications due to its unique
advantages of material-independent attachment and surface post-
functionalization [39]. Compared with physical coating, the resulting
polydopamine (PDA) coating has stronger binding affinity to the
membrane surface [40]. Moreover, co-deposition of dopamine with
other molecules such as polyethylenimine (PEI) can greatly increase the
stability of the grafted layer under harsh conditions [41]. As a result,
this versatile and robust technique has been adopted in a broad range of
membrane processes such as microfiltration [42–45], ultrafiltration
[46,47], nanofiltration [48], and forward osmosis [49,50] for various
purposes such as improving anti-fouling performance and enhancing
structural stability.

This study aims at developing robust membrane surfaces with anti-
fouling and anti-wetting properties to be used in direct-contact mem-
brane distillation (DCMD) operations for water recovery from produced
water. Specifically, a composite membrane with Janus wetting prop-
erties was fabricated by single-step co-deposition of the hydrophilic
PDA/PEI layer on the outer surface of a hydrophobic PVDF hollow fiber
substrate. Janus membranes have asymmetric properties on either side
of the membrane [51]. The surface chemistry, wetting properties, and
structure of the modified PVDF membrane were studied comprehen-
sively. Subsequently, bench-scale DCMD experiments were carried out
using a series of low surface tension feeds including various types of
surfactant solutions and surfactant-stabilized oil-in-water (O/W)
emulsions. The performances of the modified PVDF membrane were
analyzed and compared against those of the pristine PVDF membrane to
ascertain its suitability and robustness for long-term produced water
treatment. To the best of our knowledge, this is the first report about
the co-deposition of PDA/PEI on a hydrophobic PVDF hollow fiber

Fig. 1. Schematic of co-deposition of PDA/PEI on the outer sur-
face of a PVDF membrane and its application in water recovery
from oil-in-water emulsions via DCMD.

N.G.P. Chew et al. Journal of Membrane Science 541 (2017) 162–173

163



substrate that can be used for DCMD applications against low surface
tension feeds.

2. Experimental

2.1. Materials and chemicals

Dopamine hydrochloride (DA), PEI (Mw = 800), tris(hydro-
xymethyl)aminomethane (Tris), sodium dodecyl sulfate (SDS), dode-
cyltrimethylammonium bromide (DTAB), and petroleum (~ 18% aro-
matics) were purchased from Sigma-Aldrich (Singapore). Sodium
chloride (NaCl, 99.5%), sorbitan monolaurate (Span® 20), and poly-
oxyethylenesorbitan monolaurate (Tween® 20) were purchased from
Merck Millipore (Singapore). Hydrophobic PVDF hollow fiber mem-
branes with a nominal pore size of 0.027 µm were obtained from a
commercial supplier. These membranes were used as substrates for
surface modification and as references for the fouling and wetting ex-
periments. Milli-Q® water with a resistivity value of 18.2 MΩ cm was
used in all experiments (produced by the Milli-Q® integral water pur-
ification system, Merck Millipore).

2.2. Fabrication of composite PVDF hollow fiber membrane

The in-air hydrophilic/underwater superoleophobic composite
membrane was fabricated by co-deposition of PDA/PEI on a hydro-
phobic PVDF substrate, which is illustrated in Fig. 1. Firstly, 2 g L−1 of
DA and 50 mM of Tris were weighed and dissolved into 2 g L−1 of PEI
solution. Similar procedures have been reported elsewhere [42,52,53].
After that, the pristine PVDF membranes were immersed in the PDA/
PEI solution with shaking at 40 rpm for a certain time (Orbital Maxi MD
Humidity, OVAN, Spain). Precautions were taken to ensure that only
the outer surfaces of the hydrophobic PVDF hollow fibers were mod-
ified, so that the membrane pores beneath the surface remained hy-
drophobic for vapor transport. Finally, the composite membranes were
rinsed thoroughly with Milli-Q® water and freeze-dried overnight
(Alpha 2–4, Martin Christ, Germany). Hereon, the PDA/PEI coated
PVDF membrane will be referred to as PVDF-P membrane. Lab-scale
modules were prepared by sealing 5 pieces of 18 cm long hollow fiber
in Teflon tubing. A new membrane module was prepared for each ex-
periment. The effective membrane area for each module was 43 cm2.

2.3. Membrane characterizations

The differences in the surface and cross-section morphologies of the
pristine PVDF and PVDF-P membranes were observed using a field
emission scanning electron microscope (FESEM) (JSM-7200F, JEOL,

Japan). The dried hollow fibers were fractured in liquid nitrogen and
then sputter-coated with a layer of platinum by a sputter coater (JEC-
3000FC, JEOL, Japan) prior to the respective tests. The outer surface
topographies and roughness of the pristine PVDF and PVDF-P mem-
branes were observed through an atomic force microscope (AFM) (XE-
100, Park Systems, Korea) with a scan area of 5 µm × 5 µm under the
tapping mode. The pore size distributions and mean pore sizes of the
pristine PVDF and PVDF-P membranes were analyzed by a capillary
flow porometer (CFP-1500A, Porous Materials, Inc., USA). The hollow
fiber membranes were glued to the sample holders using epoxy and
wetted thoroughly by Galwick™, a low surface tension wetting fluid.
The detailed underlying working principles and experimental proce-
dures had been described in our previous research works [4,54].

The surface functional groups of the pristine PVDF and PVDF-P
membranes were qualitatively analyzed by a Fourier transform infrared
spectroscope via attenuated total reflectance mode (ATR-FTIR) (IR-
Prestige-21, Shimadzu, Japan) over a scan range of 400–4000 cm−1

with a resolution of 4 cm−1. The elemental compositions of the outer
and inner surfaces of the pristine PVDF and PVDF-P membranes were
measured using an X-ray photoelectron spectroscope (XPS) (AXIS
Supra™, Kratos Analytical, UK) with a 500 mm Rowland circle mono-
chromic Al Kα excitation source at 1486.7 eV. An emission current of
5 mA and operating voltage of 15 kV were employed. High-resolution
spectra were collected using pass energies of 20 eV and 160 eV for
narrow and broad scans, respectively. The sampling depth was ap-
proximately 10 nm with a takeoff angle of 0° with respect to the
membrane surface. All binding energies for the elements of interest
were corrected against an adventitious C 1s core level at 285.0 eV. All
XPS peaks were fitted using the Shirley background together with the
Gaussian-Lorentzian function by the CASA XPS software.

The dynamic water contact angles of the pristine PVDF and PVDF-P
membranes were determined by a tensiometer (DCAT11, DataPhysics,
Germany), according to the Wilhelmy method. A hollow fiber mem-
brane taped to a sample holder was hung from the arm of an electro-
balance and underwent through three cycles of immersion into Milli-Q®

water at an immersion depth of 5 mm, with the surface detection
threshold set at 0.5 mg. Each membrane sample was measured ten
times and an average value was calculated. The underwater oleophili-
city and oleophobicity of the pristine PVDF and PVDF-P membranes
were evaluated using the captive bubble method via a goniometer (OCA
25, DataPhysics, Germany). In this method, a drop of petroleum was
injected beneath the membrane taped onto a cell underwater. The in-
teractions between the oil droplet and the respective membrane sur-
faces were observed.

The surface zeta potentials of the pristine PVDF and PVDF-P mem-
branes were determined using an electrokinetic analyzer (SurPASS™ 3,

Table 1
Properties of surfactants used in this study.

Surfactant Molecular weight (g mol−1) HLBa Surface tensionb (mN m−1) Chemical structure

Span® 20 346.5 8.6 [56] ~ 25±0.12

Tween® 20 1227.5 16.7 [56] ~ 36±0.25

HO
O

O

O
OH

O
OH

O
O

O

z y

x

w

w+x+y+z=20

SDS 288.4 40.0 [57] ~ 30±0.17

DTAB 308.3 24.3 [58] ~ 40±0.22

N

CH3

CH3

CH3 Br
+

a Hydrophilic-Lipophilic Balance.
b Surface tension was measured at 50 mg L−1 in 3.5 wt% NaCl using tensiometer (DCAT11, DataPhysics, Germany).
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Anton Paar, Austria) based on streaming potential measurements. 1 mM
NaCl was prepared as the background electrolyte solution. 0.05 M HCl
and NaOH were used for pH titration. Hollow fiber membranes were
flattened and taped onto two sample holders mounted in an adjustable
gap cell (20 mm × 10 mm). The gap height was adjusted to ~ 100 µm.
The NaCl electrolyte solution flowed across the cell through pressur-
ization of the liquid reservoir from 200 mbar to 600 mbar, causing
electric charge separation. The resulting potential difference was de-
tected and calculated using the Helmholtz-Smoluchowski equation
[55].

To evaluate the structural stability of the grafted layer on the PVDF-
P membrane, the membrane sample was ultrasonic treated for 10 min
at ambient temperature in an ultrasonic bath (FB 15068, Fisher
Scientific, USA) with a frequency of 37 kHz.

2.4. Preparation and characterization of surfactant solutions and DTAB-
stabilized petroleum-in-water emulsion

Different saline feeds with low surface tension were prepared for the
DCMD experiments, including four surfactant solutions that were pre-
pared by mixing 50 mg L−1 of Span® 20, Tween® 20, SDS, and DTAB in
3.5 wt% NaCl solution, respectively. The properties of these surfactants
are listed in Table 1. Separately, DTAB-stabilized petroleum-in-water

emulsion was prepared by mixing 450 mg L−1 of petroleum, 50 mg L−1

of DTAB, and 8 L of 3.5 wt% NaCl solution in a high speed heavy-duty
blender (CB15, Waring® Commercial, USA) for at least 3 min. The
composition of the emulsion was modeled as closely to real produced
water samples as possible. Petroleum, DTAB, and NaCl were used to
represent the oil, surfactant, and dissolved solids present in produced
water, respectively. The oil droplet size distribution of the emulsion was
measured by a mastersizer (Hydro2000SM, Malvern Instruments, UK)
while its zeta potential was measured by a zetasizer (NanoZS, Malvern
Instruments, UK). Fresh emulsions were prepared after every 24 h of
operation to ensure that the feed remained kinetically stable because
unstable emulsions might not accurately demonstrate the fouling and
wetting behaviors of both the pristine PVDF and PVDF-P membranes.

2.5. DCMD performance tests

The fouling and wetting behaviors of the pristine PVDF and PVDF-P
membranes were systematically studied via a DCMD experimental rig
as illustrated in our previous work [4]. The feed and permeate solutions
were maintained at 333 K and 293 K, respectively, and circulated in a
countercurrent flow configuration at 0.7 L min−1 and 0.25 L min−1,
respectively. For both sets of membranes, the feed was flowed on the
shell of the hollow fibers while the permeate was flowed in the lumen.

a1 

b1 

a2 a3 

b2 b3 

1 µm 1 µm 

1 µm 1 µm 

1 µm 

1 µm 

1 µm 1 µm 1 µm 

c2 c1 c3 

Fig. 2. FESEM images of the outer surface morphologies of the pristine PVDF (a1 and a2), PVDF-P (b1 and b2), and ultrasonicated PVDF-P (c1 and c2) membranes; FESEM images of the
cross-section morphologies of the pristine PVDF (a3), PVDF-P (b3), and ultrasonicated PVDF-P (c3) membranes.
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The overflow from the permeate reservoir was collected into a tank
placed on a weighing balance to determine the temporal changes in
mass with an accuracy of± 0.1 g. The temporal changes in permeate
conductivity were recorded to an accuracy of± 0.1 μS cm−1. Most
importantly, all tubes and membrane modules used in the experimental
rig were insulated with insulation foam to minimize heat loss during the
process.

3. Results and discussion

3.1. Membrane surface characterizations

Fig. 2 shows the outer surface and cross-section morphologies of the
pristine PVDF and PVDF-P membranes. It was evident from these
images that the changes in surface morphology of the pristine PVDF
membrane after modification were rather radical. As shown in
Fig. 2(a1) and (a2), the pristine PVDF membrane surface had abundant
pores. The co-deposition of PDA/PEI formed agglomerates on the
membrane surface that thoroughly covered the surface and blocked
membrane pores (shown in Fig. 2(b1) and (b2)). These deposited ag-
glomerates created a hierarchical structure with a higher roughness,
which was attested by the surface roughness parameters presented in
Table 2. According to the Wenzel model, roughness plays a critical role
in enhancing surface intrinsic wetting ability [59], which will be fur-
ther discussed in Section 3.3. Fig. 2(b3) suggests that the thickness of
the grafted layer was around 1 µm and did not penetrate into the bulk
of the pristine PVDF substrate. The stability of the grafted layer on the
membrane surface was assessed by subjecting the PVDF-P membrane to
bath sonication. The FESEM images of the outer surface and cross-
section morphologies of the PVDF-P membrane after ultrasonication are
shown in Fig. 2(c1)–(c3). The result shows that the grafted layer re-
mained intact and minimal changes to the surface morphology were
observed. The FESEM images were indicative of the robust structural
stability of the PVDF-P membrane under harsh conditions.

The distinct difference in pore size distribution between the pristine
PVDF and PVDF-P membranes suggests that the co-deposition of PDA/
PEI altered the structural property of the pristine PVDF membrane.
From Fig. A1, it can be observed that the pristine PVDF membrane had
a well-defined bimodal distribution with a mean pore size of 0.027 µm.
On the other hand, the PVDF-P membrane had a much narrower pore
size distribution with a smaller mean pore size of 0.017 µm, which is in
agreement with the FESEM images. The co-deposition of PDA/PEI
would have effectively covered most of the pores on the outer surface of
the PVDF-P membrane and caused a reduction in its pore size. As such,
it is expected that the PVDF-P membrane would be less vulnerable to
pore wetting due to the additional protection provided by the grafted
layer [4].

3.2. Deposition of PDA/PEI on the PVDF-P membrane surface

In Fig. 3, the ATR-FTIR spectra provided an evidence on the co-
deposition of PDA/PEI on the PVDF-P membrane surface as shown by
the presence of two noticeable absorption peaks at 1541 cm−1 and

1660 cm−1, which were attributed to the N-H bending in PDA and
C=N stretching within the PDA/PEI cross-links, respectively [41]. Be-
sides that, the broad peak observed between 3000 and 3600 cm−1 on
the PVDF-P membrane surface could be attributed to the N-H stretching
and O-H stretching in the amine- and hydroxyl-functional groups found
on its surface [53,60].

In order to further understand the elemental composition and che-
mical state of the PDA/PEI grafting layer, XPS analyses were carried
out. The survey scan spectra of the pristine PVDF and PVDF-P mem-
branes along with the deconvolution spectra of the PVDF-P membrane
outer surface are presented in Fig. 4 while the surface elemental com-
positions of both the pristine PVDF and PVDF-P membranes are sum-
marized in Table 3. The inner surface elemental compositions of both
the pristine PVDF and PVDF-P membranes were similar, which proves
that there was no penetration of the hydrophilic grafting solution
through the hydrophobic pores of the PVDF substrate. As shown in
Fig. 4(a), the disappearance of the F 1s and Cl 2p peaks along with the
appearance of N 1s peak on the outer surface of the PVDF-P membrane
suggested the successful co-deposition of PDA/PEI and its complete
coverage on the membrane surface. As listed in Table 3, the C 1s and O
1s concentrations of the PVDF-P membrane outer surface were in-
creased after modification and the N/O ratio reached 0.9, which was
close to the value reported by Yang et al. [41]. As shown in the de-
convoluted spectra of the PVDF-P membrane in Fig. 4(b)–(d), the C 1s
core-level spectrum could be curve-fitted with three peak components
at binding energies (BE) of 284.8 eV, 285.9 eV, and 287.5 eV, which
corresponded to the C-C/C-H, C-O/C-N, and C=O bonds, respectively.
The N 1s core-level spectrum was curve-fitted with two peak compo-
nents, one at a BE of 399.8 eV for the C-N bond and the other at a BE of
402.0 eV for the protonated amine-functional group. The O 1s core-
level spectrum was also curve-fitted with two peak components at BE of
531.2 eV and 532.6 eV, which were assigned to the C=O and C–O
bonds groups, respectively. The XPS analysis results were supportive of
the following proposed PDA reaction mechanisms with PEI.

The oxidative self-polymerization of dopamine involves its catechol
group autoxidizing to form dopamine quinone [61], which in turn
follows several reaction pathways to form PDA [62–67]. The primary
amine-functional groups on PEI may react with dopamine quinones to
form Michael-type adducts or Schiff bases through Michael addition or
Schiff base reaction, respectively, as illustrated in Fig. 5. Thus, the in-
corporation of PEI can form covalent cross-linking with PDA due to the
reaction among catechol and amino groups [41].

The surface charge properties of the pristine PVDF and PVDF-P
membranes were studied using the streaming potential measurement at
a pH range of 3–10 and the results are shown in Fig. 6. Throughout the
entire tested pH range, the pristine PVDF membrane was mostly ne-
gatively charged. The co-deposition of PDA/PEI slightly neutralized the
negative charge on the PVDF membrane surface, resulting in a right
shift of the zeta potential curve. The isoelectric point of the PVDF-P

Table 2
Surface roughness parameters and water contact angles of the pristine PVDF and PVDF-P
membranes.

Membranes Roughness Water contact angle (°)

Ra
a (nm) Rq

b (nm) Rz
c (nm)

PVDF 25.6 31.9 258.3 109.5± 1.2
PVDF-P 197.0 243.1 1689.2 25.7± 4.0

a Average roughness.
b Root-mean-squared roughness.
c Ten point average roughness.

1660 cm-1
C=N stretch

1541 cm-1
N-H bend

3000-3600 cm-1
N-H and O-H stretch

Fig. 3. ATR-FTIR spectra of the outer surfaces of the pristine PVDF and PVDF-P mem-
branes. Transmittance was normalized against the CF peak.
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membrane was 3.8.

3.3. Wetting properties of the pristine and modified membranes

As listed in Table 2, the pristine PVDF and PVDF-P membranes had
water contact angles of 109.5± 1.2° and 25.7±4.0°, respectively. This
suggests that the pristine PVDF membrane underwent transition from
being hydrophobic to hydrophilic after surface modification. The pre-
sence of polar amine- and hydroxyl-functional groups of PDA/PEI im-
parted hydrophilicity to the PVDF-P membrane surface. In addition, the
hierarchical surface structure further enhanced the hydrophilic effects
[59]. In order to investigate on the intrinsic wetting properties of the
membranes in the presence of oil droplets, the underwater captive
bubble method was employed. The video clips (Videos S1 and S2)
showing the interaction of the oil droplet with the pristine PVDF and
PVDF-P membrane surfaces are provided as Supplementary materials.
The relevant captured images of the interactions are depicted in Fig. 7.
It was evident that the pristine PVDF membrane surface was under-
water oleophilic, which was instantaneously wetted by the oil droplet
upon contact. The oil contact angle approached 0° within 15 s. On the

other hand, the PVDF-P membrane surface exhibited underwater su-
peroleophobicity. The oil droplet would not leave the needle and stick
onto the membrane surface even after several attempts. The oil droplet
remained spherical in shape and no apparent deformation was ob-
served. The underwater superoleophobicity of the PVDF-P membrane
could be explained from the thermodynamically favorable interaction
between its surface hydrophilic groups and surrounding water mole-
cules. The hydrophilic moieties on the grafted layer could interact
strongly with surrounding water molecules and other polar molecules
to form hydrogen bonds, which resulted in an interfacial hydration
layer. This hydrogen-bonded hydration layer provided a significant
energetic barrier for the oil droplets to overcome in order to be attached
onto the PVDF-P membrane surface. This suggests that the PVDF-P
membrane had an oil-adhesion resistant surface and could possibly be
anti-fouling when used for treating O/W emulsions.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.memsci.2017.06.089.

3.4. Membrane performance in DCMD tests

3.4.1. Saline feeds with four types of surfactant
To ascertain that the PDA/PEI grafted layer did not affect the in-

trinsic MD performance of the PVDF-P membrane, a baseline test was
first conducted by using 3.5 wt% NaCl feed solution and the results are
shown in Fig. 8. It can be observed that the permeate flux of the PVDF-P
membrane was comparable to that of the pristine PVDF membrane
throughout the operation, which suggests that the grafted layer did not
provide additional resistance to vapor transport through the hydro-
phobic pores. As observed in the outer surface morphology of the PVDF-
P membrane (Fig. 2(b1) and (b2)), there were micro-channels within

1200 1000 800 600 400 200 0

F KLL

O KLL

F 1s

O 1s

O 1s

N 1s

Cl 2p

Binding Energy (eV)

 PVDF-IS

 PVDF-P-IS

 PVDF-OS

 PVDF-P-OS

C 1s

294 292 290 288 286 284 282 280

0

5000

10000

15000

20000

25000

C=O

C-O/C-NC
ou
nt
s
(s
)

Binding Energy (eV)

Experimental data

Background

Data fitting

Peak at 284.8 eV

Peak at 285.9 eV

Peak at 287.5 eV

C 1s

C-C/C-H

(a) (b) 

(c) (d) 

406 404 402 400 398 396

3000

4000

5000

6000

7000

8000

9000

10000

11000

N 1s

Protonated amine

functional group

Binding Energy (eV)

C
ou
nt
s
(s
)

Experimental data

Peak at 399.8 eV

Peak at 402.0 eV

Background

Data fitting

C-N

540 538 536 534 532 530 528

4000

6000

8000

10000

12000

14000

16000

C
ou
nt
s
(s
)

Binding Energy (eV)

Experimental data

Background

Data fitting

Peak at 531.2 eV

Peak at 532.6 eV

C=O

C-O

O 1s

Fig. 4. (a) XPS survey scan spectra of the inner (IS) and outer (OS) surfaces of the pristine PVDF and PVDF-P membranes. Deconvolution of (b) C 1s, (c) N 1s, and (d) O 1s spectra of the
outer surface of the PVDF-P membrane.

Table 3
The elemental compositions (in atomic percentage) of the inner (IS) and outer (OS)
surfaces of the pristine PVDF and PVDF-P membranes.

Membrane O 1s (at%) C 1s (at%) F 1s (at%) Cl 2p (at%) N 1s (at%)

PVDF-IS 1.21 56.85 28.81 13.31 –
PVDF-P-IS 0.96 54.43 31.23 13.37 –
PVDF-OS 6.55 71.63 15.60 6.22 –
PVDF-P-OS 12.63 75.80 0.35 0.20 11.02
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the hierarchical structure formed by the PDA/PEI asperities. These
micro-channels allowed water molecules to flow through the hydro-
philic grafted layer. Even though the pore size of the PVDF-P membrane
outer surface became smaller after functional group modification, the
compromise between smaller membrane pores and a hydrophilic sur-
face ensured a comparable flux for the PVDF-P membrane. Similar to
the pristine PDVF membrane, no wetting was observed for the PVDF-P
membrane after 24 h of operation. This vindicates that only the shell
side of the PVDF-P membrane was coated with a hydrophilic layer and
as such, the substrate pores remained hydrophobic for the vapor
transport while rejecting the non-volatile NaCl solute.

After the baseline test, DCMD experiments were performed on both
the pristine PVDF and PVDF-P membranes by feeding 50 mg L−1 of
non-ionic (Span® 20 and Tween® 20), anionic (SDS), and cationic
(DTAB) surfactants. High salinity wastewater, such as oilfield or shale
gas produced water, often contains surfactants that reduce its surface
tension significantly and in turn poses a challenge to MD membranes.

To ensure a fair comparison, surfactants with a 12-carbon hydrophobic
tail were selected. The hydrophilic-lipophilic balance (HLB) values of
these surfactants and surface tensions of the respective solutions are
provided in Table 1. HLB is an empirical value that defines the re-
lationship of the polar and non-polar groups of a surfactant. The lower
the HLB value, the more hydrophobic (oil-soluble) the surfactant is. The
significantly different wetting and fouling behaviors of these two
membranes are illustrated in Fig. 9. In the case of Span® 20 (Fig. 9(a)),
the pristine PVDF membrane experienced severe wetting and fouling, as
indicated by the rapidly increased permeate conductivity and declined
water flux. In comparison, the PVDF-P membrane showed more stable
MD performance, where neither fouling nor wetting was observed after
80 h of operation. The permeate of the PVDF-P membrane was of ex-
cellent quality, with its conductivity remaining stable at 3.5 μS cm−1

throughout the operation. The stark contrast in the performances of the
pristine PVDF and PVDF-P membranes was believed to be due to their
different surface hierarchical structures and opposing wetting

Fig. 5. Proposed polydopamine reaction mechanisms with polyethylenimine.
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properties. As discussed in our previous study [68], Span® 20 is a re-
latively hydrophobic surfactant with a low HLB value of 8.6. As such,
the Span® 20 unimers have the tendency to adsorb onto hydrophobic
surfaces to form a monolayer via hydrophobic interactions [69]. For the
pristine PVDF membrane, the drastic water flux decline and permeate
conductivity increase were due to the adsorption of Span® 20 unimers
onto its hydrophobic membrane surface and pores, which resulted in
complete pore blockage and severe pore wetting [68]. In comparison,
the hydrophilic coating on the PVDF-P membrane surface avoided such

hydrophobic interactions. The hydrophilic moieties on the PVDF-P
membrane surface strongly interacted with water to form a hydration
layer on its surface, which in turn prevented the hydrophobic tails of
surfactants from attaching. Such an anti-fouling mechanism is sup-
ported by its underwater superoleophobicity as suggested by the cap-
tive bubble measurement. Similar phenomenon was also observed in
the case of Tween® 20 as feed, in which a very stable permeate flux was
achieved for the PVDF-P membrane after 115 h of operation while the
permeate conductivity remained relatively low at 20 μS cm−1

(Fig. 9(b)). The greatly improved anti-fouling and anti-wetting prop-
erties of the PVDF-P membrane make it robust for water recovery from
low surface tension feeds containing non-ionic surfactant unimers such
as Span® 20 and Tween® 20 by MD.

As shown in Fig. 9(c), the PVDF-P membrane experienced no wet-
ting after 90 h of operation when 50 mg L−1 of SDS was used as feed. Its
final permeate conductivity was only 3.5 μS cm−1 as compared to
5660 μS cm−1 in the case of the pristine PVDF membrane. However,
membrane fouling was observed on both the pristine PVDF and PVDF-P

membranes as indicated by the flux decline. The fouling mechanisms
for these two membranes were different, which will be discussed below.
Different from non-ionic surfactants, both the hydrophobic and elec-
trostatic interactions play crucial roles in the adsorption of ionic sur-
factants. In the case of the pristine PVDF membrane, its negatively
charged surface could repel the similarly charged SDS unimers. How-
ever, this was offset by the dominant hydrophobic interactions between
the hydrophobic tails of the SDS unimers and the hydrophobic PVDF
membrane surface. Such hydrophobic interactions resulted in the ad-
sorption of some SDS unimers, as represented by the flux decline after
approximately 12 h of operation. The fouling extent caused by SDS was
not as severe as that from Span® 20 and this was due to its relatively
hydrophilic nature, which commensurate with its higher HLB value
[70]. Like the other surfactants, the adsorption of surface active agent
SDS also resulted in pore wetting as represented by the increase in
permeate flux and permeate conductivity towards the end of the op-
eration. On the other hand, the hydrophilic PDA/PEI grafting layer on
the PVDF-P membrane surface could alleviate the hydrophobic inter-
actions while the electrostatic interactions were the dominant factor for
membrane fouling. In theory, the negatively charged PVDF-P mem-
brane surface should have repelled the negatively charged SDS unimers
in the solution at around pH 7. However, the electrostatic attraction
between the protonated amine-functional groups on the PVDF-P
membrane surface and the sulfate groups present in the hydrophilic
heads of the SDS unimers resulted in membrane fouling [71,72].
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Fig. 6. Surface zeta potentials of the pristine PVDF and PVDF-P membranes as a function
of pH. 1 mM NaCl was used as the electrolyte solution.
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Fig. 7. Captured images of the underwater interactions between
oil droplets tethered via a needle and the pristine PVDF (a1-a3)
and PVDF-P (b1-b3) membrane surfaces.

Fig. 8. DCMD performances of the pristine PVDF and PVDF-P membranes by feeding
3.5 wt% NaCl. (Feed volumetric flow rate (Qf) = 0.7 L min−1; Permeate volumetric flow
rate (Qp) = 0.25 L min−1; Feed temperature (Tf) = 333 K; Permeate temperature (Tp) =
293 K).
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Fortunately, this fouling was reversible. The permeate flux of the PVDF-
P membrane was able to return to its initial level by cleaning it re-
peatedly with Milli-Q® water, as shown in Fig. 9(c). The PVDF-P
membrane remained anti-wetting despite the electrostatic adsorption of
the SDS unimers because the grafted PDA/PEI layer protected the
mouth of the membrane pores, which in turn could maintain the LEP of
these pores.

In contrast to anionic surfactant SDS, the PVDF-P membrane did not
experience any fouling or wetting after 137 h of operation when feeding
50 mg L−1 of cationic surfactant DTAB (Fig. 9(d)). Its permeate flux
was stable while the permeate quality was excellent throughout the
operation, achieving a final electrical conductivity of 4.3 μS cm−1. Its
anti-fouling performance could be explained by the presence of the
hydration layer and electrostatic repulsive forces between the positively
charged quaternary ammonium heads of the DTAB unimers and the
protonated amine-functional groups present in the grafted layer. In
contrast, the lack of positive functional groups on the negatively
charged surface of the pristine PVDF membrane would attract some
DTAB unimers due to both hydrophobic and electrostatic interactions,
leading to wetting of the membrane pores. It recorded a final permeate
conductivity of 1026 μS cm−1 after 24 h of operation. From the above
discussions, it could be inferred that the presence of protonated amine-
functional groups on the outer surface of the PVDF-P membrane was
effective in preventing the adsorption of cationic surfactants.

3.4.2. Surfactant-stabilized petroleum-in-water emulsions
After the DCMD experiments with various surfactants, the fouling

and wetting behaviors of the pristine PVDF and PVDF-P membranes
were further evaluated by feeding 500 mg L−1 of surfactant-stabilized
petroleum-in-water emulsion. The O/W emulsion was made kinetically
stable by adding the surfactant DTAB in order to keep its oil droplet size
below 10 µm [69]. The mean oil droplet size was 2.43 µm, which was
much bigger than the nominal pore sizes of the pristine PVDF and
PVDF-P membranes and was likely to cause pore blockage on the re-
spective membrane surfaces. The pH and corresponding zeta potential
of the DTAB-stabilized petroleum-in-water emulsion were measured to
be 5.7 and 22.9±1.4 mV, respectively.

As presented in Fig. 10, the PVDF-P membrane showed robust long-
term MD performance, maintaining a stable flux for up to a week of
operation with a final permeate conductivity of 5.5 μS cm−1. It was

hypothesized that its anti-fouling and anti-wetting properties were as-
cribed to the tightly bounded hydration layer on its hydrophilic outer
surface as illustrated in Fig. 11 [73]. When the O/W emulsion came into
contact with the PVDF-P membrane surface, the hydrophilic moieties
could interact strongly with water molecules to form a hydrogen-
bonded network within the hierarchical structure of the grafted layer.
This strong surface hydration layer provided a significant energetic
barrier for the oil droplets to overcome in order to be adsorbed onto the
PVDF-P membrane interface. Oil-adhesion on the membrane surface is
only possible when the water molecules are expelled from the hier-
archical structure, which is usually caused by dehydration. Dehydration
leads to the unfavorable decrease in entropy, which in turn reduces the
energetic barrier and facilitates membrane fouling [74]. Also, the
electrostatic repulsive forces that existed between the positively
charged O/W emulsion and protonated amine-functional groups on the
PVDF-P membrane surface made it difficult for the attachment of oil
droplets. In other words, the strongly hydrogen-bonded hydration layer
coupled with the electrostatic repulsion interactions rendered the
PVDF-P membrane surface to be oil-adhesion resistant. In contrast, the
lack of such a protection layer on the pristine PVDF membrane surface
made it susceptible to oil-adhesion and pore wetting. Both the hydro-
phobic interactions (between the hydrophobic membrane surface and
oil droplets) and electrostatic attractive forces (between the negatively
charged membrane surface and positively charged O/W emulsion)
made it easier for the attachment and accumulation of oil droplets on

Fig. 9. DCMD performances of the pristine PVDF and PVDF-P membranes by feeding 50 mg L−1 of (a) Span® 20, (b) Tween® 20, (c) SDS, and (d) DTAB in 3.5 wt% NaCl. For the SDS
experiment, PVDF-P membrane was flushed with Milli-Q® water when flux reached the lowest point. For each experiment, the feed tank was periodically refilled with overflow from the
permeate reservoir to maintain the feed concentration. (Qf = 0.7 L min−1; Qp = 0.25 L min−1; Tf = 333 K; Tp = 293 K).

Fig. 10. DCMD performances of the pristine PVDF and PVDF-P membranes by feeding
500 mg L−1 of DTAB-stabilized petroleum-in-water emulsion. Fresh emulsions were
prepared every 24 h for the PVDF-P experiment. (Qf = 0.7 L min−1; Qp = 0.25 L min−1;
Tf = 333 K; Tp = 293 K).
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the pristine PVDF membrane surface. To put it succinctly, the anti-
fouling and anti-wetting abilities of MD membranes could be achieved
through the efficacious combinative effects of surface hydration and
electrostatic repulsion.

3.5. Comparisons to other MD membranes

Table 4 summarizes the DCMD performance of the PVDF-P mem-
brane for various feed solutions along with other MD membranes from
literature. It can be seen that the PVDF-P membrane exhibits robust
long-term performance with stable flux and excellent permeate quality
(permeate conductivities were less than 5.5 μS cm−1 and salt rejection
rates were above 99.9%) by feeding high concentration surfactant so-
lutions and O/W emulsions for up to one week of operation. This is
superior to all other previously reported MD membranes. For example,
compared with the SiO2-incorporated PVDF membrane [28], the PVDF-
P membrane reported in this work delivered better anti-fouling and
anti-wetting performances by feeding surfactants of 5 times the con-
centration. The study conducted by Wang et al. reported salt rejections
instead of final permeate conductivity values [27,29]. However, the
final permeate conductivity values are better representations of the
permeate quality in MD operations. The robustness of the PVDF-P
membrane suggests its potential for water recovery from low surface
tension feeds such as produced water via the DCMD process.

4. Conclusions

A composite PVDF membrane with in-air hydrophilic/underwater
superoleophobic properties was fabricated via a facile method through
single-step co-deposition of PDA/PEI onto a hydrophobic PVDF

substrate. The fouling and wetting behaviors of the pristine PVDF and
modified PVDF membranes were systematically studied via DCMD ex-
periments by feeding amphiphilic surfactants and O/W emulsion. The
results reveal that the modified PVDF membrane exhibited excellent
anti-wetting properties regardless of the type of surfactant. In addition,
it exhibited excellent anti-fouling properties against both non-ionic and
cationic surfactants. More importantly, the modified membrane showed
very promising stability (one week of operation) in the recovery of
water from DTAB-stabilized petroleum-in-water emulsion without ex-
periencing fouling and wetting. The robust MD performance was pos-
sible because of the following two reasons. Firstly, an interfacial hy-
dration layer was formed within the hierarchical structure of the
hydrophilic grafting layer, which prevented the attachment of oil dro-
plets. Secondly, the protonated amine-functional groups on the mem-
brane outer surface were able to repel the positively charged O/W
emulsion. Interestingly, the thin grafting layer did not impede on the
permeate flux of the modified membrane and instead protected the
membrane pores from oil adsorption. This study suggests that the un-
derwater superoleophobic mussel-inspired modified PVDF membrane
could potentially be used for highly effective and environmentally
friendly water recovery from low surface tension solutions such as
produced water via DCMD.
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Table 4
Comparison of performances among various MD membranes.

Membrane Feed Test duration (h) Cp,final (μS cm−1) Salt rejection (%) Reference

PVDF-P 50 mg L−1 Span® 20 80 3.5 99.99 Current work
PVDF-P 50 mg L−1 Tween® 20 115 20 99.96 Current work
PVDF-P 50 mg L−1 SDS 90 3.5 99.99 Current work
PVDF-P 50 mg L−1 DTAB 137 4.3 99.99 Current work
PVDF-P 500 mg L−1 DTAB/Oil 168 5.5 99.99 Current work
SiO2/PVDF 10 mg L−1 SDBSa 104 ~ 80 99.9 [28]
SiO2/PVDF 10 mg L−1 kerosene 200 ~ 100 99.8 [28]
SiNPs/PVDF 1000 mg L−1 crude oil 36 N.Ab ~ 100 [27]
PDA/SiNPs/PVDF 1000 mg L−1 crude oil 12 N.Ab 99.9 [29]

a Sodium dodecyl benzene sulfonate.
b Not applicable. The final permeate conductivity values of these experiments were not provided.
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Appendix A. Pore size distributions of the pristine PVDF and PVDF-P membranes

See Fig. A1.
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Fig. A1. Pore size distributions of the (a) pristine PVDF and (b) PVDF-P membranes.
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