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a  b  s  t  r  a  c  t

In  this  work,  a novel  thiol covered  polyamide  (nylon  66)  microfiltration  membrane  was fabricated  by
combining  mussel-inspired  chemistry  and coupling  reaction,  which  owns  excellent  dual-function  that
can simultaneously  remove  oil  from  water  efficiently  and adsorb  the  mercury  ions  contained  in  the
wastewater  reversibly.  Such  membrane  exhibited  high  oil/water  separation  efficiency,  outstanding  mer-
cury adsorption  ability,  and  good  stability.  Moreover,  it can  be  regenerated  in nitric  acid  solution,  and
maintain  its good  adsorption  performance.  The  as-prepared  membrane  showed  great  potentials  for  water
purification  to reduce  the  heavy  metal  ion pollution  and complicated  industrial  oily  wastewater  and  living
wastewater.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Nowadays, water pollution has been a global issue due to
the rapid industrialization, unsustainable production patterns, etc.
[1–3]. Oils are the important pollution in water mainly caused by
frequent oil spill accidents, large quantities of oily wastewater dis-
charged from all kinds of industries and our daily life [2,4–10]. The
environmental pollution aroused by oil/water mixtures makes a lot
of damage to the ecotope related to people’s production and living.
The treatment of wastewater has attracted great interest, and mate-
rials that can effectively separate immiscible oil/water mixtures are
in great demand [11,12]. Oil/water separation materials with spe-
cial wettability, representing one of the most important interface
materials, have been widely developed [13–17].

Wastewater treatment not only needs to separate the oil in
the effluents through the special wettability of the materials, but
also to remove the water-soluble contaminants [13]. Heavy metal
ions contamination is the other major aspect of water pollution,
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and water pollution by potential toxic metal ions has become a
serious environmental problem [18–20]. Among the many heavy
metals, mercury is acknowledged as one of the most harmful pol-
lutants because of its high toxicity, volatility and bioaccumulation
[21–23]. The mercury can accumulate in the human body, caus-
ing adverse effects by impairing mental and neurological functions
[24–26]. Therefore, it is highly necessary to prevent contamina-
tion and efficiently remove mercury ions from the environment
[27–29].

However, the reported oil/water separation materials pay little
attention to simultaneously removing the water soluble contami-
nants. The reported oil/water separation materials can be capable
of effectively separating oil/water mixture but invalid for remov-
ing the remaining water-soluble contaminants. With regard to the
materials that can adsorb heavy metals, it is necessary to des-
orb them for regeneration through complicated procedures after
adsorption. In the meanwhile, these materials are helpless for the
treatment of oil/water mixtures [18,20,21]. Recently, our group has
reported a novel Hg2+ responsive oil/water separation mesh with
poly(acrylic acid) hydrogel coating and achieved wettability tran-
sition by immersion in Hg2+ solution, however, the mesh cannot
be reversed thus severely limit its application [30]. And we also
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reported a disulfide bond coated dual functional membrane for
simultaneously oil/water separation and proteins adsorption. How-
ever, the disulfide bond coated dual functional membrane cannot
be reused after one time proteins adsorption [13]. Given the com-
plexity of wastewater composition, an efficient way of wastewater
treatment should not only can separate the oil from the water,
but also be capable of removing the water soluble pollutants at
the same time [13]. That is to say the dual-functional membranes
that have the ability of separating oil/water mixtures and adsorbing
soluble pollutants reversibly are in great need [13,31].

In this work, we developed a dual-functional thiol covered
membrane that can remove oil efficiently and in situ reversible
adsorption of the mercury ions contained in the wastewater. What
is more, the dual-functional membrane can be repeated use for
many times and maintain high separation and adsorption effi-
ciency, which greatly reduces the cost of wastewater treatment
and have great potential for industrial large-scale wastewater
treatment. As the proof-of-concept, the as-prepared membrane
exhibits special wettabilities with superhydrophilicity in air and
superoleophobicity underwater. When mercury ions contained
oil/water mixtures were poured onto the membrane, water could
pass through the membrane by gravity while oil was blocked on
the upper side. Simultaneously, the mercapto group (SH) on the
membrane surface can capture mercury ions by affinity interac-
tion. More importantly, the mercury ions are easy to be desorbed
by the nitric acid immersion and the adsorption performance main-
tained up to about 100% even after five cycle of usage. Compared
with the reported materials for the oil/water separation, the dual-
functional membrane presented good chemical affinity to mercury
ions, high adsorption and oil/water separation efficiency, showing
great potential for practical applications in treatment of compli-
cated industrial wastewater.

2. Experimental section

2.1. Materials

Dopamine hydrochloride (DA) (Sangon Biotech Co. Ltd., Shang-
hai, China), polyethylenepolyamine (PEPA) (J&K Industrial Inc.,
Beijing, China), 3-Mercaptopropionic acid (J&K Industrial Inc.,
Beijing, China), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (Aladdin Industrial Inc., Shanghai, China), Nylon
membrane (Ф50 mm*0.22 �m*120 �m,  XINGYA purification
device factory, Shanghai, China), N-Hydroxysuccinimide and mer-
cury nitrate were used as purchased. Other reagents from
Sinopharm Chemical Reagent are of analytical grade and used with-
out further purification.

2.2. Instrumentation and characterization

Concentrations of Hg2+ were measured by ICP-OES at
194.168 nm (Perkin Elmer ELAN DRC-e, PerkinElmer, Inc., Shelton,
CT, USA) under the instrumental operating conditions recom-
mended by producer. Scanning electron microscopy (SEM) images
were obtained by field emission scanning electron microscope (SU-
8010, Hitachi Limited, Japan). Contact angles were measured on an
OCA 20 machine (Data-Physics, Germany) at ambient temperature.
Water droplets (2 mL)  were used for the WCA  measurements in
air. For the underwater OCA measurements, the oil droplets (1, 2-
dichloroethane, n-hexane, etc., 2 mL)  were carefully dropped onto
the materials, which were immersed in water. The average value of
five measurements taken at different positions on the same sam-
ple was adopted as the CA. The oil content in the filtrates was
extracted by CCl4 and then tested by infrared spectrometer oil con-

tent analyzer (OIL 480). The separation efficiency was  calculated by
oil rejection coefficient (R (%)) according to

R = (1 − Cp/C0) ∗ 100%

in which C0 and Cp are the oil concentration of the original oil/water
mixtures and the collected water after separation, respectively. And
the separation efficiency was the average value of at least three
measurements with different samples.

2.3. Preparation of the PDA/PEPA films on nylon membrane

The clean nylon membrane was  immersed in a beaker contain-
ing 90 mL  deionized water and 0.3 g DA. After ultrasonic treatment
for 5 min, a 10 mL  aqueous solution containing 0.1 g PEPA was
added dropwise into the solution. And then the mixture was  placed
at ambient temperature for 48 h. The as-prepared membrane was
washed by deionized water and dried out for secondary reaction.

2.4. Preparation of dual-functional membrane

0.53 g 3-mercaptopropionic acid was first dissolved in 100 mL
of the mixture solution of tetrahydrofuran and methylene chloride
(1:1) to prepare the reaction solution (50 mmol/L). Second, 1.15 g
of EDC was added into the mixture with ultrasonic treatment for
30 min  at ambient temperature. And then 0.14 g NHS was  added
into the mixture with ultrasonic treatment for 10 min. Finally, the
PDA/PEPA coated membrane was immersed in the reaction solu-
tion for 12 h at room temperature. The dual-functional membrane
was cleaned by deionized water and ethanol twice for further char-
acterization.

2.5. Oil/water mixtures separation and mercury ions adsorption
experiments

The oil/water separation and mercury ions adsorption exper-
iment procedure was performed as shown in Fig. S1. The
dual-functional membrane was  fixed between two  Teflon fixtures,
and both of the fixtures were attached with glass tubes, the diam-
eter of the tube was 25 mm.  The oil/water mixtures (5 mL  oil
mixed with 10 mL  mercury ions water solution (30 ppm)) were
poured onto the dual-functional membrane and the separation was
achieved by the driving force of gravity.

3. Results and discussion

The polydopamine (PDA)/polyethylenepolyamine (PEPA)
coated membrane was  first prepared according to our pre-
vious literature reports by simple immersion in an aqueous
solution of dopamine and PEPA [32–34]. Dopamine can form
strong adhesive films on the surface of nylon membrane through
self-polymerization in alkalescent solution, whereas, PEPA is
alkalescent and rich in amino groups that can react with dopamine
via Michael addition or Schiff base reaction between amine and
catechol groups. The co-deposition PDA and PEPA were assembled
spontaneously in solution by covalent bonds and non-covalent
bonds and forming plenty of spherical nanoparticles that owned
numerous amino groups on nylon membrane with the increased
surface roughness (Fig. S2, SI). The hydrophilic amino groups, polar
polymer and surface roughness worked together and endowed
the membrane with the superhydrophilicity and thus prevented
oil from permeating. In addition, the flux of PDA/PEPA coated
membrane was even larger than the nylon membrane because
of the superhydrophilic property (Fig. S3, SI), which also showed
that the effect of coating on the inter-fibre porosity of the original
membrane was  very small. Meanwhile, the PDA/PEPA coated mem-
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