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ABSTRACT: Due to the frequent oil spill accidents and pollution of industrial oily
wastewater, oil fouling has become a great challenge to polymeric membrane ion-
selective electrodes (ISEs) for applications in oil-contaminated areas. Herein, a
simple approach is proposed to enhance the oil-fouling resistance of polymeric
membrane ISEs by surface modification of a zwitterionic polymer-based underwater
oleophobic coating. As a proof-of-concept, a classical poly(vinyl chloride)
membrane-based calcium ion-selective electrode (Ca2+-ISE) is chosen as a model
sensor. The zwitterionic polymer-based coating can be readily modified on the
sensor’s surface by immersion of the electrode into a mixture solution of dopamine
and a zwitterionic acrylate monomer (i.e., sulfobetaine methacrylate, SBMA). The
formed poly(SBMA) (PSBMA) coating alters the oleophilic membrane surface to an
oleophobic one, which endows the surface with excellent self-cleaning properties
without loss of the sensor’s analytical performance. Compared to the pristine Ca2+-
ISE, the PSBMA-modified Ca2+-ISE exhibits an improved analytical stability when
exposed to oil-containing wastewater. The proposed approach can be explored to enhance the oil-fouling resistance of other
polymeric membrane-based electrochemical sensors for use in the oil-polluted environment.

1. INTRODUCTION

As a well-established analytical tool, potentiometric polymeric
membrane ion-selective electrodes (ISEs) play an important
role in environmental monitoring.1−5 Due to the frequent oil
spill accidents and increasing discharges of industrial oily
wastewater, especially in coastal areas and oilfields, oil foulants
are becoming commonplace,6−12 which would induce a great
challenge for plasticized polymeric membrane sensors to
analyze environmental samples with high accuracy and
stability. Indeed, oil foulants are found to be much more
intractable compared to other foulants (e.g., proteins and
microorganisms) owing to their easy deposition and
deformation on polymer membranes via strong hydrophobic
interactions.13−16 When the oil droplets adhere onto a
polymeric membrane, they can spread all over the membrane
surface in a short time. Moreover, the lipophilic components of
the oil droplets could be extracted into the organic membrane
phase resulting in a drift in the potential response and loss of
the sensor’s selectivity.17 To date, considerable efforts have
been devoted to improve the sensors’ biocompatibilities.18−23

However, research on the sensors’ environmental compatibil-
ities are still rather rare.24−26 Considering the negative effects
of oil fouling, it is crucial to develop a polymeric membrane
ISE configuration with oil-fouling resistance for reliable
detection in environmental samples.

Many approaches, such as sample pretreatments (e.g.,
solvent extraction) and advanced sampling techniques, have
been developed to mitigate the interferences of lipophilic
compounds.17,27−29 However, these methods are usually time-
consuming and unsuitable for the real-time analysis. Surface
modification has been proven as an effective method to
prevent fouling.30 Hydrophilic materials, such as poly(ethylene
glycol) (PEG)-based polymers,31,32 hydrogels,33 nanomateri-
als,24 and zwitterionic materials,34 have been employed to
protect sensors from direct contact with foulants. Among
these, zwitterionic materials are recognized as an excellent
candidate for construction of fouling-resistance surfaces due to
their electric neutrality, excellent hydrophilicity, underwater
oleophobicity, and good stability.13,35−37 The unique struc-
tures of zwitterionic materials containing equivalent positively
and negatively charged groups allow binding with water
molecules via strong electrostatic interactions.38 Moreover,
compared with the PEG-based materials, the zwitterionic units
(e.g., sulfobetaine methacrylate, SBMA) could bind to more
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water molecules (i.e., 7−8 water molecules per unit) and
maintain more mobility of water molecules in the hydration
layer.39 Very recently, the zwitterionic SBMA-based coatings
have been modified on voltammetric/amperometric carbon-
based electrodes to improve their biocompatibilities.34,40

However, it should be noted that these works aimed to
develop biocompatible electrochemical sensors which could
resist nonspecific protein binding in complex biological fluids.
To the best of our knowledge, no research has been done to
enhance the oil-fouling resistance of polymeric membrane ISEs
for potentiometric detection in the oil-polluted environment.
In this work, for the first time, the influences of oil fouling

on the potentiometric polymeric membrane ISEs have been
extensively investigated and a promising method is proposed to
prevent the ISEs from oil fouling. As a proof-of-concept, a
classical poly(vinyl chloride) membrane-based calcium ion-
selective electrode (Ca2+-ISE) is chosen as a model sensor. The
surface of the Ca2+-ISE is modified with a zwitterionic
poly(SBMA) (PSBMA) coating via a mild dopamine-assisted
codeposition method. It will be shown that the PSBMA
coating endows the modified Ca2+-ISE with an excellent self-
cleaning ability against oil foulants but does not influence the
sensor’s analytical performance.

2. EXPERIMENTAL SECTION

2.1. Membranes and Electrodes. The calcium ion-
selective membranes (Ca2+-ISMs) contained 2.3 wt %
N,N,N′,N′-tetracyclohexyl-3-oxapentanediamide (ETH 129),
2.2 wt % sodium tetrakis [3,5-bis(trifluoromethyl)phenyl]
borate (NaTFPB), 31.8 wt % poly(vinyl chloride) (PVC), and
63.7 wt % 2-nitrophenyl octyl ether (o-NPOE). The
membrane cocktail solution was prepared by dissolving 360
mg of the membrane components into 3.6 mL of
tetrahydrofuran (THF). After being stirred for 2 h, the
membrane cocktail solution was poured into a glass ring (i.d.
36 mm) fixed on a glass plate to obtain the Ca2+-ISM.
The solid-contact Ca2+-ISEs were prepared as described

before . 2 0 , 2 4 A poly(3 ,4 -e thy lenedioxyth iophene)
(PEDOT):poly(sodium 4-styrenesulfonate) (PSS) layer was
used as the ion-to-electron transducer of the solid-contact
Ca2+-ISEs. This layer was electrodeposited onto the surface of
a glassy carbon electrode (GCE, i.d. 3.0 mm) using a mixture
solution with 10−2 M 3,4-ethylenedioxythiophene and 10−1 M
PSS. A constant current of 0.014 mA was applied for the

polymerization of 714 s.41,42 The obtained GCEs were rinsed
with deionized water and dried at room temperature. Finally,
80 μL of the membrane cocktail solution was drop-cast onto
the GCE to generate a sensing membrane with a thickness of
approximately 100 μm.

2.2. Surface Modification of the Ca2+-ISEs. A one-step
deposition method was used to modify the zwitterionic
polymer coating onto the surface of the Ca2+-ISE.43 Briefly,
2 mg mL−1 of dopamine and 30 mg mL−1 of zwitterionic
acrylate monomer SBMA were dissolved into a Tris-HCl buffer
solution (pH = 8.5, 50 mM). Subsequently, the membrane
electrodes were immersed into the obtained solution and
incubated for 12 h at room temperature. During this process,
the self-polymerization of dopamine can trigger the polymer-
ization of the acrylate monomer SBMA to form PSBMA.
Simultaneously, the generated polydopamine assists PSBMA to
deposit onto the electrode surface.43−45 After modification, the
obtained electrodes were thoroughly washed with deionized
water.

2.3. Electrochemical Measurements. The electromotive
force (EMF) values were measured by using an electro-
chemical workstation (CHI 760D, Shanghai Chenhua
Apparatus Corporation, China) at room temperature in the
galvanic cell: Ag/AgCl/3 M KCl/sample solution/ISM/
PEDOT-PSS/GCE. For Ca2+ detection, the electrodes were
conditioned in 10−3 M CaCl2 solution overnight before use.
Selectivity measurements were carried out by using the
separate solution method,46 and the electrodes were
conditioned in 10−3 M NaCl solution overnight before
measurements. The measured EMF values were corrected for
the liquid junction potentials, and the ion activities were
calculated according to the Debye−Hückel equation.

2.4. Evaluation of the Anti-Oil-Fouling Properties of
the PSBMA-Modified Ca2+-ISEs. To evaluate the oil-fouling
resistance of the PSBMA-modified Ca2+-ISEs, the potentio-
metric responses of the electrodes after exposure to oil foulants
were tested. The artificial wastewater samples containing 5%
(v/v) of the oils were prepared. The diesel oil and crude oil
samples (collected from the Bohai Sea, China) were selected as
the model foulants, since they are typical oil foulants in the
environment. The conditioned membrane electrodes were
immersed in the oil-containing wastewater samples for 1 h
under continuous stirring. Then, the fouled electrodes were
rinsed with deionized water and transferred to the cell for
potentiometric measurements. To observe the oil fouling of

Scheme 1. Schematic Illustrations of the Fabrication of the Zwitterionic Polymer Modified Membrane and of the Anti-Oil-
Fouling Principle of the Modified Ca2+-ISE
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the membrane electrodes, the surfaces of the Ca2+-ISMs were
photographed. For easy visualization, the diesel oil sample was
stained with Sudan III.

3. RESULTS AND DISCUSSION
Due to oil spill accidents and industrial oil pollution, oil fouling
is becoming a great challenge for polymeric membrane ISEs to
be applied in the environmental fields. Since the plasticized
polymeric membrane matrixes are hydrophobic, oil foulants
can easily deposit on the sensing membrane via strong
hydrophobic interactions, which may cause measurement
errors and shorten the sensors’ lifetimes. In this study, an
underwater oleophobic self-cleaning coating based on a
zwitterionic polymer was developed to enhance the oil-fouling
resistance of the Ca2+-ISE. As shown in Scheme 1, the
proposed surface coating can be formed simply by immersion
of the electrode into a solution containing dopamine (2 mg
mL−1) and zwitterionic acrylate monomer SBMA (30 mg
mL−1) at pH 8.5. After the one-step modification, the
oleophilic membrane surface can be changed to an oleophobic
one. In this case, the oil droplets adjacent to the sensor surface
can be cleaned by the PSBMA coating, thus effectively
eliminating the oil-fouling problems (Scheme 1, right). In
contrast, for the pristine sensor, the oil droplets could rapidly
be adsorbed on the sensor surface and cause sensor failures
(Scheme 1, left).
The images of scanning electron microscopy (SEM) show

that numerous nanoparticles can be found on the surface of the
PSBMA-modified Ca2+-selective membrane (Figure S1). The
results of the water contact angle (WCA) measurements
illustrate that the WCA of the Ca2+-selective membrane
decreases from 86.3 ± 1.7 to 38.1 ± 4.2° after PSBMA
modification, which indicates that the hydrophilicity of
membrane surface is significantly improved by the PSBMA
coating (Figure S2). The spectra of attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR) show the new peaks at 1726 and 1033 cm−1 for the
product from polymerization of dopamine and SBMA (Figure
S3), which are attributed to the O−CO and SO
symmetric stretching vibrations, respectively.43 These results
indicate that the SBMA units have been incorporated into the
polymer. Under alkaline conditions, dopamine can be oxidized
into dopamine quinone and then form 5,6-dihydroxyindole
and 5,6-indolequinone.47 These intermediates can be trans-
ferred into the semiquinone radical species via the single-
electron exchange reaction and electron resonance, and then
further integrated into polydopamine via the radical coupling
reactions.47,48 Simultaneously, these radicals can also act as
reactive species to trigger the free-radical polymerization of
SBMA to form PSBMA.43 Due to the intrinsic adhesive nature
of polydopamine, the PSBMA can be codeposited onto the
surface of the substrate via noncovalent interactions, such as
hydrogen bonding and π−π interactions.44,45,49

Since the deposition time plays a vital role in the
oleophobicity of the prepared PSBMA coating, the influence
of deposition time was investigated. As shown in Figure S4, the
pristine Ca2+-ISM has a small underwater contact angle
(UWOCA) of 25.4 ± 2.1° for dichloromethane, indicating
its high lipophilicity. As the deposition time increases from 4 to
12 h, the UWOCA of the pristine Ca2+-ISM increases rapidly
from 42.0 ± 1.3 to 141.5 ± 3.4°, which is mainly due to the
increase in the thickness of the oleophobic PSBMA coating. A
further increase in deposition time would not obviously

improve the UWOCA. Thus, 12 h was selected as the optimal
modification time. Moreover, several common oils including
diesel oil, petroleum ether, and peanut oil were also used to
measure the UWOCAs of the PSBMA modified Ca2+-ISM. As
shown in Figure 1, the oleophilic membrane surface becomes

oleophobic with significantly increased UWOCA values for all
of these oils. As a comparison, the UWOCAs for the
polydopamine-modified Ca2+-ISM were also investigated (see
Figure S5), which are much smaller than those of the PSBMA-
modified Ca2+-ISM. These results indicate that the oleopho-
bicity of PVC-based Ca2+-ISE can be significantly enhanced by
the proposed PSBMA coating. In addition, the PSBMA coating
has an excellent long-term stability. Experiments show that the
PSBMA-modified Ca2+-ISM can still maintain a UWOCA
value of 142° for diesel oil after storage at 4 °C for one month.
The zwitterionic polymers have been recognized as effective

materials with excellent underwater oleophobicity to resist oil
fouling.35,50 The self-cleaning properties of the PSBMA-
modified Ca2+-ISE were characterized by investigating the
underwater-oil adhesion on the membrane surface. As
illustrated in Figure 2A, the diesel oil droplet can quickly
adhere to the surface of the pristine Ca2+-ISM once it contacts
the membrane surface, indicating that the pristine Ca2+-ISE has
a high oil-fouling tendency. In contrast, no obvious oil
adhesion is observed for the PSBMA-modified Ca2+-ISM
(Figure 2B). In addition, the free oil droplet can quickly slide
away from the surface of PSBMA-modified Ca2+-ISM (Figure
2C). Indeed, these data prove that the PSBMA-modified
membrane has an excellent self-cleaning ability. After PSBMA
modification, a zwitterionic membrane surface can be obtained
which has excellent fouling resistance due to the formation of a
compact and continuous hydration layer on the membrane
surface via electrostatically induced hydration.13,39 The
hydration layer could strongly weaken the hydrophobic
interactions between the oil droplets and membrane surface.
Under the conditions of slight hydraulic stirring, the oil
droplets can be easily expelled from the membrane surface
without any adhesion. In this case, the coalescence of oil
droplets and formation of an oil layer on the membrane surface

Figure 1. Underwater-oil contact angles (UWOCAs) for the pristine
and PSBMA-modified Ca2+-selective membranes. Dichloromethane,
diesel oil, petroleum ether, and peanut oil were used to measure the
UWOCAs. Experimental conditions: dopamine, 2 mg mL−1; SBMA,
30 mg mL−1; pH, 8.5; immersion time, 12 h.
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can be effectively inhibited. Therefore, the oil-fouling
resistance of the PSBMA-modified membrane electrode can
be significantly enhanced.
It should be noted that the improvement in sensor’s fouling-

resistance properties should not sacrifice the analytical
performance.30 Therefore, the potentiometric responses of
the pristine and PSBMA-modified Ca2+-ISEs were tested in the
range from 10−8 to 10−2 M. As shown in Figure 3A, the

PSBMA modification has little influence on the sensor’s
performance in terms of linear range, response slope, and
detection limit. The pristine Ca2+-ISE exhibits a Nernstian
response slope of 29.2 ± 0.2 mV decade−1 over the range from
10−6 to 10−2 M with a detection limit of 5.3 × 10−7 M. Similar
to the pristine Ca2+-ISE, the PSBMA-modified Ca2+-ISE shows
a response slope of 28.7 ± 0.9 mV decade−1 with a detection
limit of 5.5 × 10−7 M. These results indicate that the PSBMA
coating cannot impair the thermodynamic extraction equili-
brium of Ca2+.51 As shown in Figure 3B, the response time of
the PSBMA-modified Ca2+-ISE is longer than that of the

pristine Ca2+-ISE. After modification, the response time of the
Ca2+-ISE increases from 2.9 to 13.9 s when the concentration
of Ca2+ is changed from 10−6 to 10−5 M. Such a change in
response time is more pronounced for lower concentrations of
Ca2+ but negligible for concentrations higher than 10−3 M.
This may be attributed to the fact that the PSBMA layer could
prevent the diffusion of Ca2+ between the sensing membrane
and the aqueous layer.20,52 The selectivity coefficients of the
PSBMA-modified Ca2+-ISE were measured by using the
separate solution method,46 and Na+, K+, and Mg2+ were
selected as the interfering ions. The results shown in Table S1
demonstrate that the selectivity coefficients of the PSBMA-
modified Ca2+-ISE are comparable to those of the pristine
Ca2+-ISE.
In order to evaluate the feasibility of the proposed self-

cleaning Ca2+-ISE for practical applications, the potentiometric
responses of the pristine and PSBMA-modified Ca2+-ISEs
before and after immersion of the electrodes in the oil-
containing wastewaters were measured. As illustrated in Figure
4A, after immersion in the wastewater containing 5% (v/v)
diesel oil for 1 h under stirring, the response slope of the
pristine Ca2+-ISE decreases by 56.2% (from 29.2 to 12.8 mV
decade−1). In contrast, no obvious change is observed for the
PSBMA-modified Ca2+-ISE (from 28.7 to 28.4 mV decade−1).

Figure 2. Self-cleaning properties of the PSBMA-modified Ca2+-selective membranes: (A) dynamic images of a diesel oil droplet approaching and
adhering to the pristine Ca2+-selective membrane, (B) dynamic images of a diesel oil droplet approaching and leaving the PSBMA-modified Ca2+-
selective membrane, and (C) dynamic images of a free diesel oil droplet sliding away from the PSBMA-modified Ca2+-selective membrane. The red
arrows represent the moving directions of the diesel oil droplets.

Figure 3. Influence of the surface modification on the sensor’s
analytical performance: (A) time-dependent potentiometric response
traces of the pristine and PSBMA-modified Ca2+-ISEs and (B)
response times of the pristine and PSBMA-modified Ca2+-ISEs. The
response times were calculated from the potentiometric response
traces when the concentration of Ca2+ was changed from 1 × 10−6 to
1 × 10−5 M. Error bars represent one standard deviation for three
measurements.

Figure 4. Typical calibration curves of the pristine and PSBMA-
modified Ca2+-ISEs after underwater contacts with 5% (v/v) diesel oil
(A) and crude oil (B), respectively, for 1 h under stirring.
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The similar results are also observed for the crude oil fouling.
As shown in Figure 4B, the pristine Ca2+-ISE even loses its
original potential response, while the PSBMA-modified Ca2+-
ISE still maintains an acceptable response slope of 26.0 mV
decade−1. These results suggest that the proposed self-cleaning
Ca2+-ISE exhibits a significantly improved stability when
exposed to oil foulants. Such remarkable difference in sensor’s
potentiometric response is probably due to the fact that the
pristine PVC-based oleophilic membrane has a tendency to
adsorb oil droplets resulting in the accumulation of oils on the
membrane surface.13 The adsorbed oil foulants could be
dissolved in the membrane phase to change the membrane
components and/or may form an oil layer to insulate the ISE
membrane from the sample solution. For the PSBMA-modified
Ca2+-ISE, the self-cleaning oleophobic coating can effectively
prevent the adhesion of oil foulants on the electrode surface
and thus improve the sensor’s analytical stability when exposed
to oil foulants.
Furthermore, the Ca2+-ISMs were examined visually after

contact with the oil-containing wastewaters. The diesel oil
sample was stained using Sudan III to improve visualization.
Indeed, as shown in Figure S6, after contacts with the oil-
containing wastewaters, a large amount of the tested oils with
the dense and uniform distributions can be observed on the
unmodified Ca2+-ISMs, indicating the high fouling tendency of
the unmodified membrane. Figure S6 also indicates that, for
the PSBMA-modified Ca2+-ISMs, negligible oil adhesion is
observed after contacts with the oil-containing wastewaters,
thus further confirming the enhanced fouling-resistance of the
proposed sensor.

■ CONCLUSIONS
We demonstrate here for the first time that the oil-fouling
resistance of polymeric membrane Ca2+-ISEs can be enhanced
by surface modification of a zwitterionic PSBMA coating.
Experiments show that the analytical performance of the Ca2+-
ISE in terms of response slope, detection limit, and selectivity
is not influenced by the PSBMA coating. The PSBMA coating
increases the UWOCA of the sensor’s surface from 25.4 ± 2.1
to 141.5 ± 3.4° and endows the sensor with excellent self-
cleaning properties against oil foulants. After fouling with 5%
(v/v) diesel oil or crude oil, the response of the pristine Ca2+-
ISE decreases by 56.2% or even completely lost in terms of the
response slope. In contrast, the PSBMA-modified Ca2+-ISEs
can still maintain acceptable response slopes after being fouled
by oils. The proposed strategy has a promising potential to
develop polymeric membrane ISEs with excellent oil-fouling
resistance for reliable potentiometric detection in the oil-
polluted environment.
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