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a b s t r a c t
A novel underwater superoleophobic sponge for emulsion wastewater treatment was fabricated by 
[3-(methacryloylamino)propyl]trimethylammonium chloride polymer. The emulsion separation effi-
ciency, antibacterial ability, and the mechanism of the automatic demulsification phenomenon of the 
prepared sponge were investigated. The experimental results showed that the sponge exhibited the 
property of underwater superoleophobicity and its separation efficiencies for separating oil/water 
emulsions of chloroform, heptane, kerosene, toluene, and vegetable oil were above 99%. Besides, 
the sponge’s antibacterial efficiency was above 99% for Escherichia coli and Staphylococcus aureus. 
In addition, the prepared sponge had high sodium dodecyl sulfate (SDS) adsorption ability; therefore, 
it could change the ionic balance of the emulsions stabilized by SDS. The destroyed emulsions would 
be aggregated to form large but unstable emulsions. Consequently, these unstable emulsions would 
be separated, leading to the formation of the oil layer. This schematic mechanism of the automatic 
demulsification phenomenon was also proposed in this study.
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1. Introduction

Wastewater containing emulsified oil-water mixtures 
had been produced in many industries, including petro-
chemicals, food, textiles, leather, and the surface treatments 
of steel and metals [1–5]. Besides, many emulsion effluents 
containing surfactants also had been used in shale oil mining 
technology. The effective recovery or separation of these 
emulsions would exhibit a significant economic impact [6–8]. 
However, the separation of the emulsified oil-water mixtures 
was difficult and became a global challenge.

Conventional techniques such as skimmers, centrifuges, 
coalescers, sedimentation tanks, depth filters, magnetic sep-
aration, and flotation techniques could be used to separate 
immiscible oil-water mixtures, but not suitable for stable oil/
water emulsions [9,10]. Additionally, emulsions with micron 

and submicron-sized droplets required a long residence time 
for gravity separation. Even the addition of chemicals could 
not effectively destroy those stable emulsions. Therefore, in 
order to solve these issues, various demulsification processes 
have been developed in literatures to solve the problem of 
emulsion wastewater, such as chemical demulsification 
[11–13], centrifugation [14,15], thermal treatment [16–18], 
electrical demulsification [19,20], ultrasonic demulsification 
[21–23] and biological demulsification [24,25]. However, 
these conventional methods could not extract water with the 
oil concentration lower than 1 vol.% of the total wastewater. 
On the other hand, the oil droplets below 10 μm could not 
be removed efficiently either [26,27].

To overcome these issues, membrane separation tech
nology was an alternative method [28–31], which was 
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initially used to reverse osmosis [32], membrane distilla-
tion [33], microfiltration [34,35], and ultrafiltration [36,37]. 
The performance of the membrane was significantly affected 
by the surface properties, such as wettability, surface charge, 
pore size, and roughness [38–40]. During the membrane 
separation process for the emulsions, the charge interaction 
between the emulsions and the membrane surface would 
facilitate the fragmentation and coagulation of the emul-
sions [41,42]. According to this previous literature, a pos-
itive-charged surface would facilitate demulsification for 
the emulsions synthesized by a negative surfactant [43,44]. 
Therefore, it could conclude that while an emulsion separa-
tion membrane had a positive-charged surface, the separa-
tion efficiency of the membrane could be improved.

For example, Xu et al. [45] used the chitosan-polyacryl-
amide sponge to achieve the emulsion demulsification by 
the extrusion method effectively. Wu et al. [46] investigate 
the influence of surface charge on emulsion separation and 
demulsification. Both references implied that the cationic 
support had exhibited a better emulsion separation perfor-
mance than the anionic one. On the other hand, an extrusion 
or filtration process was necessary to achieve the demulsi-
fying effect of the emulsion. In spite of the above results, 
the automatic demulsification phenomenon has never been 
proposed and the possible effects of bacteria on the support 
[47–50] have not to be investigated.

In our previous study [51], we had synthesized the 
quaternary ammonium salt polymer mesh membrane with 
a high separation efficiency (>99%), high permeate flux 
(up to 4,308 L h–1 m–2), durability (up to 120 times), and good 
anti-bacterial property to separate oil-water mixtures. How
ever, the efficiency of separating oil/water emulsions needs 
to be improved. In this study, we proposed a novel and fac-
ile sponge, which was synthesized by using a quaternary 
ammonium salt polymer. The separation efficiency of emul-
sions, antibacterial ability, and the mechanism of the fantasy 
automatic demulsification process were investigated. In 
addition, the surface morphology, the wetting characteristics, 
the surfactant adsorption characteristics, and the separation 
efficiency of various oil/water emulsions of the sponge would 
be discussed.

2. Materials and experimental methods

2.1. Materials

[3-(Methacryloylamino)propyl]trimethylammonium 
chloride solution (MAPTAC, 50%) was chosen as the monomer 
with the crosslinking agent of N,N’-Methylenebisacrylamide 
(MBA, ≥99%) to synthesize the polymer materials. The ammo
nium persulfate (APS, ≥95%) was employed as the initiator 
in the polymerization. All chemicals mentioned above were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). Various 
substrates for the prepared polymers were listed below. First, 
stainless steel mesh with a pore size of 45 μm was purchased 
from Yung Sheng Wire Co. Ltd., (Taichung, Taiwan). Second, 
melamine sponge was obtained from Litai Plastic Industry 
Co. Ltd., (Taiwan) and thirdly polyvinyl alcohol (PVA) 
sponge was bought from Speed International Research Co. 
Ltd., (Taichung, Taiwan). On the other hand, sodium dodecyl 
sulfate (SDS) was an ionic surfactant to be employed as an 

emulsifier for preparing the oil/water emulsions. The oil 
sources of the emulsions could be chloroform (First grade), 
toluene (First grade), heptane (≥99%), vegetable oil, and ker-
osene. SDS, chloroform, and toluene were purchased from 
Nihon Shiyaku Co. Ltd., (Japan) and heptane was bought 
from Sigma-Aldrich as well. The vegetable oil was pro-
vided from Standard Food Corporation (Taipei, Taiwan) and 
kerosene was obtained from Chinese Petroleum Corporation 
(Taiwan).

2.2. Preparation of polymer solutions

For the polymerization process, monomers (20  g of 
MAPTAC), a crosslinking agent (0.1 g of MBA), and an ini-
tiator (0.5  g of APS) were dissolved in deionized water by 
stirring for 1 h. The polymer solution was used as the coat-
ing material for preparing the oil/water emulsion separation 
sponges.

2.3. Preparation of polymer-coated oil-water separation sponge

The as-prepared polymer solution was deposited on var-
ious substrates by the dip-coating method, including cleaned 
stainless steel meshes, melamine sponges, and PVA sponges. 
As shown in Fig. 1a, these substrates were immersed in the 
polymer solution and then drawn horizontally. Subsequently, 
the polymer-coated substrates were heated in an oven at 
85°C for 180  min. The schematic diagram of the polymeri
zation reaction is represented in Fig. 1b. For the sake of 
removing the nonreactive monomers, the polymer-coated 
sponges or meshes were flushed by deionized water after 
polymerization. Consequently, the oil/water emulsion sep-
aration sponges were prepared and their emulsion separa-
tion efficiencies, demulsification property, and antibacterial 
property would be examined.

2.4. Emulsion separation test

The oil/water emulsions were prepared by emulsifying 
water and various oil sources in 5  vol.%. The oil sources 
included chloroform, heptane, toluene, kerosene, and vege-
table oil. With the addition of 1 mg mL–1 of SDS emulsifier, 
the polymer solutions were operated under a homogenizer 
at 10,000 RPM for 5 min. The sizes of emulsions mentioned 
above were controlled in a range of 0.5–2  μm, measured 
by a dynamic light scattering particle size analyzer (BIC 90 
Plus, Brookhaven, U.S.). Before the oil/water emulsions sep-
aration experiment, the prepared sponges were pre-wetted 
in water for 10 min and then mounted onto the separation 
apparatus, as shown in Fig. 1c. Under the vacuum pressure 
of 0.1 MPa, emulsions started to be separated and the filtrate 
was collected in the flask. The separation efficiency could be 
represented by the oil rejection coefficient R (%) [52]:

R
C
C
p% %( ) = −









×1 100

0

	 (1)

where C0 and Cp were the oil concentration of the oil/water 
emulsion before and after separation, respectively.
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2.5. Demulsification experiment

The anionic surfactant-stabilized oil/water emulsion was 
synthesized by emulsifying 50 vol.% oil source (such as chlo-
roform, heptane, toluene, kerosene, and vegetable oil) with 
deionized water by using a surfactant of 1 mg mL–1 SDS in 
a beaker. The synthesized emulsion was poured into a test 
tube, and then the as-prepared sponge was immersed into 
the emulsion. Subsequently, the changes in the emulsion 
would be recorded over time.

2.6. SDS adsorption test

The SDS adsorption ability of prepared polymer was ver-
ified by the following processes. Initially, the polymer solu-
tion was heated in an oven at 85°C for 180  min to get the 
dry polymer. 1 g dry polymer was added into a 100 mL SDS 
solution with a concentration of 5,000 ppm in a beaker. Then 
the change in SDS concentration from 0 to 180 min was mea-
sured. The SDS adsorption ratio was defined as the following 
equation:

(a)

(b)

(c)

Fig. 1. (a) Schematic diagram of preparing oil/water emulsion separation sponges, (b) the schematic diagram of the polymers cross-
linking reaction, and (c) the apparatus for oil/water emulsion separation.
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SDS adsorption ratio % %( ) = −








×1 100

C
C
t

i

	 (2)

where Ci and Ct were the initial SDS concentration and the 
SDS concentration at time t (min), respectively. The analysis 
of SDS concentration was assessed by referring to Standard 
Methods (5540C) [53,54]. The 5540C method is followed by 
the mechanism that anionic surfactant could be bound to 
methylene blue (cationic dye) by the electrostatic force to 
become methylene blue active substance (MBAS). The MBAS 
in the aqueous phase would be extracted into the organic 
phase by using chloroform. Then the concentration of MBAS 
was determined by the absorbance at 652  nm which was 
measured by using a spectrophotometer. Consequently, the 
concentration of the anionic surfactant was quantified.

2.7. Antibacterial test

The antibacterial activity was examined according to the 
standard shake flask method (ASTM-E2149-01) [55,56]. This 
method provided the quantitative data by the average colo-
ny-forming units per milliliter (CFU mL–1) of buffer solution 
in the flask. For measuring the antibacterial reduction rate of 
the prepared polymer, Escherichia coli (E. coli) (ATCC 23815) 
and Staphylococcus aureus (S. aureus) (ATCC 21351) were 
used as the model bacteria because of their easy reproduc-
tion in water widely. In the beginning, the target E. coli or S. 
aureus was cultured in Luria–Bertani broth at 37°C for 24 h to 
reach mid-log phase, and then the bacterial suspension was 
diluted with a 0.9% NaCl solution at pH 6.5 to the cell con-
centration of 106–107 CFU mL–1. Additionally, a 5 mL diluted 
solution was withdrawn and incubated with immersing a 
piece of polymer-coated sponge (10 mm × 10 mm) within a 
test tube at 37°C. To determine the inoculum cell density, the 
suspensions were withdrawn before contacting with the poly-
mer-coated sponge as well as the samples after contacting in 
1 h. The withdrawn suspensions were diluted serially in the 
sterile buffer solution, spread on a nutrient plate count agar 
(PCA), and further incubated at 37°C for 24 h to determine 
the quantities of surviving bacteria. By counting the num-
ber of colonies, the antibacterial rate was defined as follows:

AR =
−







×

n n
n
0

0

100% 	 (3)

where n0 and n are the average number of bacteria before 
and after contacting with the dilute samples, respectively. All 
experiments were repeated three times to confirm reliability.

Additional, the antibacterial property of the polymer-
coated sponge was tested by the inhibition zone method 
[57]. In this method, E. coli and S. aureus were taken as the 
model bacteria as well. Initially, the cell concentration of the 
model bacteria was controlled at 106–107  CFU  mL–1. Then 
the sponge was cut into small pieces and deposited on the 
plates with a nutrient PCA. The plates were examined for 
the formation of a possible clear zone after incubation at 
37°C for 24 h. The presence of a clear zone around the piece 
sample was recorded as an inhibition zone against E. coli 
and S. aureus.

2.8. Other characterizations

The surface chemistry of resulting sponges was charac-
terized by Fourier transform infrared spectroscopy (FTIR, 
BI0-RAD165, Perkin-Elmer, U.S.). To characterize the hydro-
phobicity of polymer-coated sponges, underwater oil contact 
angles were measured by using a contact angle meter 
(GBX-PX610, Germany). During the measurement, chloro-
form droplets (2  μL) were dropped carefully on the poly-
mer-coated sponges underwater at the ambient temperature. 
The average contact angle was determined by measuring 
more than five different positions on the same sample. The 
images of the polymer-coated sponges were obtained from a 
scanning electron microscopy (SEM, JEOL-I6700, Japan) with 
an acceleration voltage of 15 kV and a magnitude of 1,000×.

3. Results and discussion

3.1. Characterization of MAPTAC polymer coating

To confirm the formation of the synthesized polymer, 
the FTIR spectroscopy was used to determine the charac-
teristic absorption bands associated with functional groups 
of the quaternary ammonium salt monomers. As shown in 
Fig. 2, the broad peak around 3,457 cm–1 and the sharp peak 
at 2,873 cm–1 were assigned to the O–H and C–H stretching 
bands [58], respectively. The bending band of the quater-
nary ammonium groups (–N+(CH3)3) was approximately at 
1,483 cm–1 [59]. The absorption bands at 1,636 and 1,608 cm–1 
were corresponding to the C=C groups of the monomer 
MAPTAC [58,60]. When MAPTAC was polymerized into a 
polymer, the conversion of the monomers tested by potas-
sium permanganate titration exceeded 99% and the peak of 
C=C groups disappeared, indicating that MAPTAC was suc-
cessfully polymerized. To confirm that the MAPTAC polymer 
coating was successfully coated on the surface of the melamine 
and PVA sponge substrates, the difference between these two 
substrates before and after the MAPTAC polymer-coated 
was examined by an SEM microscopy. Fig. 3 shows the SEM 
images of the melamine sponge (a) before and (b) after the 

Fig. 2. FTIR spectrum before and after MAPTAC polymerization.
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MAPTAC polymer was coated. It was observed that the 
initial pore size of the melamine sponge was about 50  μm. 
There was no noticeable change in the pore size after coating 
MAPTAC polymer, but it was observed that some of these 
pores were filled with MAPTAC polymers. Fig. 3 also shows 

the SEM images of the PVA sponge (c) before and (d) after 
coating MAPTAC polymer. The surface of the MAPTAC 
polymer-coated PVA sponge was transformed from a wrin-
kled grain to a smooth surface, indicating that the polymers  
were successfully coated on the surface of the PVA sponge.

3.2. Separation efficiency of MAPTAC polymer coating on various 
substrates

Fig. 4a shows the separation efficiency of the oil-water 
mixture and emulsion by using MAPTAC polymer coat-
ing on various substrates, including PVA (M-PVA) sponge, 
melamine (M-Me) sponge, and stainless steel (M-S) mesh. 
All polymer-coated substrates could effectively separate the 
oil-water mixture and their separation efficiency could be 
more than 99%. However, emulsion separation efficiencies 
were different while different substrates were used. Their 
emulsion separation efficiencies of M-PVA sponge, M-Me 
sponge, and M-S mesh were 99.8%, 83.9%, and 26.9%, respec-
tively. Accordingly, the PVA sponge was the best choice to 
be served as the substrate for MAPTAC polymer coating. 
Subsequently, the emulsion separation efficiency and the 
underwater oil contact angle of the M-PVA sponge for var-
ious oil sources were discussed for comparison. As shown 
in Fig. 4b, the separation efficiencies of M-PVA sponge for 
chloroform, heptane, kerosene, toluene, and vegetable oil 
emulsions were 99.2%, 99.1%, 99.5%, 99.7%, and 99.2%, 
respectively. The underwater oil contact angles of M-PVA 
sponge for chloroform, heptane, kerosene, toluene, and 
vegetable oil were 152°, 152°, 150°, 159°, and 150°, respec-
tively, indicating that the M-PVA sponge exhibited a distinct 
underwater superoleophobicity.

3.3. Demulsification of M-PVA

Moreover, the M-PVA sponge not only had excellent 
emulsion separation and underwater superoleophobic 
property but also possessed a considerable demulsification 
property. The M-PVA sponge could effectively demulsify the 
emulsion of 50  vol.% kerosene in water prepared by using 

Fig. 3. SEM images of the melamine sponge (a) before and 
(b) after coating MAPTAC polymer; the PVA sponge (c) before 
and (d) after coating MAPTAC polymer.

(a) (b)

Fig. 4. (a) The separation efficiency of the oil water mixture and oil/water emulsion by using M-PVA, M-Me, and M-S substrates and 
(b) the separation efficiencies of various oil/water emulsions by using M-PVA sponge and their images of the underwater oil contact 
angle.
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1 wt.% SDS as an emulsifier. When the M-PVA sponge was 
placed into the emulsion, the M-PVA sponge sank to the 
bottom of the emulsion. After about 20 s, a unique phenom-
enon of demulsification was observed. A small layer of oil 
suddenly appeared in the top layer of the stabilized emul-
sion. Meanwhile, many disturbances were continuously 
observed at the interface between the layered oil and emul-
sion. In addition, new droplets of oil appeared and started 
to aggregate, following by floating around the sponge. After 
5 min, most of the emulsions were destroyed and a separate 
oil layer was formed. After 24 h, a distinctly separate oil layer 
and a demulsified water layer were observed, as shown in 
Fig. 5a. Additionally, no residual SDS was analyzed in the 
demulsified water layer. It indicated that most of the SDS 
were adsorbed on the M-PVA sponge to cause the demul-
sification. Besides the emulsion of kerosene in water, the 
M-PVA sponge can also effectively demulsify the emulsions 
of chloroform, heptane, toluene, and vegetable oil in water, as 
shown in Figs. 5b–e.

3.4. Verification of SDS adsorption on MAPTAC polymer

To verify the SDS adsorption on MAPTAC polymer, 
the SDS solution of 5,000  ppm was used to perform the 

adsorption test by using a pure MAPTAC polymer. As shown 
in Fig. 6, during the first 20 min of adsorption, the MAPTAC 
polymer rapidly absorbed 94.5% SDS. As time went on, the 
adsorption rate became slow and the SDS adsorption ratio 
reached almost 100% after 180 min. The calculated amount of 
saturated adsorption of MAPTAC to SDS was 1.3 g g–1, which 
meant that the MAPTAC polymer had excellent adsorption 
ability of SDS.

3.5. Demulsification mechanism of oil/water emulsion using 
the M-PVA sponge

Fig. 7 shows the demulsification mechanism of the 
M-PVA sponge for an oil/water emulsion with the SDS 
emulsifier. The negative charge of SDS would be drawn 
to the sponge due to the presence of the positive charge 
of the MAPTAC polymer. Therefore, the M-PVA sponge 
would adsorb the SDS, making the emulsions unstable. These 
unstable emulsions gradually aggregated together and 
formed the large emulsions. Due to the density differences 

Fig. 5. Photographs of M-PVA sponge dampening in the emul-
sion of 50 vol.% (a) kerosene, (b) chloroform, (c) heptane, 
(d) toluene, and (e) vegetable oil in water by using 1% SDS as 
an emulsifier.

Fig. 6. SDS adsorption ratio on MAPTAC polymer with time.

Fig. 7. Demulsification mechanism of oil/water emulsion using 
the M-PVA sponge.
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between large emulsions and water, the convection and dif-
fusion phenomena of large emulsions on the surface were 
observed. These phenomena sustained, leading to the large 
emulsions ascending and accumulating into a continuous 
oil layer eventually.

3.6. Antibacterial properties of the M-PVA sponge

During the separation process of the emulsions, the 
bacteria were generally present and caused some adverse 
effects, such as increasing membrane filtration resistance, 
consuming energy, and reducing membrane performance 
and service life. Therefore, the emulsion separation mem-
brane with antibacterial properties could improve the above 
problems. The material used in the experiment was a qua-
ternary ammonium polymer with antibacterial properties. 
The antibacterial mechanism of M-PVA sponge is shown 
in Fig. 8a. The E. coli or S. aureus were easily adsorbed on 
the M-PVA sponge owing to the positive surface charge 
of the sponge. Sequentially, the internal charge balance of 
the bacterial cell wall would be destroyed, resulting in the 
death of the bacteria. Figs. 8b and c also show the appar-
ent inhibition zone of M-PVA sponge against E. coli and 
S. aureus. In addition, when the antibacterial efficiency of 
the M-PVA sponge was tested by the standard shake flask 
method, the antibacterial efficiencies of E. coli and S. aureus 
were 99.30% and 99.99%, respectively, indicating that the 
prepared M-PVA sponge in this study had excellent antibac-
terial properties.

4. Conclusion

This study successfully produced a novel demulsifica-
tion sponge for the treatment of various emulsified waste-
waters. The demulsification sponges exhibited high emulsi-
fication separation efficiencies, high antibacterial activities, 
and individual demulsification performances. Based on 
the results of FTIR spectroscopy and SEM photograph, the 
MAPTAC polymer was successfully synthesized and coated 
on the surface of the sponge. The M-PVA sponge not only 
had excellent underwater superoleophobic properties but 
also achieved a separation efficiency of more than 99% for 
emulsions and oil-water mixtures. In addition, the M-PVA 
sponge had an excellent ability to absorb SDS, resulting 
in a good demulsification ability. Accordingly, the M-PVA 
sponge could effectively demulsify oil/water emulsions of 
chloroform, heptane, kerosene, toluene, and vegetable oil, 
leading to the formation of a water layer and an oil layer after 
demulsification. The proposed automatic demulsification 
mechanism showed that the M-PVA sponge would adsorb 
the SDS from the emulsions, resulting in the aggregation and 
accumulation of large emulsions droplets, following by the 
formation of a layered oil. On the other hand, the results of 
the antibacterial tests confirmed that the M-PVA sponge also 
had an excellent antibacterial property against E. coli and S. 
aureus. In summary, this study provided a new strategy and 
demulsification mechanism for the design of demulsified 
sponges and it could be expected to play an essential role in 
the treatment of emulsified wastewaters in the future.
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