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ABSTRACT: Through the molecular structure design, first starting from the molecular structure of the monomer, the monomer of 
the synthetic structure continues to polymerize with propanesulfonolactone, and finally reacts with quaternary ammonium salts to 
obtain polyimide containing biswitterionic groups. In this study, a hydrophilic polyimide membrane with a quaternary ammonium 
salt structure was synthesized. Then, the sulfonate hydrophilic structure was introduced into the polyimide film by electrospinning 
and the stencil method. Hydrophilic groups were introduced by introducing propane sulfonate, and the PI membrane was prepared 
by electrospinning and the template method. The results show that introduced sulfonic acid groups reduce the contact angle of 
polyimide membrane from 85° to 30°. The water permeability, porosity and mechanical strength of the membrane were tested and 
analyzed, and the membrane showed excellent oil-water separation performance. 
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1. Introduction 

The rapid development of petroleum exploitation, petrochemical, pharmaceutical, metallurgy, textile and food 
industries has produced a large amount of oily wastewater, and how to treat oily wastewater quickly and efficiently is 
a research hotspot [1]. With the development of oil exploration, production and refining, the harm caused by water 
pollution has gradually increased. With the increasing amount of oily wastewater in the world, the consequences and 
impacts of sewage discharge into the environment have become an important environmental issue of people’s concern, 
and the research of oil-water separation technology has become an important area of concern in all countries around the 
world. The discharge of a large amount of oily sewage has caused serious pollution of water resources, caused serious 
harm to nature and human beings, and also posed a serious threat to industry and agriculture [2,3].  

If oilfield sewage is not treated and utilized, arbitrary discharge will inevitably bring serious consequences, not 
only wasting water resources and crude oil, but also seriously polluting the environment. Currently, three primary 
treatment methods exist for oil production wastewater: (1) discharge after meeting standard requirements, (2) treatment 
to meet reinjection water standards for water injection mining or waste formation injection, and (3) utilization 
preparation water for polymer flooding solution.  

Conventional oily wastewater treatment methods include gravity sedimentation, air flotation, centrifugal separation, 
ultrasonic treatment and electrochemical processes. However, these methods exhibit low separation efficiency, high 
operational costs, and potential secondary pollution [4–6]. In order to improve the treatment efficiency of oily 
wastewater, new treatment processes and separation methods are continuously being studied both domestically and 
internationally. Based on oil-water separation technology, high-efficiency oil-water separators are being developed, and 
multifunctional integrated oil-water treatment equipment—such as hydrocyclones and combined high-efficiency oil-
water separators—is also being investigated. Although there is a certain improvement in equipment and technology, it 
is mainly concentrated in the traditional treatment process, which increases the treatment cost to a certain extent and 
cannot be widely used. Consequently, innovate method for efficient oily wastewater treatment is urgently needed [7,8].  
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Membrane separation technology has emerged as a promising approach for oily wastewater treatment, offering 
advantages of high degreasing efficiency and operational simplicity [9–11]. Membrane separation technology operates 
with low energy consumption and does not require any chemical additives. The membrane’s selective permeability 
enables the effective separation of oily wastewater. The process is simple, offers high economic benefits, and is suitable 
for large-scale applications. In the process of separation and treatment of oily wastewater, due to the complex situation 
of oily wastewater, high oil content, alkalinity, high temperature and other characteristics, there are high requirements 
for the material and performance of the separation membrane. 

As the core of membrane separation technology, the membrane has a hydrophilic and hydrophobic nature, surface 
properties and solute-solute interaction that affect the membrane separation effect. When using polymer membranes for 
treatment, hydrophobic membranes, which are composed of olefin polymers, have been highly studied in the past and 
are effective in removing small amounts of water impurities from oil. However, in the treatment of oilfield produced 
water or oily wastewater, due to the high oil content and high viscosity, oil molecules are more likely to adsorb on the 
surface of the hydrophobic polymer membrane than other organic pollutants, resulting in membrane pollution [12]. 
Water passes through the hydrophobic membrane as permeate, while impurities such as oil remain on the membrane 
surface. This quickly leads to “concentration polarization”, causing severe membrane fouling. Additionally, oil 
molecules tend to coalesce within the pores of the hydrophobic membrane, blocking water passage and resulting in a 
sharp decline in water flux. This kind of oil adsorption pollution is often irreversible, so it is necessary to explore new 
separation membranes or hydrophilic or even superhydrophilic modification of separation membranes, in order to 
effectively separate oilfield produced water or oily wastewater [13–15]. 

Current methods for preparing superhydrophilic/oleophobic materials can be categorized into three approaches: 
surface coating, chemical surface grafting and blending modification [16–18]. The surface coating method is the 
simplest method to improve the hydrophilic effect of the film surface, through the direct or indirect way of coating or 
precipitating a hydrophilic substance with a specific functional group on the surface of the film, so that the surface of 
the film forms a hydrophilic layer, and then improves the hydrophilic effect of the membranes [19,20]. 

Polyimide membranes have the advantage of high strength and designable structure. PI membranes can be designed 
from the molecular structure to solve the problem of wettability (hydrophilic and oleophobic). Different pore forming 
methods (template method, phase transfer method, electrospinning method, stretching method, etc.) can be used to 
construct pores, pore size, porosity, etc. are easy to control, and different pore structures can be designed according to 
the change of emulsion particle size, and at the same time meet the requirements of high separation efficiency with 
large flux [21,22]. 

The work described here uses the electrospinning method to produce a porous membrane with a suitable pore size. 
Polyimide membranes prepared by electrospinning show a uniform thick fiber nanostructure on the surface. In the 
following study, the porosity, surface rough, and pore size distribution of the polyimide membrane were explored with 
increasing polymerization time, and the effects on the separation efficiency of the membrane were investigated. 

2. Experimental Section 

2.1. Materials 

Diamines in the polyimide 4,4′-diaminodiphenyl ether, and diamino-N-methyldiethylamine, and pyromellitic 
dianhydride; and anhydrides 3,3′,4,4′-biphenyltetracarboxylic dianhydride, diphenyl ether tetraic acid dianhydride, and 
1,3-propanesulfonolactone. 

2.2. Polymerization 

Fabrication of the hydrophilic polyimide membranes which the preparation process of introduction sulfonic acid 
groups into PI membranes. Figure 1 shows the synthetic route for the hydrophilic polyimide membranes, which includes 
electrospinning and the template method. The process starts with the fabrication of a polyamide acid solution. 
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Figure 1. The preparation process of the introduction of sulfonic acid groups in PI. 

2.3. Membrane Formation by Electrospinning 

15 mL of the solution was taken and placed in a syringe fixed to the electrospinning machine. The process 
parameters for electrospinning the membrane are as follows: voltage 16 kV; fiber solidification distance 15 cm; jet 
speed 0.8 mL/min; the receiving speed of the collector was set at 200 r/min. The electrospun membrane was then placed 
in an oven. Polyamide acid was heated in an oven to form polyimide membranes. 
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2.4. Membrane Formation by Template Method 

A certain size of Al2O3 was added to the polyamic acid solution during the polymerization process of polyimide. 
Al2O3 particles were surface treated with aminosilane coupling agents and linked to the polyimide backbone by in-situ 
polymerization, and could be stably dispersed in the polymer system during the film molding process. The template 
was removed with hydrochloric acid to form a dimensionally stable porous membrane material. Polyamide acid was 
heated in an oven to form polyimide membranes. 

2.5. Membrane Characterization 

Fibrous membrane was prepared by using an electrospinning machine (SS series, Beijing, China), HD2015W 
electricrer (Beijing, China), and KQ500E ultrasonic instrument (Beijing, China). The surface morphology of the 
membrane was characterized by using a scanning electron microscope (SEM; J-6700F, Tokyo, Japan). Mechanical 
properties were analyzed at room temperature by using a film stretching tester (Byko-Drive automatic film coater 
Shanghai, China). The wettability of the membrane surface was tested by using a contact angle measuring instrument 
(Model GW-360A, Shanghai, China). The thermodynamic properties of the membrane were shown by using a 
differential scanning calorimeter (Model NETZSCH DSC404, Berlin, Germany). 

3. Results and Discussion 

3.1. Mechanism of Polyimide Hydrophilic Membrane 

Through the molecular structure design, starting from the molecular structure of the monomer, the hydrophilic 
structure of the polyimide film containing the sulfonic acid group was synthesized through the quaternary ammonium 
salt reaction. This hydrophilic film not only possesses the excellent solvent resistance and high-temperature resistance 
of polyimide, but also exhibits good hydrophilicity. The mechanism is illustrated in Figure 2. 

 

Figure 2. Mechanism diagram of polyimide hydrophilic membrane. 

3.2. SEM Observation of Polyimide Membranes by Electrostatic Porous 

The surface morphology of the polyimide membrane was investigated by SEM. The surface of the polyimide 
membrane prepared by electrospinning shows uniform thick fibers micro-nano structure (Figure 3a). It is shown that as 
the polymerization time increases, the porosity of polyimide membrane; these changes in surface roughness and porosity 
may affect the separation efficiency of the membrane. According to Figure 3b, the fibers in the electrospinning process 
were distributed in warp and weft, and according to Figure 3a–d, it can be seen clearly that many pore sizes were 
distributed on the surface of the membrane; it was indicated that the membrane prepared was porous. 
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Figure 3. SEM images of electrostatic porous membrane: (a) ODA-ODPA, (b) IL-ODA-ODPA (c) ILODA-ODPA/PVP, (d) 
ILODA-ODPA/PVP-SO3

−. 

As shown in Figure 4, after the process was adjusted, the membrane surface was shown to be more uniform and 
smoother than before. The process parameters were finalized: the spinning voltage was 3 kv, the positive pressure was 
18 kv, and 20 kv. The spinning distance was 18 cm, 20 cm, 25 cm, and the propulsion speed was 0.5 mm/min. Under 
this process condition, a non-woven membrane material with a relatively uniform state and good condition could be 
spun. Moreover, in Table 1, we used the gravimetric method to soak the membrane in an ethanol solution and measured 
the changes before and after soaking to calculate the porosity. The results show that when the ionic liquid is added, both 
the porosity and pore size of the spun fiber increase. This is because the ionic liquid increases the internal charge density 
of the solution, and the fiber tends to stretch more during the electrospinning process, thus forming finer fibers, and the 
addition of PVA also improves the viscosity of the solution. Porosity increased from 7.09% to 19.02%. 

 

Figure 4. Photos of electrostatic porous membrane adjustment of process parameter: (a) before and (b) after. 
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Table 1. Pore size and porosity of different films. 

Membranes Basic Weight (g/m2) Membrane Pore Size Measurement (μm) Porosity (%) 
1 25.7 0.35 7.09 
2 22.6 0.46 17.48 
3 28.9 0.48 19.02 

The mechanical properties of micro-porous separation membrane prepared by the electrospinning method were 
tested, and it was found that the mechanical strength of the micro-porous membrane with increased pore size on the 
original hydrophilic membrane by using the electrospinning method did not change significantly, and the structure still 
existed stably after a long time of immersion experiment. 

According to the test standard, a number of strips of membrane with a length of 15 cm and a width of 1.5 cm were 
cut, the tensile test was carried out at a speed of 500 mm/min, and the mechanical properties test results of the micro-
porous separation membrane prepared by thespinning method are shown in Table 2. The results show that there is no 
obvious change in the mechanical strength of the film prepared by the electrospinning method due to the presence of 
ionic liquid, but only slightly higher, and the mechanical strength of the micro-porous separation membrane has reached 
an average of 75 MPa. 

Table 2. Mechanical test values of different polyimide microporous membranes. 

Membranes Tests Thickness（mm） Tension（N） Strength（MPa） 

1 
1 0.021 23.6 75.0 
2 0.020 22.6 75.3 
3 0.021 23.7 75.2 

2 
1 0.022 24.9 75.4 
2 0.022 24.9 75.5 
3 0.020 22.7 75.8 

3 
1 0.021 23.8 75.7 
2 0.021 23.9 75.9 
3 0.020 22.8 75.9 

3.3. Membrane Separation Performance 

Firstly, the porous separation membrane is wetted with deionized water, and then the above oil/water mixture is 
poured into a conical flask with the porous separation membrane. As shown in Figure 5, the separation of water and n-
hexane mixture by the porous separation membrane. Depending on the self-weight the 15 mL oil-water mixture was 
completely separated within 30 min. Water quickly passed through completely, while the oil was almost completely retained. 
The measured membrane of the microporous membrane was maintained at 180–240 L/m2·h, as shown in Figure 5. 

 

Figure 5. Water permeability test of microporous separation membrane. 

The underwater oil contact angle test of the micro-pore separation membrane prepared by the electrospinning 
method, the results shows that the underwater oil contact angle of micro-pore separation membrane is greater than 110°, 
showing a certain underwater hydrophobic property. The underwater oil contact angle of the membrane is more than 
110°, showing good underwater superhydrophobicity. Due to the addition of propanesulfonic acid capric, the 
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hydrophilic surface is promoted, and water molecules can quickly penetrate the membrane, blocking the permeation of oil 
molecules, thus showing better superhydrophilicity and underwater superhydrophobicity. Good hydrophilicity and 
superhydrophobicity also lay a good foundation for the subsequent good oil-water separation performance. 

3.4. SEM Observation of Polyimide Membranes by Template Method 

As shown in Figure 6, exploratory experiments were carried out using aluminium oxide powder with a particle size 
of 200 mesh (Figure 6a) and 1 micron (Figure 6b), respectively. The powder surface was treated; otherwise, it would 
settle when the polymer was formed. The membrane containing 200-mesh powder was treated with hydrochloric acid 
to remove the powder, resulting in larger pore sizes and allowing water to permeate under atmospheric pressure. 
However, the mechanical properties of the membrane were significantly reduced, and its brittleness increased significantly. 
The thin membrane prepared by 1 micron powder had stable mechanical properties after removal; it could not be permeable 
under normal pressure due to its small pore size, so it was necessary to test the transmittance under pressure. 

 

Figure 6. SEM images of pore morphology of the stencil membrane: (a) 200 mesh and (b) 1 micron. 

3.5. Characteristics of the Modified Membranes 

The introduction of SO3
− structure into the polyimide system can significantly improve the hydrophilic 

performance of polyimide films, but due to the low thermal stability of the quaternary ammonium salt structure and the 
partial decomposition at 140 °C, the polyimide films containing quaternary amine salt structure are not suitable for the 
direct thermal imidization process. The project team designed a two-step synthesis process, that is, the polyimide 
containing the tertiary amine structure was first imidized to obtain the tertiary amine structure in the film material. Then 
the film was placed in a solution containing a certain amount of propane sulfonolactone. The quaternary amine salt 
reaction was used to react with the tertiary amine of the backbone, and a stable quaternary ammonium salt structure 
containing SO3

− functional group was formed on the surface of the film, thus avoiding the destruction and 
decomposition of the quaternary ammonium salt structure by the thermal imitization process. Figure 7 shows the 
infrared spectrum of the film before and after the quaternary ammonium salt reaction, and there is a sharp peak pattern 
at 1228 cm−1 in curve a, which is the characteristic peak of the imine ring. In curve b, the peak at 1228 cm−1 disappears, 
and an obvious expansion vibration peak appears at 1203 cm−1, which is the expansion and contraction vibration peak 
of quaternary ammonium salt. It shows that the quaternary ammonium reaction has successfully occurred in the film 
after lactone soaking. 
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Figure 7. FTIR spectra of the polyimide membranes:(a) before and (b) after. 

3.6. Thermal Stability Analysis of the Membranes 

In the actual membrane water treatment, in order to cope with different treatment environments, ultrafiltration 
membrane materials need thermal stability and a high glass transition temperature. The polyimide material itself has 
high thermal stability due to its structure, which can handle the treatment of the raw material liquid at high temperature, 
and the viscosity of the raw liquid at high temperature is reduced, which reduces the resistance in the separation process 
and can improve the efficiency of ultrafiltration membrane treatment. 

Analysis of the heat resistance of synthetic polymers by DSC. As shown in Figure 8, there is little difference 
between the polyimide films prepared by the two methods, and the glass transition temperature of the film prepared by 
the electrospinning method is slightly lower than that of the template method, which may be due to the presence of 
other groups in the film prepared by the template method, resulting in a slightly higher glass transition temperature. 
Ultrafiltration membranes prepared using these two polymers as membrane materials have the ability to withstand high 
temperatures and can be used to cope with water treatment requirements under different temperature conditions. 

 

Figure 8. Glass transition temperature of the polyimide membranes: (a) electrostatic porous and (b) template method. 
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3.7. Wettability of the Membranes 

As shown in Figure 9a, the addition of the original wettability to the membrane keeps the membrane-water contact 
angle between 75° and 80°, thus affecting the wettability of the membrane surface. When a hydrophilic group is 
introduced, the water droplets continue to penetrate the membrane over time; Therefore, the membrane is hydrophilic 
(Figure 9b,c). Therefore, sulfonic acid groups are a key factor affecting the superwettability of polyimide films. With 
the introduction of sulfonic acid groups, this significantly improves the wettability of the polyimide film surface. 

 

Figure 9. The water contact angle of the (a) PI, and polyimide membranes: (b) electrostatic porous and (c) template method. 

Using n-hexane as the test oil to perform underwater oil contact angle tests on three different microporous separation 
membranes, the results are shown in Figure 10. The underwater oil contact angle increased from 114° to 132°. 

 

Figure 10. Submerged oil contact angle test of microporous separation membrane. 

3.8. Recyclability of Membranes 

Mixtures of water with n-hexane were individually prepared. The separation efficiency of the porous membranes 
exhibited minimal variation after 10 consecutive cycles of petroleum ether/water emulsion (Figure 11). Electrospun 
patterned polyimide membrane and template method polyimide membrane were less than 75% and 70% after iterative 
tests, respectively, indicating that their stability and repeatability levels were very high. 

 

Figure 11. Recycling performance test of the membranes: (a) electrostatic porous and (b) template method. 
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4. Conclusions 

The modified PI membranes prepared by the introduction of propanesulfonate lactone, electrospinning and 
template methods have significant hydrophilic properties compared with the pure unmodified membranes. Hydrophilic 
groups were introduced by introducing propane sulfonate, and PI membrane was prepared by electrospinning and the 
template method. The results show that introduced sulfonic acid groups reduce the contact angle of polyimide membrane 
from 85° to 30°. The water permeability, porosity and mechanical strength of the membrane were tested and analyzed, 
and the membrane showed excellent oil-water separation performance. Porosity increased from 7.09% to 19.02%. The 
mechanical strength of the micro-porous separation membrane has reached an average of 75 MPa. The underwater oil 
contact angle test of the micro-pore separation membrane prepared by the electrospinning method, the results shows 
that the underwater oil contact angle of the micro-pore separation membrane is greater than 110°. The underwater oil 
contact angle increased from 114° to 132°. Electrospun patterned polyimide membrane and template method polyimide 
membrane were less than 75% and 70% after iterative tests, respectively, indicating that their stability and repeatability 
levels were very high. 
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