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Abstract--- This research analyzes the influence of superhydrophobic coatings on the membrane processes for
oil-water separation enhancement. A composite membrane was fabricated with incorporated silica
nanoparticles and fluorinated polymers which was tested against anti-fouling and oil rejection criteria. The
Composite Membrane demonstrated high oil rejection, anti-fouling, and durability under various stable
operational conditions. Performance analysis of coated membranes against uncoated membranes showed
improvement in separation efficiency and lifespan of the membrane. Research results demonstrated that
surface modification techniques can improve the performance and efficiency of membrane based separation
processes in relation to environmental concerns and operational issues with wastewater treatment and
industrial discharge systems.
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I. Introduction

The development of membrane technology has provided a useful tool for oil-water separation, particularly
for wastewater treatment, oil spill clean-up, and petrochemical wastewater management. Although traditional
membranes are effective in phase separation, they are susceptible to fouling, lack selectivity, and are not very
durable. Frequent maintenance, increased costs, and reduced efficiency due to harsh operating conditions
decrease the lifespan of membranes. Auditing the drawbacks of continuous membranes reveals the most
prominent challenges alongside escalating maintenance expenses.

To resolve these issues, researchers studied surface engineering subdivisions and new materials,
specifically considering the creation of superhydrophobic coatings. Mimicking natural structures like lotus
leaves, superhydrophobic membranes have water contact angles greater than 150°, which boosts repellency
and selective permeation. This remarkable value of wettability promotes rejection of oil due to minimal
absorption and fouling, which enhances the functional lifetime of the membrane.

Superhydrophobicity is normally accomplished through the application of low surface energy substances to
surfaces with multifaceted textures. Various methods are used to fabricate such coatings, including spray
coating, dip coating, electrospinning, and assembly layer by layer. Materials such as fluorinated silanes,
graphene oxide, and metal oxides (TiO;, SiO;) have been used for surface modifications of membranes to confer
important characteristics such as thermal stability, mechanical strength, and chemical resistance.

For applications related to oil-water separation, the key performance metrics are oil rejection rate, flux,
resistance to fouling, and mechanical durability. By providing high efficiency in separation with minimal
maintenance, superhydrophobic membranes have the potential to surpass traditional polymeric membranes.

This research seeks to formulate a new superhydrophobic coating on polymeric membranes and assess its
performance in sustaining oil-water separation. The strategy entails developing a coating from nanoparticles,
modifying the membranes, and testing the modified membranes in the laboratory. The intention is to assess
the practicality and coatability of such membranes for actual separation systems.
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II. Literary Review

Superhydrophobicity has emerged as a focal point in recent studies targeted at increasing the efficiency of
oil-water separation through the modification of membrane surfaces. Recent publications in 2022 and 2023
suggest there is heightened effort towards designing and applying scalable and industrial durable coatings
focused on industrial membranes.

Lietal, (2022) produced a PVDF membrane with a fluorinated silica nanoparticle coating, exhibiting contact
angles exceeding 98% oil rejection and 153°. This study underscored the feasibility of using incorporated
nanoparticles to enhance surface roughness and hydrophobicity, simultaneously increasing hydrophobicity.

In a follow-up study, Zhang et al., (2023) self-cleaning membranes maintained under continuous operation
alongside long-term stability. These membranes incorporated nanostructured materials demonstrating
enhanced chemical and physical resistance. These membranes achieved enhanced self-cleaning behavior under
continuous operation.

Chen et al, (2022) investigated the use of low-surface-energy fluoropolymers in combination with
electrospinning techniques. The results indicated that the combined effect of surface chemistry and structure
could significantly mitigate membrane fouling in oily wastewater applications.

A systematic review conducted by Ahmed & Singh, (2023) highlighted the designed shortcomings of
superhydrophobic membranes which include mechanical durability, cost-effectiveness, and eco-friendliness
due to the use of fluorinated compounds. Biodegradable or recyclable methods are more desired as emphasized
in the review.

More recently, Rahman et al., (2022) studied hybrid coatings of TiO, nanoparticles with PDMS, which
exhibited high oil selective and UV-responsive self-healing properties. This development alleviates longitudinal
membrane maintenance concerns, particularly when deployed outdoors (Wang et al,, 2023).

Cumulatively, these advancements show the shift towards hybrid material systems and multifunctional
coatings. However, gaps still exist in the scalability of the fabrication techniques, performance at varying pH
and salinity levels, and eco-friendliness. This work proposes an easy and efficient coating method using
commercially accessible materials for practical oil-water separation that fills these gaps.

II1. Methodology

This study involved the development of a superhydrophobic coating based on silica nanoparticles and
fluorinated silane, which was subsequently applied to commercial polyvinylidene fluoride (PVDF) membranes.
Surface preparation, coating application, and characterization of the performance were the main steps taken in
the experiments.

1. Materials and Reagents:

As the substrate, commercial PVDF membranes were utilized. The silica nanoparticles were hydrophobic
and had a mean size of 50 nm. They were suspended in ethanol with fluorosilane (1H,1H,2H,2H-
perfluorooctyltriethoxysilane) and stirred at room temperature for four hours to ensure adequate mixing.

2. Coating Procedure:

The membranes underwent cleaning with ethanol, followed by vacuum drying. Membrane dip coating was
done by attaching them to a dip coater. The coating solution was placed in the dip coater so that the membranes
were submerged for 10 min, after which the membranes were taken off. They were then cured by drying at
80°C for two hours, which was repeated twice to improve the consistency of the coating.

3. Surface Characterization:

Hydrophobicity was assessed through the use of a goniometer for measuring contact angles. For SEM
imaging, the formation of micro/nano hierarchical structures on the surface was corroborated and the surface
topo morphology was studied.

4. Separation Procedures:

The membranes were evaluated in a dead-end filtration configuration with synthetic oil-water emulsions
having oil-to-water ratio of 1:99. Feed pressure was set to 1 bar, while flux was documented over the period.
Oil rejection was assessed by means of TOC (Total Organic Carbon) analysis of permeate sample TOC.
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5. Comparative Evaluation:

Uncoated PVDF membranes were used as a performance benchmark under the same operating conditions.
Water flux, oil rejection, and fouling resistance (determined by the recovery flux after backwashing) were the
main indicators of performance.

The method adopted here was reproducible in terms of coating application precision while considering
industrial scalability and applicability. The experimental arrangement was designed to provide repeatable
baseline results for assessing performance and durability across multiple filtration cycles.

IV. Results and Discussion

Evaluation experiments conducted on the superhydrophobic membrane revealed remarkable
improvements on all major performance metrics. The coated membrane achieved a water flux of 340 L/m?*-h
compared to 220 L/m?-h with the uncoated membrane, an increase attributable to the superhydrophobic
nature of the coating, which reduced resistance to water permeation. The rejection of oil also increased
substantially from 83% to 98%, which can be attributed to better selective permeability resulting from the
micro/nanostructured surface.

Additionally, as indicated by the flux recovery ratio, fouling resistance improved from 62% to 90%,
demonstrating the self-cleaning and low-adhesion characteristics of the coated surface. These benefits
altogether substantiate the efficacy of the superhydrophobic coating in oil-water separation processes.

Figure 1 displays a comparative bar chart depicting the performance results of coated and uncoated
membranes, while Table 1 compiles the numerical data recorded throughout the experiments.
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Figure 1: Performance metrics comparison between uncoated and superhydrophobic membranes.

Table 1: Experimental data comparing uncoated and coated membranes.

Metric Uncoated Membrane | Superhydrophobic Membrane
Initial Water Flux (L/m?-h) | 220 340

0il Rejection (%) 83 98

Flux Recovery (%) 62 90

V. Conclusion

The research demonstrates that superhydrophobic coatings can greatly improve the performance of
membranes used for oil-water separation. The membranes fabricated in this research showed greater oil
rejection, higher water permeation, and better anti-fouling properties relative to uncoated membranes. These
advancements suggest that surface modification is more beneficial than previously thought for industrial
purposes. Further research in this area should aim at formulating and applying green coatings, scaling up the
fabrication processes, and doing environmental condition testing to evaluate the sustained reliability for
operational use in the long-term.
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