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Abstract

Effective treatment of oily wastewater, which is toxic and harmful and causes serious environmental pollution and health
risks, has become an important research field. Membrane separation technology has emerged as a key area of investiga-
tion in oil-water separation research due to its high separation efficiency, low costs, and user-friendly operation. This
review aims to report on the advances in the research of various types of separation membranes around emulsion perme-
ance, separation efficiency, antifouling efficiency, and stimulus responsiveness. Meanwhile, the challenges encountered
in oil-water separation membranes are examined, and potential research avenues are identified.

Keywords Membrane separation technology - Water purification - Oil water separation - Antifouling - Stimulus
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1 Introduction

Membrane separation technology is a highly efficient method of separation that combines materials science and media
separation technology. It offers several advantages, including high separation efficiency, simple equipment, energy
savings, room temperature operation, and no pollution [1-4]. The technology is widely used in various industrial fields,
particularly in the areas of food, medicine, and biochemicals [5-9]. As shown in Fig. 1, membrane separation technology
can be used for gas—gas, solid-gas, solid-liquid, and liquid-liquid separation depending on the substance to be sepa-
rated [10-13]. Membranes can be classified as either polymer (organic) or inorganic based on their materials. Polymer
membranes are commonly used in membrane separation technology due to their high selectivity, ease of control, and
uniform structure [14-16]. According to the polymer materials, the polymer membranes can be divided into polyamide
(PA) membranes [17], polysulfone (PSU) membranes [18], polyvinylidene fluoride (PVDF) membranes [19], polyether-
sulfone (PES) membranes [20] and polyacrylonitrile (PAN) membranes [21]. Inorganic membranes have a wide range of
applications in the field of membrane separation due to their high temperature stability, chemical inertness, and resist-
ance to contamination [22-24]. Therefore, based on the advantages of organic and inorganic membranes, both have
been widely studied in oil-water separation.

Currently, 10% of the global populace in countries face high or serious water scarcity due to population expansion and
water pollution, especially oily wastewater from different industries [25]. Recent studies demonstrate the generation of a
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Fig. 1 Applications schemat-
ics of the membrane separa-
tion technologies
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substantial volume of oily wastewater from oil and gas extraction, processing, and transportation operations. For instance,
shale oil extraction yields around 15 billion barrels of oily wastewater in the United States each year [26]. Moreover, failure
to appropriately manage contaminated oily wastewater can result in a global economic loss of $4.5 trillion by the year
2050 [27]. Therefore, it is now critically important to separate oil from oily wastewater. Based on the diameter (d) of oil
in oily wastewater, it can be categorized into free oil (d> 150 um), dispersed oil (20 um <d < 150 um), and emulsified oil
(d <20 um) [28-30]. For free oil and dispersed oil, traditional water treatment methods, such as gravity separation, cen-
trifugation, flotation, adsorption, and coagulation [31-36], can easily separate them from the oil-water mixture. However,
common standard separation technologies find emulsified oil challenging to remove because surfactants stabilize the
minuscule oil droplets, significantly lowering the interfacial tension between oil and water [28, 37-39]. Consequently, it
is evident that the development of membrane separation technology is essential to treat oil-water emulsion.
Oil-water separation is a common liquid-liquid separation technique. Compared to traditional methods, Membrane
separation technology allows for precise separation by adjusting the pore size according to requirements. The process
is driven by pressure differences, making it simple to operate and energy-efficient [40, 41]. Furthermore, the membranes
in membrane separation technology are carefully composed of suitable materials to treat oily wastewater effectively
[42-44].The ideal separation membranes usually satisfy the following performance requirements: high permeance, high
separation efficiency, high antifouling efficiency. The researchers have conducted extensive research on improving each
performance [38, 45-49]. However, the membranes with the aforementioned excellent performances simultaneously are
still hard to achieve due to a lack of comprehensive understanding of each performance. When assessing pressure-driven
separation processes, key factors like pH, transmembrane pressure (TMP), pore characteristics, fouling, temperature, and
feed composition are critical [50-55]. PH affects membrane stability, while TMP impacts permeation rates and selectivity.
Pore size influences permeability and selectivity, and fouling reduces membrane flux and selectivity. Temperature affects
fluid properties and membrane performance, and feed composition directly influences separation efficiency. Understand-
ing and optimising these factors can lead to improved performance and efficiency in separation processes. Therefore,
it is necessary to provide a detailed description of each performance and its underlying mechanisms. Several existing

@ Discover



Discover Nano (2024) 19:66 | https://doi.org/10.1186/511671-024-04012-w Review

reviews on oil-water separation membranes are mainly elaborated from the perspectives of materials and applications
[42, 56]. However, no review currently comprehensively and systematically introduces the performances of emulsion
permeance, separation efficiency, antifouling efficiency, and stimulus responsiveness.

This review summarizes the latest research on oil-water separation membranes with diverse properties to emulsion
permeability, separation efficiency, fouling resistance, and stimulus responsiveness (Fig. 2). These properties are essen-
tial for evaluating the separation performance of membranes. The detailed definition of these properties is described
in Fig. 2. Each property is elaborated based on typical works from preparation methods, morphological characteristics,
structural features, and work mechanisms of the membranes. Moreover, the issues encountered by oil-water separation
membranes are highlighted, and the paper proposes future directions for development.

2 Emulsion permeance

The emulsion permeance of oil-water separation membranes directly reflects the separation process’s efficacy. It is
crucial to enhance the membrane’s emulsion permeance to manage the large volume of oily wastewater. Additionally,
increased emulsion permeance results in higher water flow through the membrane per unit of time. This decreases the
water residence time on the membrane surface, reduces its resistance to flow, and decreases the pressure difference
between the two sides of the membrane. As a result, the operating pressure is reduced, lowering energy consumption
and operating costs [57-60]. Thus, improving the emulsion permeance of membranes has become a crucial aspect in
advancing oil-water separation membranes.

Permeation theory suggests that the water permeation rate through a membrane is directly linked to the membrane’s
porosity and inversely proportional to its thickness [61]. Optimizing these physical properties is crucial in designing effec-
tive membranes for oil-water separation. The perfect membranes have high flux while maintaining good selectivity. It
has been found that researchers have made progress towards achieving this goal. Electrostatic spinning is an effective
technology for constructing membranes with high permeation. The electrostatic spinning parameters can be fine-tuned
to precisely adjust the fibers™ diameter in the resulting fiber membrane, effectively separating the oil-water mixture.
Nanofibrous membranes produced through electrospinning technology exhibit a thin separation layer with nanoscale
thickness and high porosity (> 90%), which endows the membrane with excellent emulsion permeability during the
process of oil-water separation [62-65].

By utilizing electrospinning technology, Shao and his colleagues developed biodegradable supersaturated membranes
composed of polylactic acid nanofibers and polyethylene oxide hydrogel (H-PLA-AS membranes) [66]. The membrane
exhibited a uniform stacking structure of nanofibers with micron-sized bead formations as observed through field
emission scanning electron microscopy (FE-SEM) (Fig. 3a). Figure 3b illustrates a noteworthy increase in both emulsion
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permeability and separation efficiency of H-PLA-AS membranes when compared to the original PLA membranes. Specifi-
cally, the emulsion permeability of H-PLA-AS membrane increased 61.9 times (2.1x 10*Lm™2h™" bar™'), and the separa-
tion efficiency achieved an impressive 99.6%. Figure 3c shows the potential Mechanism for the improved permeation
performance of the H-PLA-AS membrane. Specifically, PEO increased the number of hydrogen bonds, enhancing the
hydrophilicity and Permeability to water. Furthermore, the thinner selective layer also contributed significantly to the
heightened Permeability.
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Fig.3 a FE-SEM of the supporting layer of the H-PLA-AS membrane (14 wt% of PLA-10 wt% of PEO). b Separation performance of PLA-
based membranes for n-octane—in-water emulsions. ¢ The possible mechanism of the improvement in permeance of H-PLA-AS mem-
branes. d SEM micrographs of PAN-PPG-AS. e Emulsion permeances of all kinds of PAN-based membranes for n-octane-in-H,O emulsion
(N/E) and toluenein-H,O emulsion (T/E). f Schematic diagram of the oil-water separation process
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Cheng and his co-workers designed a super hydrophilic PAN asymmetric nanofibrous membrane (PAN-PPG-AS) by
electrostatic spinning with an in situ hybridized multi-hydrophilic functional network as the sole selective layer [67].
Microscopic examination revealed that the coarse nanofibers of the support layer were situated beneath the fine nanofib-
ers of the selective layer in the PAN-PPG-AS membrane’s cross-section. The diameter of the nanofibers in the support
layer measured approximately 900+ 20 nm, and in the selective layer was about 340 =20 nm (Fig. 3d). The PAN-PPG-AS
membranes exhibited higher permeation fluxes for n-octane-water emulsion and toluene-water emulsion, achieving
22,206 Lm~2h~"bar ' and 29,840 Lm=2h~! bar™', respectively. These results were 239% and 194% higher than the pure
PAN membranes (Fig. 3e). Furthermore, the authors have illustrated that the separation of oil-water emulsions is influ-
enced not only by the size-sieving effect but also by the disparity in inherent hydrophilicity between the membrane
and the liquid (Fig. 3f).

3 Separation efficiency

Separation efficiency is another crucial metric when assessing the efficacy of oil-water separation membranes. Oil-water
separation membranes have displayed remarkable separation efficiency for free and dispersed oil-water mixtures, sur-
passing 95% [68-70]. However, their separation performance for emulsified oil-water mixtures with smaller droplet
sizes of the dispersed phase is not good, especially for stable emulsions with droplet sizes less than 20 um, which are
stabilized by surfactants, and this requires a smaller pore size and strong wettability for the oil-water separation mem-
branes [71-73].

More and more researchers are preparing polymer membranes with high separation efficiency by various methods. For
example, some researchers have prepared ultrafiltration and nanofiltration membranes by using green solvents through
phase inversion methods [74-76]. In addition, Xu et al. [77] proposed a practical method based on mussel-inspired dip-
coating for building a stable hydrophilic polymer network on membrane surfaces, which involved sequential immersion
of the substrate membrane into aqueous solutions of polydopamine (PDA) and catechol-functionalized hydrophilic
polymer (CFHP). SEM revealed the formation of rough hierarchical nanostructures on the surface of the prepared CFHP/
PDA-modified membranes (Fig. 4a). After being pre-wetted with water, the polymer network swells with water to cre-
ate a thin and stable aqueous film layer, serving as a hurdle to oil penetration (Fig. 4b). Figure 4c and d demonstrate
that the CFHP/PDA modified membranes separated various oil-water mixtures and oil-in-water emulsions stabilized by
surfactants effectively with outstanding separation performance (99.98% separation efficiency).

Fu and his co-workers created a new polyimide (Pl) nanofiber membrane to efficiently purify oily wastewater [78]. The
membrane incorporated a composite of zeolitic imidazolate framework-8@thiolated graphene (ZIF-8@GSH), which was
formed using a straightforward process of electrostatic spinning and in situ hydrothermal synthesis. The microscopic
characterization revealed that the Pl nanofiber surface gradually became covered by a continuous ZIF-8@GSH compos-
ite as ZIF-8 develops in situ (Fig. 4e). As demonstrated in Fig. 4f, the ZIF-8@GSH/PI exhibited outstanding separation
efficiency (>99%), low water content (< 100 ppm), and durability. Figure 4g depicts the schematic membrane diagram
implemented for separating oil-water mixtures and water-in-oil emulsions. When separating oil-water mixtures, the
superhydrophobicity of the membrane enables water droplets to repel easily from its surface. In contrast, oil droplets
progressively wet the membrane and infiltrate the micron/nanoscale grooved portion constituted by the membrane’s
super-hydrophilicity. The successful separation of oil and water mixtures has been achieved. However, when dealing
with surfactant-stabilized water-in-oil emulsions, the membrane’s superhydrophobicity and superlipophilicity cause
the emulsion to become destabilized upon contact with the membrane surface. On the other hand, surfactant prevents
water droplet aggregation and allows the membrane to effectively block the micro/nano water droplets enclosed in the
oil. Consequently, the capillary effect efficiently captures and spreads out the oil.

Membrane distillation (MD) shows potential for water treatment, particularly in seawater desalination, as it can sepa-
rate water from contaminants through vapor-phase transport using hydrophobic membranes [79, 80]. MD operates at low
temperatures, preserving water quality and energy efficiency, and exhibits high selectivity, making it suitable for various
applications [81, 82]. The modular and scalable nature of MD allows for deployment in diverse settings, from decentral-
ized systems to large-scale industrial use [83]. However, MD faces challenges such as lower water flux and fouling, which
limit its throughput and increase operational costs [84, 85]. To address these limitations, future trends in incorporating
inorganic materials focus on enhancing membrane resistance to wetting and fouling. Strategies to improve mechanical
strength, selectivity, and resistance to fouling and scaling include integrating superhydrophobic coatings, nanomaterials,
and nanocomposite membranes that utilize graphene oxide or metal-organic frameworks (MOFs) [86, 871.
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Fig.4 a SEM micrograph of the CFHP/PDA-coated membrane. b Working mechanism of the CFHP/PDA-coated membrane in oil-water »
separation. ¢ Separation efficiency towards different oil-water mixtures. d Separation efficiency of different oil-in-water emulsions. e SEM
image of ZIF-8@GSH/PI nanofibrous membrane. f The cycle separation efficiency of the membrane for various water-in-oil emulsions. g
Schematic diagram for the separation of oil-water mixture and water-in-oil emulsion

Furthermore, researchers have developed membranes with high separation efficiency for treating water-in-oil emul-
sions. For instance, Liu et al. created a new tubular polyvinyl chloride (PVC) hybrid nanofiber membrane with a three-
dimensional structure composed of three-dimensional microspheres and two-dimensional nanofibers interwoven by
an electrostatic spinning process [88]. The membrane that has been prepared exhibits a high separation efficiency of
over 95% and excellent reusability in water-in-oil emulsions. Huan and his colleagues successfully created composite
membranes with a hierarchical structure using electrostatic spinning technology [89]. These membranes consist of a
selective layer of polyvinylidene difluoride (PVDF) nanofibers, a layer of polymethylmethacrylate (PMMA) microspheres,
and a support layer of polyacrylonitrile (PAN) nanofibers. The membrane exhibits high separation efficiency, porosity,
and flux, and can effectively separate water-in-oil emulsions through gravitational means.

Improving the balance between selectivity and permeability is a crucial objective in the development of separation
membrane materials. To enhance selectivity without compromising permeability, several strategies can be employed.
One such strategy is the chemical crosslinking of polymer chains, which can improve membrane stability and selectivity
[90]. Crosslinking polymers usually reduces the mobility of the chains, thereby limiting the diffusion of larger molecules
through the membrane matrix. Functionalization of polymeric membranes can increase their affinity for specific mol-
ecules, thereby improving selectivity, which can be achieved by introducing specific functional groups [91]. Mixed matrix
membranes (MMMs) can be fabricated by incorporating inorganic fillers into a polymer matrix. The addition of filler
molecules provides additional diffusion paths, improving selectivity while maintaining high permeability [92]. Thin film
composite (TFC) membranes can achieve high selectivity without sacrificing permeability by optimizing the thickness
and composition of the selective layer [93]. Advanced processing techniques such as phase inversion, electrospinning
and layer-by-layer deposition allow precise control of the structure and morphology of the membranes, improving
selectivity by reducing defects and enhancing the molecular sieve effect [94-96]. Researchers are using these strategies
to overcome the inherent limitations of the trade-off between selectivity and permeability.

4 Antifouling efficiency

Membrane fouling is a common problem in water purification [97, 98]. Membrane fouling occurs when oil droplets
adhere to the membrane surface or gather in the pore channels, preventing water from passing through the membrane,
thereby reducing the water permeation flux, decreasing the efficiency of the separation process, and increasing energy
consumption [38, 99, 100]. Membrane fouling is a self-accelerating process that degrades membrane performance and
prevents stable long-term operation [74, 101]. Frequent chemical cleaning or air flushing is necessary to solve this issue
[102-104]. However, these approaches result in a noteworthy cost increase and a reduction in the membrane’s service
life. Therefore, producing oil-water separation membranes with proficient fouling resistance has emerged as a popular
research subject.

Dong and his colleagues propose a "double-defense" design, where poly amphiphilic brushes and hydrogels
are layered on the membrane surface to form an effective oil barrier [105]. The PVDF-pHEMA ¢ -pSBy,,s, membrane
prepared by this method had outstanding resistance to oil contamination and self-cleaning capability. Figure 5a
depicts the membrane microstructure as observed via scanning electron microscopy. The PVDF-pHEMA g -pSBy, ;41
membrane contained micron-scale sponges with a thin polymer coating on the ridges surrounding the holes. PVDF-
PHEMA 3 -pSByyshy PVYDF-pHEMA | and PVDF-pSB,,, ., membranes were evaluated for their separation efficacy of
surfactant-stabilized oil-in-water emulsions under staggered flow conditions (Fig. 5b). The test results indicated strong
stability in the separation performance of the PVDF-pHEMA -pSBy,,,, membrane for two hours under an applied
pressure of 0.2 bar. Permeate flux remained consistently above 1100 L m=2 h~' bar~'. The membrane boasted a high
effective flux recovery rate (FRR) of 99.1% after two filtrations, demonstrating excellent antifouling capabilities. Fig-
ure 5cillustrates the "double defense" mechanism of the PVDF-pHEMA-pSBy,,, s, membrane. In this membrane, the
outermost flexible poly(sulfobetaine) (pSB) brushes were firmly hydrated to prevent oil adhesion and formed the "first
defense" layer. Another "second defense" layer is provided by the poly(hydroxyethyl methacrylate) hydrogel overlay
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and PVDF-pSBy,,q,, respectively. ¢ Schematic illustrating "double-defense” Mechanism against oil fouling of the PVDF-pHEMA 3-pSBy,,q,
membrane. d Schematic diagram of the production of the F-hGO membranes. e TEM and corresponding EDS mapping images of the
Fs-hGO membrane without the substrate. f Antifouling performance of the GO, hGO, and F-hGO membranes
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film (PVDF-pHEMAge|) to enhance resistance against the oil. A "double defense" barrier is effectively established on
the surface of the membrane, which highly covers and repels oil adhesion and accumulation.

The solution to the oil-water membrane fouling issue is to minimize the interfacial interaction between the
membrane surface and the pollutants [106-108]. The prevalent method utilizes hydrophobic substances, typically
fluorine-based and silane materials, applied onto hydrophilic surfaces, creating an appropriate amphiphilic interface
that promotes fouling resistance [109-112]. Jiang et al. proposed a molecular engineering approach involving hydro-
phobic chains [113]. They sequentially assembled hydrophilic phytic acid (PA) and hydrophobic perfluorocarboxylic
acids on the graphene oxide (GO) surface, forming a surface having both continuous hydrophilic and discontinuous
hydrophobic regions (F-hGO membrane). By adjusting hydrophobic chain length, interfacial interactions between
the membrane and oil droplets were regulated, leading to improved antifouling performance of the membrane
(Fig. 5d). Figure 5e demonstrates that perfluorocarboxylic acid is uniformly distributed across the membrane surface
as observed through energy dispersive X-ray spectroscopy (EDS). The prepared membranes were evaluated for fouling
resistance by separating the hexadecane-in-water emulsion. As shown in Fig. 5f, the F-hGO membrane demonstrated
FRR up to 99.8% and the total flux decline ratio (DR,) down to 6.8%. These results reflected a considerable improve-
ment over GO membranes and phytate-modified membranes (hGO), with a 1.4-fold and 1.1-fold increase in FRR and
a 90% and 80% reduction in DR,, respectively. The data indicates that incorporating perfluorocarboxylic acid can
improve GO membranes’ fouling resistance.

In addition, an increasing number of researchers are creating oil-water separation membranes with high fouling
resistance through surface modification of ceramic membranes. Ceramic membranes are an inorganic material that
can be used for oil-water separation in harsh environments due to their high chemical stability, excellent mechani-
cal strength, and super hydrophilicity. The performance of ceramic membranes can be effectively improved and
oil-water separation membranes with high fouling resistance can be prepared by modifying their surface. Gao and
Xu successfully constructed nanostructured silver coatings grafted with hexadecanethiol on the surface of ceramic
membranes using a dopamine-assisted nanoparticle encapsulation process [114]. The modified membranes exhib-
ited superior anti-fouling properties compared to the original membranes. Fan et al. developed anti-fouling ceramic
membranes using a two-step grafting method to attach amphoteric ions to the surface of the ceramic membranes
[115]. This modification resulted in a significant improvement in antifouling performance by reducing irreversible
contamination during oil-water emulsion separation.

Furthermore, incorporating nanofillers into membranes is also a promising approach to improve the antifouling
efficiency and separation performance. Nanofillers, such as nanoparticles or nanotubes, can enhance membrane
properties through various mechanisms, including increased surface area, improved mechanical strength, and
enhanced selectivity [116]. Jose R. Aguilar Cosme et al. [117] found that inorganic nanoparticles’ high adsorption
capacity enabled nanocomposite membranes to outperform previous pristine membranes in removing dyes, metal
ions, humic substances, and more. In addition, Vantanpour et al. [118] modified cellulose acetate nanofiltration
membranes with zeolite imidazoline framework-8 (ZIF-8) nanoparticles for water treatment applications. The study
found that the ZIF-8 nanoparticles’ high surface area and adsorption capacity reduced fouling caused by organic
compounds, thereby enhancing the membrane’s stability and fouling resistance.

5 Stimulus responsiveness

Stimulus responsiveness plays a crucial role in developing oil-water separation membranes toward more advanced
areas. Compared to traditional oil-water separation membranes, which feature fixed pore structure and surface prop-
erties, stimuli-responsive oil-water separation membranes can detect, analyze and adapt to various environmental
stimuli, resulting in changes in physiochemistry, morphology, structure, and molecular conformation of membranes,
which in turn alter the wetting properties of the membrane surface and the liquid transport channels [119-123]. As a
result, these membranes can selectively exhibit either hydrophobicity or hydrophilicity, thereby achieving controlled
oil-water separation. Standard external stimuli, such as electricity [124, 125], gas [126, 127], ion [128], light [129,
130], magnetism [131], pH [132, 133], and temperature [134], each possess unique response mechanisms and could
potentially be used in developing stimuli-responsive membranes for separating oil and water.
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5.1 Gas stimuli-responsive membranes

Gas stimuli-responsive membranes can demonstrate switchable wettability in response to external gas stimuli. These
membranes are cost-effective, environmentally friendly, easily reversible, and uncontaminated solutions [135, 136].
Gases commonly used as stimuli include oxygen (O,), carbon dioxide (CO,), nitrogen (N,), and methane (CH,). CO, is
regarded as the most desirable gas stimulant among these irritants because of its non-toxicity, low cost, and renewability
advantages [137-139].

Drawing inspiration from the natural capillary phenomenon, Dong et al. developed a strategy to fabricate CO,-sensitive
membranes that can effectively separate different oil and water systems, driven by capillary forces and involving a lim-
ited self-assembly process that results in scalable and robust membranes [140]. The prepared membrane attached the
CO,-responsive copolymer poly(diethylaminoethyl methacrylate-co-methyl methacrylate (PMMA-co-PDEAEMA) to the
basement membrane’s surface uniformly using capillary force. Further, the wettability of the membrane was altered by
protonating and deprotonating amine groups in the PDEAEMA chain segments of the copolymer under the stimulation
of CO, or N, (Fig. 6a). As shown in Fig. 6b and ¢, the produced membrane can effectively separate various oil-water sys-
tems, such as immiscible mixtures, oil-in-water emulsions, water-in-oil emulsions, with exceptional separation efficiency
(>99.9%), recoverability, and self-cleaning properties.

5.2 pH stimuli-responsive membranes

pH stimuli-responsive membranes have several benefits, such as eco-friendliness, low energy consumption, outstand-
ing reversibility, and fast response, rendering them increasingly prevalent in molecular recognition, biosensors, and
material separation fields [141-145]. The pH-stimulated response behavior of membranes relies on pH-sensitive
polymers or copolymers applied to the membrane surface. Common polymers or copolymers used in pH stimuli-
responsive membranes include poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA), poly(dimethylaminoethyl

Feed solution %y 7 e
O/W emulsion: @ ’
W/O emulsion: @ Oil content <20 ppm Oil content < 25 ppm

Fig. 6 Is a schematicillustration of the surface-wetting mechanism mechanism of the membrane under CO,/N, stimulation. Separation pro-
cess of the immiscible oil-water combination under CO,/N, stimulation at 25 °C. ¢ Multi-emulsion separation process under CO,/N, stimula-
tion.
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methacrylate) (PDMAEMA), and so on. These polymers or copolymers acquire or release protons depending on the
pH conditions, which alters the wetting properties of the membrane surface and enables the membrane to switch
between hydrophilic and hydrophobic states [146-150].

Luo and his co-workers generated membranes that respond to PH stimuli via precipitation of the pH-responsive
copolymer poly(methyl methacrylate)-block-poly(4-vinylpyridine) (PMMA-b-P4VP) onto stainless steel mesh using
electrostatic spinning (Fig. 7a) [151]. As illustrated in Fig. 7b and ¢, the electrostatic spinning led to integrating a high-
density, fiber-based layer onto the surface of the stainless steel mesh, forming the three-dimensional macroporous
lattice structure that enhances the liquid transport rate within the membrane. Figure 7d illustrates the oil-water
separation process of the membrane in response to pH stimulation. When the membrane was wetted with acidic
water (PH=3), the pyridine group of P4VP was protonated and gradually extended to the membrane surface. As a
result, the membrane transitioned from being initially hydrophobic-oleophilic to hydrophilic-oleophobic. Further-
more, the membrane retained superior separation efficiency in both hydrophobic and hydrophilic conditions (Fig. 7e).

5.3 Temperature stimuli-responsive membranes

Temperature stimuli-responsive membranes are created by modifying membranes with temperature-responsive poly-
mers that correspond to fluctuations in external temperature, resulting in transformed surface or internal structures
of the membrane [152-154]. These membranes possess a critical solution temperature (CST), which can be classified
into lower and upper critical solution temperatures (LCST, UCST). Temperatures below or above the CST will prompt
the thermo-responsive polymer chains on the surface of the membrane to either inflate or deflate in solution, sub-
sequently influencing the porosity of the membrane and thereby modifying water flux, resulting in changes in the
membrane’s hydrophilicity and hydrophobicity [145, 155-158].

Zhang et al. [159] used a hydrothermal method to create temperature-sensitive poly(N-isopropyl acrylamide)-
coated nylon membranes (PNIPAAm coated membranes). As shown in Fig. 8a, the membrane showed hydrophilicity,
and the separation of oil-in-water emulsion could be realized when the temperature was lower than LCST. Conversely,
when the temperature exceeded the LCST, the membrane became hydrophobic and can separate water-in-oil emul-
sions. The prepared membranes demonstrated outstanding separation performance for oil-in-water and water-in-
water emulsions as shown in Fig. 8b and c.

As-prepared membrane
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Fig. 7 aThe picture of the as-prepared PMMA-b-P4VP fiber membrane. b SEM image of original stainless steel mesh. ¢ SEM images of fiber-
coated stainless steel mesh. d Schematic illustration of pH switchable oil-water separation. e Separation efficiency of different mixtures
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5.4 Multi-stimuli-responsive membranes

Single-stimulus-responsive membranes react exclusively to a single environmental stimulus signal, while dual- or
multi-stimulus-responsive membranes possess the capability to respond to multiple environmental stimuli, thus
endowing them with new functions and applications and enabling them to adapt to more complex surroundings
[160-163].

Wu and her co-workers developed pH-responsive and UCST-type temperature-responsive nanofiber membranes
through a one-step co-mingled electrostatic spinning strategy [164]. SEM examination results showed that the
prepared membranes were composed of nanofibers that exhibited a disordered stacked structure (Fig. 9a). Fur-
thermore, micro- and nanospheres were observed on the membrane surface, with connecting points between the
microspheres and nanofibers. Figure 9b demonstrates that the nanofiber membrane demonstrated outstanding
separation efficacy for oil-in-water emulsions, with a permeate flux of up to 60,528.76 L m2 h™' bar™', and a 99.5%
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Fig.9 a SEM image of the nanofibrous membrane. b Permeability and separation efficiency of different membranes. ¢ Mechanism of the
membrane with the dual UCST-type thermo/pH stimulus responses

separation efficiency. Furthermore, Fig. 9c depicts that the multi-stimulation response of the membrane is attributed
mainly to the temperature responsiveness of poly(acrylonitrile-co-acrylamide) (P(AN-co-AM)) and the pH response
of P4VP. At the temperature of 25 °C (< UCST) and the pH of 7 (> VPTpH), the P(AN-co-AM) chains undergo collapse,
and the P4VP chains disintegrate due to the deprotonation of N atoms, making the membrane hydrophobic. On the
other hand, when the temperature rises to 55 °C (> UCST) and the pH drops to 3 (< VPTpH), the P(AM-co-AM) chains
gradually dissolve and are encompassed by a multitude of water molecules. The P4VP chains simultaneously increase
in size due to the pyridine group protonation. Both of these changes make the membrane become hydrophilic.

5.5 Other stimuli-responsive membranes

There are electric stimuli-responsive membranes, light stimuli-responsive membranes, ion stimuli-responsive mem-
branes, and so on. Electric stimuli-responsive membranes comprise electroactive polymeric materials, with precise control
over surface wettability achieved by adjusting the contact angle of droplets via altering the electric field and introduc-
ing conductive droplets and counter electrodes [165]. Du et al. [166] fabricated electro-responsive CMs-P membranes
by coating carbon nanofiber membranes with poly(3-methylthiophene) (P(3-MTH)). The prepared membranes were
reversibly doped and de-doped with P (3-MTH) by CIO4™ under electrical stimulation to realize the mutual transition
of hydrophilicity and dehydration of the membranes (Fig. 10a). Light stimuli-responsive membranes can be irradiated
with ultraviolet light (UV) or visible light (Vis) to alter the surface wettability of the membrane. Employing light as an
external stimulus offers excellent selectivity, rapid reaction times, and controllability, making photostimulable responsive
membranes a cost-effective and easily operated option with high stability [167-169]. Chen and his co-workers proposed
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Fig. 10 a Schematic illustration of the mechanism of the electro-responsive carbon membrane. b Schematic illustration of light switchable
oil-water separation. ¢ Mechanism of the s PIL-based membranes (PILMs)

the grafting of azobenzene groups on silica (SiO,) roughened polypropylene (PP) membranes (SiO, NPs-grafted PP). By
combining SiO, NPs-grafted PP membranes and photosensitive 7-[(trifluoromethoxyphenylazo)-phenoxyl-pentanoic
acid (CF;AZ0), PP-g-SiO, NPs/CF;AZO membranes that are also photoresponsive were prepared [170]. PP-g-SiO, NPs/
CF;AZO membranes can be alternatively irradiated with UV and visible light, resulting in the conversion of cis and trans
states of CF;AZ0 and accomplishing alternate hydrophilic and hydrophobic interchanges on the surface of the mem-
brane (Fig. 10b). lon stimuli-responsive membranes are commonly synthesized using polymers carrying charged groups
that can switch between hydrophilic and hydrophobic by cation/anion exchange or by adding ions to the membrane
surface [128, 171]. Poly(ionic liquid)s (PILs) are used as the main ion-stimulating responsive polymers due to their favora-
ble characteristics, including good thermal stability, solubility, catalytic activity, and non-flammability [172, 173]. Gao
et al. prepared the hydrophilic poly(1-vinyl-3butylimidazolium acrylate)-based membrane (PILM-1) and the hydrophobic
poly(1-vinyl-3octylimidazolium hexafluorophosphate)-based membrane (PILM-5) by controlling the length of the alkyl
chains of cations and anions of the PILs using a one-step photopolymerization method (Fig. 10c). Both membranes
exhibited excellent separation efficiencies. They could be assembled to achieve continuous oil-water separation [174].

6 Conclusion

Membrane separation technology, recognized for its simplicity, cost-effectiveness, and efficiency, is considered one
of the most effective means of separating oil and water. This article presents fundamental design concepts and the
research advancements in oil-water separation membranes, including high-flux, high-efficiency, fouling-resistant and
stimuli-responsive oil-water separation membranes. Despite significant progress in the research on oil-water separa-
tion membranes, challenges remain.

(1) The critical problem is membrane fouling. Oil is highly susceptible to adsorption on the membrane, leading to pore
clogging, which rapidly decreases flux and separation efficiency. Therefore, the antifouling ability of the membrane
is of utmost importance. Improving the long-term anti-adhesive contamination ability of the membrane surface
to oil and surfactant in the continuous separation process, and realizing the practical application of the oil-water
separation membrane is among the challenges for future research.
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(2) The field requires scalable processes for membrane fabrication such as interfacial polymerization(IP) [175]. In order
to make membrane fabrication processes such as the IP process more scalable not only in the field of liquid separa-
tion but also in other fields, several approaches can be considered. One of these approaches is the choice of mate-
rials, which involves identifying compatible monomers and substrates for the desired application. To explore the
versatility, monomers with different chemical functions can be selected to meet the requirements of various fields.
The process should be optimized, and the process parameters, such as temperature, pressure, and reaction time,
should be tailored to the specific requirements of different applications to achieve the desired material properties
and performance characteristics. In addition, the process can be used to achieve membrane surface modification
and functionalization to fabricate tailor-made coatings with specific properties (such as hydrophobicity, biocompat-
ibility or antimicrobial activity) for applications in different fields.

(3) Further in-depth investigation into the mechanism of oil-water separation is required. Currently, most research is
focused on membrane design and preparation, with little understanding of how oil droplets are demulsified and
coalesced on the membrane surface during oil-water separation. Exploring the mechanism of oil-water separation
can provide a theoretical direction for designing high-performance membranes, thus breaking through the applica-
tion bottleneck of oil-water separation membranes in the future. Liquid phase transmission electron microscopy
can provide new insights into membrane fouling and oil-water separation mechanism at the nanoscale, which may
address the aforementioned challenges from a micro perspective. This paper aims to increase researchers’interest
in this field and aid in the future research and development of oil-water separation membranes.

Author contributions JLH, XR, HCB and XW conceptualized the study, JLH wrote the main manuscript, HCB, LTS and XW revised the article.
All authors reviewed the manuscript.

Funding Itis sponsored by the Fundamental Research Funds for the Central Universities.
Data availability Data can be obtained from authors under reasonable request.

Code availability Not applicable.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Shi L, Lai LS, Tay WH, Yeap SP, Yeong YF. Membrane fabrication for carbon dioxide separation: a critical review. Chem Bio Eng Rev.
2022;9(6):556-73. https://doi.org/10.1002/cben.202200035.

2. Chen W, Gu Z, Ran G, Li Q. Application of membrane separation technology in the treatment of leachate in China: a review. Waste
Manage. 2021;121:127-40. https://doi.org/10.1016/j.wasman.2020.12.002.

3. ZhangY,Wu Z,Wang S, Li N, Silva SRP, Shao G, Zhang P. Complex permittivity-dependent plasma confinement-assisted growth of
asymmetric vertical graphene nanofiber membrane for high-performance Li-S full cells. InfoMat. 2022;4(7): e12294. https://doi.org/
10.1002/inf2.12294.

4. Qinglin S, Shanhong X, Shaofeng C, Jiangang Z. Thermal characteristics of silicon nitride thin membrane. J Semicond.
2016;24(51):47-50.

5. Nazir A, Khan K, Maan A, Zia R, Giorno L, Schroén K. Membrane separation technology for the recovery of nutraceuticals from food
industrial streams. Trends Food Sci Tech. 2019;86:426-38. https://doi.org/10.1016/j.tifs.2019.02.049.

6. Saleh J, Tremblay AY, Dubé MA. Glycerol removal from biodiesel using membrane separation technology. Fuel. 2010;89(9):2260-6. https://
doi.org/10.1016/j.fuel.2010.04.025.

@ Discover


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/cben.202200035
https://doi.org/10.1016/j.wasman.2020.12.002
https://doi.org/10.1002/inf2.12294
https://doi.org/10.1002/inf2.12294
https://doi.org/10.1016/j.tifs.2019.02.049
https://doi.org/10.1016/j.fuel.2010.04.025
https://doi.org/10.1016/j.fuel.2010.04.025

Review Discover Nano (2024) 19:66 | https://doi.org/10.1186/511671-024-04012-w

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

Liu HB, Li B, Guo LW, Pan LM, Zhu HX, Tang ZS, Xing WH, Cai YY, Duan JA, Wang M, Xu SN, Tao X-B. Current and future use of membrane
technology in the traditional Chinese medicine industry. Sep Purif Rev. 2022;51(4):484-502. https://doi.org/10.1080/15422119.2021.
1995875.

Xu YT, Dai SJ, Wang XF, Wu XW, Guo YG, Zeng XX. An ion-percolating electrolyte membrane for ultrahigh efficient and dendrite-free
lithium metal batteries. InfoMat. 2023. https://doi.org/10.1002/inf2.12498.

Hardman D, Thuruthel TG, lida F. Tactile perception in hydrogel-based robotic skins using data-driven electrical impedance tomography.
Mater Today Electron. 2023;4: 100032. https://doi.org/10.1016/j.mtelec.2023.100032.

Barhoum A, Deshmukh K, Garcia-Betancourt M-L, Alibakhshi S, Mousavi SM, Meftahi A, Sabery MSK, Samyn P. Nanocelluloses as sustain-
able membrane materials for separation and filtration technologies: principles, opportunities, and challenges. Carbohyd Polym. 2023;317:
121057. https://doi.org/10.1016/j.carbpol.2023.121057.

Sidhikku KVR, Ghasem N, Al-Marzougi M. Current and future trends in polymer membrane-based gas separation technology: a compre-
hensive review. J Ind Eng Chem. 2021;98:103-29. https://doi.org/10.1016/j.jiec.2021.03.030.

Ruiz SI, Luis P. Membrane crystallization via membrane distillation. Chem Eng Process. 2018;123:258-71. https://doi.org/10.1016/j.cep.
2017.11.017.

Divakar S, Padaki M, Balakrishna RG. Review on liquid-liquid separation by membrane filtration. ACS Omega. 2022;7(49):44495-506.
https://doi.org/10.1021/acsomega.2c02885.

Castro-Mufioz R, Varoon Agrawal K, Coronas J. Ultrathin permselective membranes: the latent way for efficient gas separation. RSC Adv.
2020;10(21):12653-70. https://doi.org/10.1039/DORA02254C.

Ahmad MZ, Martin-Gil V, Supinkova T, Lambert P, Castro-Munoz R, Hrabanek P, Kocirik M, Fila V. Novel MMM using CO, selective S5Z-16
and high-performance 6FDA-polyimide for CO,/CH, separation. Sep Purif Technol. 2021;254: 117582. https://doi.org/10.1016/j.seppur.
2020.117582.

Castro-Mufioz R, Zamidi Ahmad M, Malankowska M, Coronas J. A new relevant membrane application: CO, direct air capture (DAC).
Chem Eng J. 2022;446: 137047. https://doi.org/10.1016/j.cej.2022.137047.

Filho EADS, de Medeiros KM, Araujo EM, Ferreira RDSB, Oliveira SSL, Medeiros VDN. Membranes of polyamide 6/clay/salt for water/oil
separation. Mater Res Express. 2019. https://doi.org/10.1088/2053-1591/ab3754.

Yuan S, Strobbe D, Kruth J-P, Puyvelde PV, der Bruggen BV. Super-hydrophobic 3D printed polysulfone membranes with a switchable
wettability by self-assembled candle soot for efficient gravity-driven oil/water separation. J Mater Chem A. 2017;5(48):25401-9. https://
doi.org/10.1039/C7TA08836A.

Ju J, Wang T, Wang Q. Superhydrophilic and underwater superoleophobic PVDF membranes via plasma-induced surface PEGDA for
effective separation of oil-in-water emulsions. Colloid Surface A. 2015;481:151-7. https://doi.org/10.1016/j.colsurfa.2015.01.041.
Junaidi NFD, Othman NH, Shahruddin MZ, Alias NH, Marpani F, Lau WJ, Ismail AF. Fabrication and characterization of graphene
oxide—polyethersulfone (GO-PES) composite flat sheet and hollow fiber membranes for oil-water separation. J Chem Technol Biot.
2020;95(5):1308-20. https://doi.org/10.1002/jctb.6366.

Yan X, Wang Y, Huang Z, Gao Z, Mao X, Kipper MJ, Huang L, Tang J. Janus polyacrylonitrile/carbon nanotube nanofiber membranes for
oil/water separation. ACS Appl Nano Mater. 2023;6(6):4511-21. https://doi.org/10.1021/acsanm.3c00006.

Zhang F, Zhang WB, Shi Z, Wang D, Jin J, Jiang L. Nanowire-haired inorganic membranes with superhydrophilicity and underwater
ultralow adhesive superoleophobicity for high-efficiency oil/water separation. Adv Mater. 2013;25(30):4192-8. https://doi.org/10.1002/
adma.201301480.

Kim H-J, Kim S-J, Lee K, Foster RI. A short review on hydrophobic pervaporative inorganic membranes for ethanol/water separation
applications. Korean J Chem Eng. 2022;39(9):2263-74. https://doi.org/10.1007/s11814-022-1173-5.

Hatimi B, Mouldar J, Loudiki A, Hafdi H, Joudi M, Daoudi EM, Nasrellah H, Lancar I-T, El Mhammedi MA, Bakasse M. Low cost pyrrhotite
ash/clay-based inorganic membrane for industrial wastewaters treatment. J Environ Chem Eng. 2020;8(1): 103646. https://doi.org/10.
1016/j.jece.2019.103646.

The United Nations world water development report. The United Nations Educational, Scientific and Cultural Organization, 2023. https://
www.unwater.org/publications/un-world-water-development-report-2023.

Cherukupally P, Sun W, Wong APY, Williams DR, Ozin GA, Bilton AM, Park CB. Surface-engineered sponges for recovery of crude oil
microdroplets from wastewater. Nat Sustain. 2019;3(2):136-43. https://doi.org/10.1038/s41893-019-0446-4.

Liu Z, Zhan Z, ShenT, Li N, Zhang C, Yu C, Li C, Si Y, Jiang L, Dong Z. Dual-bionic superwetting gears with liquid directional steering for
oil-water separation. Nat Commun. 2023;14(1):4128. https://doi.org/10.1038/s41467-023-39851-1.

Zang L, Zheng S, Wang L, Ma J, Sun L. Zwitterionic nanogels modified nanofibrous membrane for efficient oil/water separation. J Mem-
brane Sci. 2020;612: 118379. https://doi.org/10.1016/j.memsci.2020.118379.

Kota AK, Kwon G, Choi W, Mabry JM, Tuteja A. Hygro-responsive membranes for effective oil-water separation. Nat Commun.
2012;3(1):1025. https://doi.org/10.1038/ncomms2027.

Lu D, Zhang T, Ma J. Ceramic membrane fouling during ultrafiltration of oil/water emulsions: roles played by stabilization surfactants of
oil droplets. Environ Sci Technol. 2015;49(7):4235-44. https://doi.org/10.1021/es505572y.

Cherukupally P, Sun W, Williams DR, Ozin GA, Bilton AM. Wax-wetting sponges for oil droplets recovery from frigid waters. Sci Adv.
2021;7(11):eabc7926. https://doi.org/10.1126/sciadv.abc7926.

Saththasivam J, Loganathan K, Sarp S. An overview of oil-water separation using gas flotation systems. Chemosphere. 2016;144:671-80.
https://doi.org/10.1016/j.chemosphere.2015.08.087.

Zhu Z, Jiang L, Liu J, He S, Shao W. Sustainable, highly efficient and superhydrophobic fluorinated silica functionalized chitosan aerogel
for gravity-driven oil/water separation. Gels. 2021;7(2):66. https://doi.org/10.3390/gels7020066.

Hempoonsert J, Tansel B, Laha S. Effect of temperature and pH on droplet aggregation and phase separation characteristics of flocs
formed in oil-water emulsions after coagulation. Colloid Surface A. 2010;353(1):37-42. https://doi.org/10.1016/j.colsurfa.2009.10.016.
Cambiella A, Benito JM, Pazos C, Coca J. Centrifugal separation efficiency in the treatment of waste emulsified oils. Chem Eng Res Des.
2006;84(1):69-76. https://doi.org/10.1205/cherd.05130.

@ Discover


https://doi.org/10.1080/15422119.2021.1995875
https://doi.org/10.1080/15422119.2021.1995875
https://doi.org/10.1002/inf2.12498
https://doi.org/10.1016/j.mtelec.2023.100032
https://doi.org/10.1016/j.carbpol.2023.121057
https://doi.org/10.1016/j.jiec.2021.03.030
https://doi.org/10.1016/j.cep.2017.11.017
https://doi.org/10.1016/j.cep.2017.11.017
https://doi.org/10.1021/acsomega.2c02885
https://doi.org/10.1039/D0RA02254C
https://doi.org/10.1016/j.seppur.2020.117582
https://doi.org/10.1016/j.seppur.2020.117582
https://doi.org/10.1016/j.cej.2022.137047
https://doi.org/10.1088/2053-1591/ab3754
https://doi.org/10.1039/C7TA08836A
https://doi.org/10.1039/C7TA08836A
https://doi.org/10.1016/j.colsurfa.2015.01.041
https://doi.org/10.1002/jctb.6366
https://doi.org/10.1021/acsanm.3c00006
https://doi.org/10.1002/adma.201301480
https://doi.org/10.1002/adma.201301480
https://doi.org/10.1007/s11814-022-1173-5
https://doi.org/10.1016/j.jece.2019.103646
https://doi.org/10.1016/j.jece.2019.103646
https://www.unwater.org/publications/un-world-water-development-report-2023
https://www.unwater.org/publications/un-world-water-development-report-2023
https://doi.org/10.1038/s41893-019-0446-4
https://doi.org/10.1038/s41467-023-39851-1
https://doi.org/10.1016/j.memsci.2020.118379
https://doi.org/10.1038/ncomms2027
https://doi.org/10.1021/es505572y
https://doi.org/10.1126/sciadv.abc7926
https://doi.org/10.1016/j.chemosphere.2015.08.087
https://doi.org/10.3390/gels7020066
https://doi.org/10.1016/j.colsurfa.2009.10.016
https://doi.org/10.1205/cherd.05130

Discover Nano (2024) 19:66 | https://doi.org/10.1186/511671-024-04012-w Review

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

BiH, Yin Z, Cao X, Xie X, Tan C, Huang X, Chen B, Chen F, Yang Q, Bu X, Lu X, Sun L, Zhang H. Carbon fiber aerogel made from raw cotton:
a novel, efficient and recyclable sorbent for oils and organic solvents. Adv Mater. 2013;25(41):5916-21. https://doi.org/10.1002/adma.
201302435.

Peng Y, Guo Z. Recent advances in biomimetic thin membranes applied in emulsified oil/water separation. J Mater Chem A.
2016;4(41):15749-70. https://doi.org/10.1039/C6TA06922C.

Tummons E, Han Q, Tanudjaja HJ, Hejase CA, Chew JW, Tarabara VV. Membrane fouling by emulsified oil: a review. Sep Purif Technol.
2020;248: 116919. https://doi.org/10.1016/j.seppur.2020.116919.

Bi H, Huang X, Wu X, Cao X, Tan C, Yin Z, Lu X, Sun L, Zhang H. Carbon microbelt aerogel prepared by waste paper: an efficient and recy-
clable sorbent for oils and organic solvents. Small. 2014;10(17):3544-50. https://doi.org/10.1002/smll.201303413.

Liang B, He X, Hou J, Li L, Tang Z. Membrane separation in organic liquid: technologies, achievements, and opportunities. Adv Mater.
2019;31(45):1806090. https://doi.org/10.1002/adma.201806090.

Ravichandran SR, Venkatachalam CD, Sengottian M, Sekar S, Subramaniam Ramasamy BS, Narayanan M, Gopalakrishnan AV, Kandasamy
S, Raja R. A review on fabrication, characterization of membrane and the influence of various parameters on contaminant separation
process. Chemosphere. 2022;306: 135629. https://doi.org/10.1016/j.chemosphere.2022.135629.

Junaidi NFD, Othman NH, Fuzil NS, Mat Shayuti MS, Alias NH, Shahruddin MZ, Marpani F, Lau WJ, Ismail AF, Aba ND. Recent development
of graphene oxide-based membranes for oil-water separation: a review. Sep Purif Techno. 2021;258: 118000. https://doi.org/10.1016/j.
seppur.2020.118000.

Li B, Qi B, Guo Z, Wang D, Jiao T. Recent developments in the application of membrane separation technology and its challenges in oil-
water separation: a review. Chemosphere. 2023;327: 138528. https://doi.org/10.1016/j.chemosphere.2023.138528.

ZhuY,Wang D, Jiang L, Jin J. Recent progress in developing advanced membranes for emulsified oil/water separation. NPG Asia Mater.
2014;6(5):e101-e101. https://doi.org/10.1038/am.2014.23.

Sutrisna PD, Kurnia KA, Siagian UWR, Ismadji S, Wenten IG. Membrane fouling and fouling mitigation in oil-water separation: a review.
J Environ Chem Eng. 2022;10(3): 107532. https://doi.org/10.1016/j.jece.2022.107532.

Ren H, LiuY, Zhang L, Liu K. Synthesis, properties, and applications of large-scale two-dimensional materials by polymer-assisted deposi-
tion. J Semicond. 2019;40(6):061003-11. https://doi.org/10.1088/1674-4926/40/6/061003.

Wang W, Dong C, Liu S, Zhang Y, Kong X, Wang M, Ding C, LiuT, Shen H, Bi H. Super-hydrophobic cotton aerogel with ultra-high flux and
high oil retention capability for efficient oil/water separation. Colloid Surface A. 2023;657: 130572. https://doi.org/10.1016/j.colsurfa.
2022.130572.

Castro-Muioz R. Breakthroughs on tailoring pervaporation membranes for water desalination: a review. Water Res. 2020;187: 116428.
https://doi.org/10.1016/j.watres.2020.116428.

Castro-Mufoz R, Buera-Gonzalez J, de la Iglesia O, Galiano F, Fila V, Malankowska M, Rubio C, Figoli A, Téllez C, Coronas J. Towards the dehy-
dration of ethanol using pervaporation cross-linked poly(vinyl alcohol)/graphene oxide membranes. J Membrane Sci. 2019;582:423-34.
https://doi.org/10.1016/j.memsci.2019.03.076.

Castro-Muioz R, Barragan-Huerta BE, Fila V, Denis PC, Ruby-Figueroa R. Current role of membrane technology: From the treatment of
agro-industrial by-products up to the valorization of valuable compounds. Waste Biomass Valor. 2018;9(4):513-29. https://doi.org/10.
1007/512649-017-0003-1.

Castro-Muioz R, Conidi C, Cassano A. Membrane-based technologies for meeting the recovery of biologically active compounds from
foods and their by-products. Crit Rev Food Sci. 2019;59(18):2927-48. https://doi.org/10.1080/10408398.2018.1478796.

Cassano A, Conidi C, Ruby-Figueroa R, Castro-Murioz R. Nanofiltration and tight ultrafiltration membranes for the recovery of polyphenols
from agro-food by-products. Int J Mol Sci. 2018;19(2):351. https://doi.org/10.3390/ijms19020351.

Castro-Muioz R, Yaiez-Fernandez J, Fila V. Phenolic compounds recovered from agro-food by-products using membrane technologies:
an overview. Food Chem. 2016;213:753-62. https://doi.org/10.1016/j.foodchem.2016.07.030.

Ursino C, Castro-Munoz R, Drioli E, Gzara L, Albeirutty MH, Figoli A. Progress of nanocomposite membranes for water treatment. Mem-
branes. 2018;8(2):18. https://doi.org/10.3390/membranes8020018.

Castro-Munoz R, Yainez-Fernandez J. Valorization of Nixtamalization wastewaters (Nejayote) by integrated membrane process. Food
Bioprod Process. 2015;95:7-18. https://doi.org/10.1016/j.fbp.2015.03.006.

DengY, Wu Y, Chen G, Zheng X, Dai M, Peng C. Metal-organic framework membranes: Recent development in the synthesis strategies
and their application in oil-water separation. Chem Eng J. 2021;405: 127004. https://doi.org/10.1016/j.cej.2020.127004.

Abadi SRH, Sebzari MR, Hemati M, Rekabdar F, Mohammadi T. Ceramic membrane performance in microfiltration of oily wastewater.
Desalination. 2011;265(1):222-8. https://doi.org/10.1016/j.desal.2010.07.055.

Ahmad AL, Ismail S, Bhatia S. Membrane treatment for palm oil mill effluent: Effect of transmembrane pressure and crossflow velocity.
Desalination. 2005;179(1):245-55. https://doi.org/10.1016/j.desal.2004.11.071.

Darvishzadeh T, Priezjev NV. Effects of crossflow velocity and transmembrane pressure on microfiltration of oil-in-water emulsions. J
Membrane Sci. 2012;423-424:468-76. https://doi.org/10.1016/j.memsci.2012.08.043.

Fouladitajar A, Zokaee Ashtiani F, Dabir B, Rezaei H, Valizadeh B. Response surface methodology for the modeling and optimization of
oil-in-water emulsion separation using gas sparging assisted microfiltration. Environ Sci Pollut Res. 2015;22(3):2311-27. https://doi.org/
10.1007/s11356-014-3511-6.

Robinson J. Solvent flux through dense polymeric nanofiltration membranes. J Membrane Sci. 2004;230(1-2):29-37. https://doi.org/10.
1016/j.memsci.2003.10.027.

SuR, LiS,WuW, Song C, Liu G, Yu Y. Recent progress in electrospun nanofibrous membranes for oil/water separation. Sep Purif Technol.
2021;256: 117790. https://doi.org/10.1016/j.seppur.2020.117790.

Wang X, Yu J, Sun G, Ding B. Electrospun nanofibrous materials: a versatile medium for effective oil/water separation. Mater Today.
2016;19(7):403-14. https://doi.org/10.1016/j.mattod.2015.11.010.

Zhang J, Liu L, SiY, Yu J, Ding B. Rational design of electrospun nanofibrous materials for oil/water emulsion separation. Mater Chem
Front. 2021;5(1):97-128. https://doi.org/10.1039/D0QM00436G.

@ Discover


https://doi.org/10.1002/adma.201302435
https://doi.org/10.1002/adma.201302435
https://doi.org/10.1039/C6TA06922C
https://doi.org/10.1016/j.seppur.2020.116919
https://doi.org/10.1002/smll.201303413
https://doi.org/10.1002/adma.201806090
https://doi.org/10.1016/j.chemosphere.2022.135629
https://doi.org/10.1016/j.seppur.2020.118000
https://doi.org/10.1016/j.seppur.2020.118000
https://doi.org/10.1016/j.chemosphere.2023.138528
https://doi.org/10.1038/am.2014.23
https://doi.org/10.1016/j.jece.2022.107532
https://doi.org/10.1088/1674-4926/40/6/061003
https://doi.org/10.1016/j.colsurfa.2022.130572
https://doi.org/10.1016/j.colsurfa.2022.130572
https://doi.org/10.1016/j.watres.2020.116428
https://doi.org/10.1016/j.memsci.2019.03.076
https://doi.org/10.1007/s12649-017-0003-1
https://doi.org/10.1007/s12649-017-0003-1
https://doi.org/10.1080/10408398.2018.1478796
https://doi.org/10.3390/ijms19020351
https://doi.org/10.1016/j.foodchem.2016.07.030
https://doi.org/10.3390/membranes8020018
https://doi.org/10.1016/j.fbp.2015.03.006
https://doi.org/10.1016/j.cej.2020.127004
https://doi.org/10.1016/j.desal.2010.07.055
https://doi.org/10.1016/j.desal.2004.11.071
https://doi.org/10.1016/j.memsci.2012.08.043
https://doi.org/10.1007/s11356-014-3511-6
https://doi.org/10.1007/s11356-014-3511-6
https://doi.org/10.1016/j.memsci.2003.10.027
https://doi.org/10.1016/j.memsci.2003.10.027
https://doi.org/10.1016/j.seppur.2020.117790
https://doi.org/10.1016/j.mattod.2015.11.010
https://doi.org/10.1039/D0QM00436G

Review Discover Nano (2024) 19:66 | https://doi.org/10.1186/511671-024-04012-w

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Zhang J, Zhang F, Song J, Liu L, Si Y, Yu J, Ding B. Electrospun flexible nanofibrous membranes for oil/water separation. J Mater Chem
A.2019;7(35):20075-102. https://doi.org/10.1039/C9TA07296A.

Cheng X, LiT, Yan L, Jiao Y, Zhang Y, Wang K, Cheng Z, Ma J, Shao L. Biodegradable electrospinning superhydrophilic nanofiber
membranes for ultrafast oil-water separation. Sci Adv. 2023. https://doi.org/10.1126/sciadv.adh8195.

Cheng X, Sun Z,Yang X, Li Z, Zhang Y, Wang P, Liang H, Ma J, Shao L. Construction of superhydrophilic hierarchical polyacrylonitrile
nanofiber membranes by in situ asymmetry engineering for unprecedently ultrafast oil-water emulsion separation. J Mater Chem
A. 2020;8(33):16933-42. https://doi.org/10.1039/DOTA03011B.

Zhu L, Chen M, Dong Y, Tang CY, Huang A, Li L. A low-cost mullite-titania composite ceramic hollow fiber microfiltration membrane
for highly efficient separation of oil-in-water emulsion. Water Res. 2016;90:277-85. https://doi.org/10.1016/j.watres.2015.12.035.
Chen M, Zhu L, Chen J, Yang F, Tang CY, Guiver MD, Dong Y. Spinel-based ceramic membranes coupling solid sludge recycling with
oily wastewater treatment. Water Res. 2020;169: 115180. https://doi.org/10.1016/j.watres.2019.115180.

Wu H, Sun C, Huang Y, Zheng X, Zhao M, Gray S, Dong Y. Treatment of oily wastewaters by highly porous whisker-constructed
ceramic membranes: separation performance and fouling models. Water Res. 2022;211: 118042. https://doi.org/10.1016/j.watres.
2022.118042.

Shi Z, Zhang W, Zhang F, Liu X, Wang D, Jin J, Jiang L. Ultrafast separation of emulsified oil/water mixtures by ultrathin free-standing
single-walled carbon nanotube network films. Adv Mater. 2013;25(17):2422-7. https://doi.org/10.1002/adma.201204873.

Cai Y, Shi SQ, Fang Z, Li J. Design, development, and outlook of superwettability membranes in oil/water emulsions separation. Adv
Mater Interfaces. 2021;8(18):2100799. https://doi.org/10.1002/admi.202100799.

Chen C,Weng D, Mahmood A, Chen S, Wang J. Separation mechanism and construction of surfaces with special wettability for oil/water
separation. ACS Appl Mater Interfaces. 2019;11(11):11006-27. https://doi.org/10.1021/acsami.9b01293.

Castro-Munoz R, Gonzélez-Melgoza LL, Garcia-Depraect O. Ongoing progress on novel nanocomposite membranes for the separation
of heavy metals from contaminated water. Chemosphere. 2021;270: 129421. https://doi.org/10.1016/j.chemosphere.2020.129421.
Ounifi |, Guesmi, Ursino C, Castro-Munoz R, Agougui H, Jabli M, Hafiane A, Figoli A, Ferjani E. Synthesis and characterization of a thin-
film composite nanofiltration membrane based on polyamide-cellulose acetate: application for water purification. J Polym Environ.
2022;30(2):707-18. https://doi.org/10.1007/s10924-021-02233-z.

Russo F, Castro-Mufoz R, Galiano F, Figoli A. Unprecedented preparation of porous Matrimid® 5218 membranes. J Membrane Sci.
2019;585:166-74. https://doi.org/10.1016/j.memsci.2019.05.036.

Xu Z, LiL, Liu J, Dai C, Sun W, Chen J, Zhu Z, Zhao M, Zeng H. Mussel-inspired superhydrophilic membrane constructed on a hydrophilic
polymer network for highly efficient oil/water separation. J Colloid Interf Sci. 2022;608:702-10. https://doi.org/10.1016/j.jcis.2021.09.
123.

MaW, LiY, Zhang M, Gao S, Cui J, Huang C, Fu G. Biomimetic durable multifunctional self-cleaning nanofibrous membrane with out-
standing oil/water separation, photodegradation of organic contaminants, and antibacterial performances. ACS Appl Mater Interfaces.
2020;12(31):34999-5010. https://doi.org/10.1021/acsami.0c09059.

Gontarek-Castro E, Castro-Mufioz R. How to make membrane distillation greener: a review of environmentally friendly and sustainable
aspects. Green Chem. 2024;26(1):164-85. https://doi.org/10.1039/D3GC03377E.

Gontarek-Castro E, Castro-Mufioz R. Membrane distillation assisting food production processes of thermally sensitive food liquid items:
a review. Crit Rev Food Sci. 2023. https://doi.org/10.1080/10408398.2022.2163223.

Wang P, Chung T-S. A conceptual demonstration of freeze desalination-membrane distillation (FD-MD) hybrid desalination process
utilizing liquefied natural gas (LNG) cold energy. Water Res. 2012;46(13):4037-52. https://doi.org/10.1016/j.watres.2012.04.042.

Yao M, Tijing LD, Naidu G, Kim S-H, Matsuyama H, Fane AG, Shon HK. A review of membrane wettability for the treatment of saline water
deploying membrane distillation. Desalination. 2020;479: 114312. https://doi.org/10.1016/j.desal.2020.114312.

Elhenawy Y, Moustafa GH, Attia AM, Mansi AE, Majozi T, Bassyouni M. Performance enhancement of a hybrid multi effect evaporation/
membrane distillation system driven by solar energy for desalination. J Environ Chem Eng. 2022;10(6): 108855. https://doi.org/10.1016/j.
jece.2022.108855.

Lee WJ, Ng ZC, Hubadillah SK, Goh PS, Lau WJ, Othman MHD, Ismail AF, Hilal N. Fouling mitigation in forward osmosis and membrane
distillation for desalination. Desalination. 2020;480: 114338. https://doi.org/10.1016/j.desal.2020.114338.

Alkhatib A, Ayari MA, Hawari AH. Fouling mitigation strategies for different foulants in membrane distillation. Chem Eng Process.
2021;167:108517. https://doi.org/10.1016/j.cep.2021.108517.

Gontarek-Castro E, Castro-Muioz R, Lieder M. New insights of nanomaterials usage toward superhydrophobic membranes for water
desalination via membrane distillation: a review. Crit Rev Env Sci Tec. 2022;52(12):2104-49. https://doi.org/10.1080/10643389.2021.
1877032.

Castro-Mufoz R. A critical review on electrospun membranes containing 2D materials for seawater desalination. Desalination. 2023;555:
116528. https://doi.org/10.1016/j.desal.2023.116528.

Xu H, Liu H, Huang Y, Xiao C. Three-dimensional structure design of tubular polyvinyl chloride hybrid nanofiber membranes for water-
in-oil emulsion separation. J Membrane Sci. 2021;620: 118905. https://doi.org/10.1016/j.memsci.2020.118905.

Wang D, Zang J, Wang Q, Cheng W, Han G, Huan S. Hierarchical composite membrane with multiscale roughness structures for water-
in-oil emulsion separation. Appl Surf Sci. 2021;566: 150666. https://doi.org/10.1016/j.apsusc.2021.150666.

Ahmad MZ, Pelletier H, Martin-Gil V, Castro-Munoz R, Fila V. Chemical crosslinking of 6FDA-ODA and 6FDA-ODA:DABA for improved CO,/
CH, separation. Membranes. 2018;8(3):67. https://doi.org/10.3390/membranes8030067.

Jue ML, Lively RP. Targeted gas separations through polymer membrane functionalization. React Funct Polym. 2015;86:88-110. https://
doi.org/10.1016/j.reactfunctpolym.2014.09.002.

Jain A, Ahmad MZ, Linkes A, Martin-Gil V, Castro-Mufoz R, I1zak P, Sofer Z, Hintz W, Fila V. 6FDA-DAM:DABA Co-polyimide mixed matrix
membranes with GO and ZIF-8 mixtures for effective CO,/CH, separation. Nanomaterials. 2021;11(3):668. https://doi.org/10.3390/nano1
1030668.

Elhady S, Bassyouni M, Mansour RA, Elzahar MH, Abdel-Hamid S, Elhenawy Y, Saleh MY. Oily wastewater treatment using polyamide thin
film composite membrane technology. Membranes. 2020;10(5):84. https://doi.org/10.3390/membranes10050084.

@ Discover


https://doi.org/10.1039/C9TA07296A
https://doi.org/10.1126/sciadv.adh8195
https://doi.org/10.1039/D0TA03011B
https://doi.org/10.1016/j.watres.2015.12.035
https://doi.org/10.1016/j.watres.2019.115180
https://doi.org/10.1016/j.watres.2022.118042
https://doi.org/10.1016/j.watres.2022.118042
https://doi.org/10.1002/adma.201204873
https://doi.org/10.1002/admi.202100799
https://doi.org/10.1021/acsami.9b01293
https://doi.org/10.1016/j.chemosphere.2020.129421
https://doi.org/10.1007/s10924-021-02233-z
https://doi.org/10.1016/j.memsci.2019.05.036
https://doi.org/10.1016/j.jcis.2021.09.123
https://doi.org/10.1016/j.jcis.2021.09.123
https://doi.org/10.1021/acsami.0c09059
https://doi.org/10.1039/D3GC03377E
https://doi.org/10.1080/10408398.2022.2163223
https://doi.org/10.1016/j.watres.2012.04.042
https://doi.org/10.1016/j.desal.2020.114312
https://doi.org/10.1016/j.jece.2022.108855
https://doi.org/10.1016/j.jece.2022.108855
https://doi.org/10.1016/j.desal.2020.114338
https://doi.org/10.1016/j.cep.2021.108517
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1016/j.desal.2023.116528
https://doi.org/10.1016/j.memsci.2020.118905
https://doi.org/10.1016/j.apsusc.2021.150666
https://doi.org/10.3390/membranes8030067
https://doi.org/10.1016/j.reactfunctpolym.2014.09.002
https://doi.org/10.1016/j.reactfunctpolym.2014.09.002
https://doi.org/10.3390/nano11030668
https://doi.org/10.3390/nano11030668
https://doi.org/10.3390/membranes10050084

Discover Nano (2024) 19:66 | https://doi.org/10.1186/511671-024-04012-w Review

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Yu L, Kanezashi M, Nagasawa H, Tsuru T. Phase inversion/sintering-induced porous ceramic microsheet membranes for high-quality
separation of oily wastewater. ] Membrane Sci. 2020;595: 117477. https://doi.org/10.1016/j.memsci.2019.117477.

Yan X, Xiao X, Au C, Mathur S, Huang L, Wang Y, Zhang Z, Zhu Z, Kipper MJ, Tang J, Chen J. Electrospinning nanofibers and nanomem-
branes for oil/water separation. J Mater Chem A. 2021;9(38):21659-84. https://doi.org/10.1039/D1TA05873H.

Gao J,WeiW,YinY, Liu M, Zheng C, Zhang Y, Deng P. Continuous ultrathin UiO-66-NH, coatings on a polymeric substrate synthesized by
a layer-by-layer method: a kind of promising membrane for oil-water separation. Nanoscale. 2020;12(12):6658-63. https://doi.org/10.
1039/CONR10049K.

Mohammadi T, Madaeni SS, Moghadam MK. Investigation of membrane fouling. Desalination. 2003;153(1):155-60. https://doi.org/10.
1016/5S0011-9164(02)01118-9.

Pichardo-Romero D, Garcia-Arce ZP, Zavala-Ramirez A, Castro-Muiioz R. Current advances in biofouling mitigation in membranes for
water treatment: an overview. Processes. 2020;8(2):182. https://doi.org/10.3390/pr8020182.

Guo W, Ngo H-H, Li J. A mini-review on membrane fouling. Bioresource Technol. 2012;122:27-34. https://doi.org/10.1016/j.biortech.
2012.04.0809.

Le-Clech P, Chen V, Fane TAG. Fouling in membrane bioreactors used in wastewater treatment. J Membrane Sci. 2006;284(1):17-53.
https://doi.org/10.1016/j.memsci.2006.08.019.

Ismail NH, Salleh WNW, Ismail AF, Hasbullah H, Yusof N, Aziz F, Jaafar J. Hydrophilic polymer-based membrane for oily wastewater treat-
ment: a review. Sep Purif Technol. 2020;233: 116007. https://doi.org/10.1016/j.seppur.2019.116007.

Ullah A, Tanudjaja HJ, Ouda M, Hasan SW, Chew JW. Membrane fouling mitigation techniques for oily wastewater: a short review. J Water
Process Eng. 2021;43: 102293. https://doi.org/10.1016/j.jwpe.2021.102293.

Gul A, Hruza J, Yalcinkaya F. Fouling and chemical cleaning of microfiltration membranes: a mini-review. Polymers. 2021;13(6):846. https://
doi.org/10.3390/polym13060846.

Beyer M, Lohrengel B, Nghiem LD. Membrane fouling and chemical cleaning in water recycling applications. Desalination.
2010;250(3):977-81. https://doi.org/10.1016/j.desal.2009.09.085.

Dong D, Zhu Y, Fang W, Ji M, Wang A, Gao S, Lin H, Huang R, Jin J. Double-defense design of super-anti-fouling membranes for oil/water
emulsion separation. Adv Funct Mater. 2022;32(24):2113247. https://doi.org/10.1002/adfm.202113247.

Zhang R, LiuY, He M, SuY, Zhao X, Elimelech M, Jiang Z. Antifouling membranes for sustainable water purification: strategies and mecha-
nisms. Chem Soc Rev. 2016;45(21):5888-924. https://doi.org/10.1039/C5CS00579E.

Brady RF, Singer IL. Mechanical factors favoring release from fouling release coatings. Biofouling. 2000;15(1-3):73-81. https://doi.org/
10.1080/08927010009386299.

Callow JA, Callow ME. Trends in the development of environmentally friendly fouling-resistant marine coatings. Nat Commun.
2011;2(1):244. https://doi.org/10.1038/ncomms1251.

Yadav A, Singh K, Shahi VK. Side-chain grafted functional groups poly(vinylidene fluoride-hexafluoropropylene) antifouling fluorinated
polymer membrane with tuneable hydrophobicity for distillation. Desalination. 2022;525: 115501. https://doi.org/10.1016/j.desal.2021.
115501.

Ma Z, Shu G, Lu X. Preparation of an antifouling and easy cleaning membrane based on amphiphobic fluorine island structure and
chemical cleaning responsiveness. J Membrane Sci. 2020;611: 118403. https://doi.org/10.1016/j.memsci.2020.118403.

Wang F, He M, SuY, Wang W, Liu Y, Xue J, Cao J, Shen J, Zhang R, Jiang Z. In situ construction of chemically heterogeneous hydrogel sur-
faces toward near-zero-flux-decline membranes for oil-water separation. J Membrane Sci. 2020;594: 117455. https://doi.org/10.1016/j.
memsci.2019.117455.

Wang YX, Li YJ, Yang H, Xu ZL. Super-wetting, photoactive TiO2 coating on amino-silane modified PAN nanofiber membranes for high
efficient oil-water emulsion separation application. J Membrane Sci. 2019;580:40-8. https://doi.org/10.1016/j.memsci.2019.02.062.
Yang C, Long M, Ding C, Zhang R, Zhang S, Yuan J, Zhi K, Yin Z, Zheng Y, Liu Y, Wu H, Jiang Z. Antifouling graphene oxide membranes for
oil-water separation via hydrophobic chain engineering. Nat Commun. 2022;13(1):7334. https://doi.org/10.1038/s41467-022-35105-8.
Gao N, Xu Z-K. Ceramic membranes with mussel-inspired and nanostructured coatings for water-in-oil emulsions separation. Sep Purif
Technol. 2019;212:737-46. https://doi.org/10.1016/j.seppur.2018.11.084.

Gao N, Wang L, Zhang, Liang F, Fan Y. Modified ceramic membrane with pH/ethanol induced switchable superwettability for antifouling
separation of oil-in-acidic water emulsions. Sep Purif Technol. 2022;293: 121022. https://doi.org/10.1016/j.seppur.2022.121022.
Ahmad MZ, Castro-Muioz R, Budd PM. Boosting gas separation performance and suppressing the physical aging of polymers of intrinsic
microporosity (PIM-1) by nanomaterial blending. Nanoscale. 2020;12(46):23333-70. https://doi.org/10.1039/DONR07042D.

Cosme JRA, Castro-Mufioz R, Vatanpour V. Recent advances in nanocomposite membranes for organic compound remediation from
potable waters. ChemBioEng Reviews. 2023;10(2):112-32. https://doi.org/10.1002/cben.202200017.

VatanpourV, Yuksekdag A, Agtas M, Mehrabi M, Salehi E, Castro-Mufoz R, Koyuncu I. Zeolitic imidazolate framework (ZIF-8) modified
cellulose acetate NF membranes for potential water treatment application. Carbohyd Polym. 2023;299: 120230. https://doi.org/10.1016/j.
carbpol.2022.120230.

Hou X. Smart gating multi-scale pore/channel-based membranes. Adv Mater. 2016;28(33):7049-64. https://doi.org/10.1002/adma.20160
0797.

HuangT, Su Z, Hou K, Zeng J, Zhou H, Zhang L, Nunes SP. Advanced stimuli-responsive membranes for smart separation. Chem Soc Rev.
2023;52(13):4173-207. https://doi.org/10.1039/D2CS00911K.

Li JJ, Zhou YN, Luo ZH. Polymeric materials with switchable superwettability for controllable oil/water separation: a comprehensive
review. Prog Polym Sci. 2018;87:1-33. https://doi.org/10.1016/j.progpolymsci.2018.06.009.

Zhang L, Zhang Z, Wang P. Smart surfaces with switchable superoleophilicity and superoleophobicity in aqueous media: toward control-
lable oil/water separation. NPG Asia Mater. 2012;4(2):e8-e8. https://doi.org/10.1038/am.2012.14.

Yu D, Xiao X, Shokoohi C, Wang Y, Sun L, Juan Z, Kipper MJ, Tang J, Huang L, Han GS, Jung HS, Chen J. Recent advances in stimuli-
responsive smart membranes for nanofiltration. Adv Funct Mater. 2023;33(9):2211983. https://doi.org/10.1002/adfm.202211983.
YanY, Zhou P, Zhang S, Yin X, Zeng X, Pi P, Nong Y, Wen X. Facile preparation of ultralong polypyrrole nanowires-coated membrane for
switchable emulsions separation and dyes adsorption. J Water Process Eng. 2022;49: 102942. https://doi.org/10.1016/j.jwpe.2022.102942.

@ Discover


https://doi.org/10.1016/j.memsci.2019.117477
https://doi.org/10.1039/D1TA05873H
https://doi.org/10.1039/C9NR10049K
https://doi.org/10.1039/C9NR10049K
https://doi.org/10.1016/S0011-9164(02)01118-9
https://doi.org/10.1016/S0011-9164(02)01118-9
https://doi.org/10.3390/pr8020182
https://doi.org/10.1016/j.biortech.2012.04.089
https://doi.org/10.1016/j.biortech.2012.04.089
https://doi.org/10.1016/j.memsci.2006.08.019
https://doi.org/10.1016/j.seppur.2019.116007
https://doi.org/10.1016/j.jwpe.2021.102293
https://doi.org/10.3390/polym13060846
https://doi.org/10.3390/polym13060846
https://doi.org/10.1016/j.desal.2009.09.085
https://doi.org/10.1002/adfm.202113247
https://doi.org/10.1039/C5CS00579E
https://doi.org/10.1080/08927010009386299
https://doi.org/10.1080/08927010009386299
https://doi.org/10.1038/ncomms1251
https://doi.org/10.1016/j.desal.2021.115501
https://doi.org/10.1016/j.desal.2021.115501
https://doi.org/10.1016/j.memsci.2020.118403
https://doi.org/10.1016/j.memsci.2019.117455
https://doi.org/10.1016/j.memsci.2019.117455
https://doi.org/10.1016/j.memsci.2019.02.062
https://doi.org/10.1038/s41467-022-35105-8
https://doi.org/10.1016/j.seppur.2018.11.084
https://doi.org/10.1016/j.seppur.2022.121022
https://doi.org/10.1039/D0NR07042D
https://doi.org/10.1002/cben.202200017
https://doi.org/10.1016/j.carbpol.2022.120230
https://doi.org/10.1016/j.carbpol.2022.120230
https://doi.org/10.1002/adma.201600797
https://doi.org/10.1002/adma.201600797
https://doi.org/10.1039/D2CS00911K
https://doi.org/10.1016/j.progpolymsci.2018.06.009
https://doi.org/10.1038/am.2012.14
https://doi.org/10.1002/adfm.202211983
https://doi.org/10.1016/j.jwpe.2022.102942

Review Discover Nano (2024) 19:66 | https://doi.org/10.1186/511671-024-04012-w

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142,

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

Kung CH, Zahiri B, Sow PK, Mérida W. On-demand oil-water separation via low-voltage wettability switching of core-shell structures on
copper substrates. Appl Surf Sci. 2018;444:15-27. https://doi.org/10.1016/j.apsusc.2018.02.238.

Dou B, Lan J,Lang S,Wang Y, Yang L, Liu H, Wang Y, Yao A, Lin S. Multifunctional Ag/AgCl decorated CO,-responsive cotton membranes
with photo-induced self-cleaning property for efficient bidirectional oil/water separation and dyes removal. Polymer. 2022;251: 124890.
https://doi.org/10.1016/j.polymer.2022.124890.

Che H, Huo M, Peng L, Fang T, Liu N, Feng L, Wei Y, Yuan J. CO,-responsive nanofibrous membranes with switchable oil/water wettability.
Angew Chem. 2015;127(31):9062-6. https://doi.org/10.1002/ange.201501034.

Cui J, LiY,Chen D, Zhan TG, Zhang KD. lonic liquid-based stimuli-responsive functional materials. Adv Funct Mater. 2020;30(50):2005522.
https://doi.org/10.1002/adfm.202005522.

Cheng SQ, Zhang SY, Min XH, Tao MJ, Han XL, Sun'Y, Liu Y. Photoresponsive solid nanochannels membranes: design and applications.
Small. 2022;18(12):2105019. https://doi.org/10.1002/smll.202105019.

Yang C, Wang J, Li J, Zhang H, Shi C, Guo Z, Bai B. Facile fabrication of durable mesh with reversible photo-responsive wettability for
smart oil/water separation. Prog Org Coat. 2021;160: 106520. https://doi.org/10.1016/j.porgcoat.2021.106520.

Jiang S, HuY, Wu H, Zhang Y, Zhang Y, Wang Y, Zhang Y, Zhu W, Li J, Wu D, Chu J. Multifunctional janus microplates arrays actuated by
magnetic fields for water/light switches and bio-inspired assimilatory coloration. Adv Mater. 2019;31(15):1807507. https://doi.org/10.
1002/adma.201807507.

SuR, LiL, Kang J, Ma X, Chen D, Fan X, Yu Y. AgNPs-thiols modified PVDF electrospun nanofiber membrane with a highly rough and pH-
responsive surface for controllable oil/water separation. J Environ Chem Eng. 2022;10(5): 108235. https://doi.org/10.1016/j.jece.2022.
108235.

Wang X, LiuY, Zhang M, Luo Z, Yang D. Beadlike porous fibrous membrane with switchable wettability for efficient oil/water separation.
Ind Eng Chem Res. 2020;59(23):10894-903. https://doi.org/10.1021/acs.iecr.0c01103.

Xue B, Gao L, HouY, Liu Z, Jiang L. Temperature controlled water/oil wettability of a surface fabricated by a block copolymer: application
as a dual water/oil on-off switch. Adv Mater. 2013;25(2):273-7. https://doi.org/10.1002/adma.201202799.

Abraham S, Kumar KS, David MC. Gas-switchable carbon nanotube/polymer hybrid membrane for separation of oil-in-water emulsions.
RSC Adv. 2017;7(63):39465-70. https://doi.org/10.1039/C7RA07032B.

Xiang B, Sun Q, Zhong Q, Mu P, Li J. Current research situation and future prospect of superwetting smart oil/water separation materials.
J Mater Chem A. 2022;10(38):20190-217. https://doi.org/10.1039/D2TA04469B.

Dong L, Fan W, Tong X, Zhang H, Chen M, Zhao Y. A CO,-responsive graphene oxide/polymer composite nanofiltration membrane for
water purification. J Mater Chem A. 2018;6(16):6785-91. https://doi.org/10.1039/C8TA00623G.

Zhang Q,Wang Z, Lei L, Tang J, Wang J, Zhu S. CO,-switchable membranes prepared by immobilization of CO,-breathing microgels. ACS
Appl Mater Interfaces. 2017;9(50):44146-51. https://doi.org/10.1021/acsami.7b15639.

Dong L, Zhao Y. CO,-switchable membranes: structures, functions, and separation applications in aqueous medium. J Mater Chem A.
2020;8(33):16738-46. https://doi.org/10.1039/DOTA04835F.

WangY, Yang S, Zhang J, Chen Z, Zhu B, Li J, Liang S, Bai Y, Xu J, Rao D, Dong L, Zhang C, Yang X. Scalable and switchable CO,-responsive
membranes with high wettability for separation of various oil/water systems. Nat Commun. 2023;14(1):1108. https://doi.org/10.1038/
s41467-023-36685-9.

Thomas JL, You H, Tirrell DA. Tuning the response of a pH-sensitive membrane switch. J Am Chem Soc. 1995;117(10):2949-50. https://
doi.org/10.1021/ja00115a039.

Yu G, Zhou X, Zhang Z, Han C, Mao Z, Gao C, Huang F. Pillar[6]arene/paraquat molecular recognition in water: high binding strength,
pH-responsiveness, and application in controllable self-assembly, controlled release, and treatment of paraquat poisoning. J Am Chem
Soc. 2012;134(47):19489-97. https://doi.org/10.1021/ja3099905.

Guo Q Wu X, JiY,HaoY, Liao S, Cui Z, Li J, Younas M, He B. pH-responsive nanofiltration membrane containing chitosan for dye separa-
tion. J Membrane Sci. 2021;635: 119445. https://doi.org/10.1016/j.memsci.2021.119445.

Zhou X, Fu S, Li J,YiY, Hu Y, Lu J, Yang C, Miao J, Xu Y. Smartphone-based pH responsive 3-channel colorimetric biosensor for non-
enzymatic multi-antibiotic residues. Food Chem. 2023;429: 136953. https://doi.org/10.1016/j.foodchem.2023.136953.

Musarurwa H, Tawanda TN. Recent progress in the application of pH-responsive polymers in separation science. Microchem J. 2022;179:
107503. https://doi.org/10.1016/j.microc.2022.107503.

Cheng B, Li Z, Li Q, Ju J, Kang W, Naebe M. Development of smart poly(vinylidene fluoride)-graft-poly(acrylic acid) tree-like nanofiber
membrane for pH-responsive oil/water separation. J Membrane Sci. 2017;534:1-8. https://doi.org/10.1016/j.memsci.2017.03.053.
Cheng M, He H, Zhu H, Guo W, Chen W, Xue F, Zhou S, Chen X, Wang S. Preparation and properties of pH-responsive reversible-wettability
biomass cellulose-based material for controllable oil/water separation. Carbohyd Polym. 2019;203:246-55. https://doi.org/10.1016/].
carbpol.2018.09.051.

Yang B, Yang X, Liu B, Chen Z, Chen C, Liang S, Chu L-Y, Crittenden J. PVDF blended PVDF-g-PMAA pH-responsive membrane: Effect of
additives and solvents on membrane properties and performance. J Membrane Sci. 2017;541:558-66. https://doi.org/10.1016/j.memsci.
2017.07.045.

LiJJ, Zhou YN, Luo ZH. Mussel-inspired V-shaped copolymer coating for intelligent oil/water separation. Chem Eng J. 2017;322:693-701.
https://doi.org/10.1016/j.cej.2017.04.074.

Dang Z, LiuL, LiY, Xiang Y, Guo G. In situ and ex situ pH-responsive coatings with switchable wettability for controllable oil/water separa-
tion. ACS Appl Mater Interfaces. 2016;8(45):31281-8. https://doi.org/10.1021/acsami.6b09381.

Li JJ, Zhou YN, Luo ZH. Smart fiber membrane for pH-induced oil/water separation. ACS Appl Mater Interfaces. 2015;7(35):19643-50.
https://doi.org/10.1021/acsami.5b04146.

Ou R, Wei J, Jiang L, Simon GP, Wang H. Robust thermoresponsive polymer composite membrane with switchable superhydrophilicity
and superhydrophobicity for efficient oil-water separation. Environ Sci Technol. 2016;50(2):906-14. https://doi.org/10.1021/acs.est.
5b03418.

Chen W, He H, Zhu H, Cheng M, Li Y, Wang S. Thermo-responsive cellulose-based material with switchable wettability for controllable
oil/water separation. Polymers. 2018;10(6):592. https://doi.org/10.3390/polym10060592.

@ Discover


https://doi.org/10.1016/j.apsusc.2018.02.238
https://doi.org/10.1016/j.polymer.2022.124890
https://doi.org/10.1002/ange.201501034
https://doi.org/10.1002/adfm.202005522
https://doi.org/10.1002/smll.202105019
https://doi.org/10.1016/j.porgcoat.2021.106520
https://doi.org/10.1002/adma.201807507
https://doi.org/10.1002/adma.201807507
https://doi.org/10.1016/j.jece.2022.108235
https://doi.org/10.1016/j.jece.2022.108235
https://doi.org/10.1021/acs.iecr.0c01103
https://doi.org/10.1002/adma.201202799
https://doi.org/10.1039/C7RA07032B
https://doi.org/10.1039/D2TA04469B
https://doi.org/10.1039/C8TA00623G
https://doi.org/10.1021/acsami.7b15639
https://doi.org/10.1039/D0TA04835F
https://doi.org/10.1038/s41467-023-36685-9
https://doi.org/10.1038/s41467-023-36685-9
https://doi.org/10.1021/ja00115a039
https://doi.org/10.1021/ja00115a039
https://doi.org/10.1021/ja3099905
https://doi.org/10.1016/j.memsci.2021.119445
https://doi.org/10.1016/j.foodchem.2023.136953
https://doi.org/10.1016/j.microc.2022.107503
https://doi.org/10.1016/j.memsci.2017.03.053
https://doi.org/10.1016/j.carbpol.2018.09.051
https://doi.org/10.1016/j.carbpol.2018.09.051
https://doi.org/10.1016/j.memsci.2017.07.045
https://doi.org/10.1016/j.memsci.2017.07.045
https://doi.org/10.1016/j.cej.2017.04.074
https://doi.org/10.1021/acsami.6b09381
https://doi.org/10.1021/acsami.5b04146
https://doi.org/10.1021/acs.est.5b03418
https://doi.org/10.1021/acs.est.5b03418
https://doi.org/10.3390/polym10060592

Discover Nano (2024) 19:66 | https://doi.org/10.1186/511671-024-04012-w Review

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Yuan X, LiW, Zhu Z, Han N, Zhang X. Thermo-responsive PVDF/PSMA composite membranes with micro/nanoscale hierarchical structures
for oil/water emulsion separation. Colloid Surface A. 2017;516:305-16. https://doi.org/10.1016/j.colsurfa.2016.12.047.

Roy D, Brooks WLA, Sumerlin BS. New directions in thermoresponsive polymers. Chem Soc Rev. 2013;42(17):7214-43. https://doi.org/
10.1039/C3CS35499G.

Seuring J, Agarwal S. Polymers with upper critical solution temperature in aqueous solution. Macromol Rapid Comm. 2012;33(22):1898-
920. https://doi.org/10.1002/marc.201200433.

Musarurwa H, Tavengwa NT. Thermo-responsive polymers and advances in their applications in separation science. Microchem J.
2022;179: 107554. https://doi.org/10.1016/j.microc.2022.107554.

Saeki S, Kuwahara N, Nakata M, Kaneko M. Upper and lower critical solution temperatures in poly(ethylene glycol) solutions. Polymer.
1976;17(8):685-9. https://doi.org/10.1016/0032-3861(76)90208-1.

Zhang W, Liu N, Zhang Q, Qu R, LiuY, Li X, Wei Y, Feng L, Jiang L. Thermo-driven controllable emulsion separation by a polymer-decorated
membrane with switchable wettability. Angew Chem Int Ed. 2018;57(20):5740-5. https://doi.org/10.1002/anie.201801736.

Dou YL, Yue X, Lv CJ, Yasin A, Hao B, Su Y, Ma PC. Dual-responsive polyacrylonitrile-based electrospun membrane for controllable oil-
water separation. J Hazard Mater. 2022;438: 129565. https://doi.org/10.1016/j.jhazmat.2022.129565.

LU T, Qi D, Zhang D, Fu K, Li Y, Zhao H. Fabrication of recyclable multi-responsive magnetic nanoparticles for emulsified oil-water separa-
tion. J Clean Prod. 2020;255: 120293. https://doi.org/10.1016/j.jclepro.2020.120293.

Cao ZQ, Wang GJ. Multi-stimuli-responsive polymer materials: particles, films, and bulk gels. Chem Rec. 2016;16(3):1398-435. https://
doi.org/10.1002/tcr.201500281.

Wang DC, Yang X, Yu HY, Gu J, Qi D, Yao J, Ni Q. Smart nonwoven fabric with reversibly dual-stimuli responsive wettability for intelligent
oil-water separation and pollutants removal. J Hazard Mater. 2020;383: 121123. https://doi.org/10.1016/j.jhazmat.2019.121123.

Ding Y, Xu S, Zhang H, Zhang J, Qiu Z, Chen H, Wang J, Zheng J, Wu J. One-step fabrication of a micro/nanosphere-coordinated dual
stimulus-responsive nanofibrous membrane for intelligent antifouling and ultrahigh Permeability of viscous water-in-oil emulsions.
ACS Appl Mater Interfaces. 2021;13(23):27635-44. https://doi.org/10.1021/acsami.1c05896.

LiuY, Zhao L, Lin J, Yang S. Electrodeposited surfaces with reversibly switching interfacial properties. Sci Adv. 2019;5(11):eaax0380.
https://doi.org/10.1126/sciadv.aax0380.

Du L, Quan X, Fan X, Chen S, Yu H. Electro-responsive carbon membranes with reversible superhydrophobicity/superhydrophilicity
switch for efficient oil/water separation. Sep Purif Technol. 2019;210:891-9. https://doi.org/10.1016/j.seppur.2018.05.032.

LiuY, SuY, Guan J, Cao J, Zhang R, He M, Gao K, Zhou L, Jiang Z. 2D heterostructure membranes with sunlight-driven self-cleaning ability
for highly efficient oil-water separation. Adv Funct Mater. 2018;28(13):1706545. https://doi.org/10.1002/adfm.201706545.

Hu L, Gao S, Ding X, Wang D, Jiang J, Jin J, Jiang L. Photothermal-responsive single-walled carbon nanotube-based ultrathin membranes
for on/off switchable separation of oil-in-water nanoemulsions. ACS Nano. 2015;9(5):4835-42. https://doi.org/10.1021/nn5062854.
LiJ, SunY, Zhang L, Xiao X, Yang N, Zhang L, Yang X, Peng F, Jiang B. Visible-light induced CoMoO,@Bi,MoOg heterojunction membrane
with attractive photocatalytic property and high precision separation toward oil-in-water emulsion. Sep Purif Technol. 2021;277: 119568.
https://doi.org/10.1016/j.seppur.2021.119568.

Chen Z, Xie HY, Li YJ, Chen GE, Xu SJ, Xu ZL. Smart light responsive polypropylene membrane switching reversibly between hydropho-
bicity and hydrophilicity for oily water separation. J Membrane Sci. 2021;638: 119704. https://doi.org/10.1016/j.memsci.2021.119704.
Wei R, Yang F, Gu R, Liu Q, Zhou J, Zhang X, Zhao W, Zhao C. Design of robust thermal and anion dual-responsive membranes with
switchable response temperature. ACS Appl Mater Interfaces. 2018;10(42):36443-55. https://doi.org/10.1021/acsami.8b12887.

Zhang X, Xu S, Zhou J, Zhao W, Sun S, Zhao C. Anion-responsive poly(ionic liquid)s gating membranes with tunable hydrodynamic
permeability. ACS Appl Mater Interfaces. 2017;9(37):32237-47. https://doi.org/10.1021/acsami.7b08740.

Zhang X, Chen Q, Wei R, Jin L, He C, Zhao W, Zhao C. Design of poly ionic liquids modified cotton fabric with ion species-triggered bidi-
rectional oil-water separation performance. J Hazard Mater. 2020;400: 123163. https://doi.org/10.1016/j.jhazmat.2020.123163.

Deng X, Zhang J, Zhang L, Cheng G, Chen B, Zhang Y, Gao G. Poly(ionic liquid)-coated meshes wrg. https://doi.org/10.1021/acs.iecr.
0c00554.

Castro-Munoz R, Agrawal KV, Lai Z, Coronas J. Towards large-scale application of nanoporous materials in membranes for separation of
energy-relevant gas mixtures. Sep Purif Technol. 2023;308: 122919. https://doi.org/10.1016/j.seppur.2022.122919.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Discover


https://doi.org/10.1016/j.colsurfa.2016.12.047
https://doi.org/10.1039/C3CS35499G
https://doi.org/10.1039/C3CS35499G
https://doi.org/10.1002/marc.201200433
https://doi.org/10.1016/j.microc.2022.107554
https://doi.org/10.1016/0032-3861(76)90208-1
https://doi.org/10.1002/anie.201801736
https://doi.org/10.1016/j.jhazmat.2022.129565
https://doi.org/10.1016/j.jclepro.2020.120293
https://doi.org/10.1002/tcr.201500281
https://doi.org/10.1002/tcr.201500281
https://doi.org/10.1016/j.jhazmat.2019.121123
https://doi.org/10.1021/acsami.1c05896
https://doi.org/10.1126/sciadv.aax0380
https://doi.org/10.1016/j.seppur.2018.05.032
https://doi.org/10.1002/adfm.201706545
https://doi.org/10.1021/nn5062854
https://doi.org/10.1016/j.seppur.2021.119568
https://doi.org/10.1016/j.memsci.2021.119704
https://doi.org/10.1021/acsami.8b12887
https://doi.org/10.1021/acsami.7b08740
https://doi.org/10.1016/j.jhazmat.2020.123163
https://doi.org/10.1021/acs.iecr.0c00554
https://doi.org/10.1021/acs.iecr.0c00554
https://doi.org/10.1016/j.seppur.2022.122919

	Recent advances in membrane technologies applied in oil–water separation
	Abstract
	1 Introduction
	2 Emulsion permeance
	3 Separation efficiency
	4 Antifouling efficiency
	5 Stimulus responsiveness
	5.1 Gas stimuli-responsive membranes
	5.2 pH stimuli-responsive membranes
	5.3 Temperature stimuli-responsive membranes
	5.4 Multi-stimuli-responsive membranes
	5.5 Other stimuli-responsive membranes

	6 Conclusion
	References


