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Abstract 

 

Electrospun nanofiber membrane (ENM)-based filtration is an advanced technology that treats 

wastewater for reuse using gravity or low pressure as a driving force, thereby solving water scarcity 

in a way that is suitable for conditions of energy scarcity. The high hydrophobicity of ENMs 

remains the main challenge for their application in the treatment of oily wastewater. Although 

some techniques have succeeded in enhancing surface wettability, their disadvantages (e.g., 

difficulty, harsh operating conditions, harmful environmental effects, time consumption, or high 

costs) restrict the scalability and industrial application of those techniques. Herein, superhydrohilic 

and underwater superoleophobic ENMs were prepared using a two-step metal-phenolic network 

(MPN) coating process as a scalable, cost-effective, green, and powerful technique. The fabricated 

nanocoated-ENMs showed superhydrophilicity at air and even underoil, as well as underwater 

superoleophobicity. Thus, they could separate the oil-in-water mixture and surfactant-stabilized 

oil-in-water emulsion with outstanding flux values of  6.5 × 104 and >6.0 × 103 L/m2.h, respectively, 

and a remarkable recovery ability (up to 99.8%) and excellent oil rejection (up to 99.9%), using 

only gravity as a driving force. More importantly, the nanocoated-ENMs showed a stable and 

ultrahigh flux up to 13,756.7 L/m2.h, with a separation efficiency of 97.5%, for surfactant-

stabilized oil-in-water emulsion in a continuous cross-flow separation system, at an ultralow 

transmembrane pressure of 5 kPa. Additionally, the nanocoated-ENMs exhibited excellent 

chemical stability, durability, and robust reusability under harsh environments. Interestingly, the 

obtained fluxes are more superior to most reported values, at the same conditions, and higher than 

that of the commercial membranes with one to two orders of magnitude, pointing to the significant 

applicability for energy-saving large-scale oily wastewater treatment process. 
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1. Introduction 

 

A massive amount of oil-polluted water is daily generated from various industries and oil spill 

catastrophes. Thus, developing an efficient, simple, cost-effective, and environmentally friendly 

strategy to purify oily wastewater has become of great importance in both industry and academic 

communities [1, 2]. In General oily wastewater can be classified into three main categories; oil-

in-water mixture (free oil with an oil droplet size of d>150 µm), surfactant-free oil-in-water 

emulsion (dispersed oil with  20 µm< d <150 µm ), and surfactant-stabilized oil-in-water emulsion 

( emulsified oil with d<20 μm) [2, 3]. The emulsified oil treatment presents enormous challenges 

due to the small droplet size and its good stability.  

Membrane-based filtration technology has been recognized as an advanced technology for oily 

wastewater treatment because of its simplicity and high separation efficiency [4-7]. For example, 

microfiltration and ultrafiltration have been widely used in treating oily wastewater [3, 8]. 

However, some shortcomings are remained, such as a relatively low flux, and the high applied 

pressure is needed [9, 10]. Therefore, developing feasible membranes for the effective separation 

of both oil-water mixtures and emulsions with a high performance and low-energy requirement is 

urgently required. In this regard, Huang et al. fabricated superhydrohilic Fe3O4@ 

polyacrylonitrile/chitosan (Fe3O4@PAN/C.S.) nanofiber membrane using the gas-spinning 

technique. The fabricated membrane possessed excellent performance for the separation of the oil-

water mixture under gravity [11]. Also, the brass filter, fabricated with a fiber laser system, 

exhibited efficient gravity-driven oil-water mixture separation under harsh conditions [12].  

However, they were capable of separating oil-in-water mixture (free oil) with excellent 

performance, but they incompetent to treat emulsion because of the large pore size of the 

membrane. 
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Electrospun nanofiber membranes (ENMs) are characterized by high porosity, high specific 

surface area, excellent flexibility, and superb pore connectivity [13-17]. For this reason, they have 

been widely used in the gravity-driven separation of oil-water mixtures [18, 19], removal of heavy 

metals [20], membrane distillation [21, 22], and as a support layer in forward osmosis desalination 

processes [13, 23, 24]. They exhibited high performance at low energy cost when used to treat the 

emulsion [18]. Nevertheless, the application of ENMs in oily wastewater treatment remains 

challenging due to the fouling problem arising from their high hydrophobicity [25-27].  

Extensive efforts have been made to improve the surface wettability and the antifouling properties 

of ENMs, mainly by modifying their structure/morphology and surface chemistry [1, 28]. For 

example, various techniques have been reported to develop hydrophilic or superhydrohilic ENMs, 

such as surface modification, grafting with hydrophilic polymer or monomer, surface coating, and 

incorporating nanoparticles [3, 29-32]. Although those techniques have successfully enhanced 

surface wettability, their drawbacks (e.g., complexity, harsh operating conditions, negative 

environmental effects, time-consuming, or high costs) restrict the scalability and industrial 

application of those techniques [3, 29-36].  

Consequently, it is highly desired to develop a new scalable, simple, green, fast, and cost-effective 

strategy to directly transform hydrophobic ENMs into superhydrohilic ones. Recently, metal-

phenolic networks (MPNs) have attracted widespread attention as a promising surface 

modification approach widely used to synthesize hybrid functional materials via coordination 

interactions between phenolic ligands and metal ions [37, 38]. These interactions produce an 

amorphous thin film on various organic and inorganic templates, endowing them with new 

functionalities for several potential applications [39-41]. For instance, the abundant hydroxyl 

groups of polyphenols can enhance the wettability of the membrane surface and produce a 
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hydrophilic or even superhydrohilic surface [42]. Of note, polyphenols have a high surface binding 

affinity and robust metal chelation capability due to the availability of catechol, galloyl, phenolic, 

and carbonyl groups on the surface [43, 44].  

Tannic acid (TA) is a high molecular weight natural polyphenol, which extracted from the plant 

tissues (i.e, tea) as a light yellowish amorphous powder with a weak acidity and antibacterial 

properties [45, 46]. TA has been coordinated with ferric ion (Fe+3) to coat the surface of the 

membrane with a thin layer of TA–Fe complexes (MPN film), using a one- or two-step coating 

process. Kim et al. successfully modified the surface of poly(ether sulfone) (PES) membrane using 

two-pot coating for enhancing filtration performance and antifouling property [47]. Song et al. 

used the two-pot coating method to transform the high hydrophobicity of polypropylene (pp) into 

superhydrophilicity for separating oil-water emulsion.  In contrast, the one-pot coating method 

failed to achieve superhydrophilicity for the PP [48]. On the other hand, Yang et al. successfully 

prepared a superhydrophilic PVDF nanocomposite membrane for oil-water emulsion separation, 

using the MPN one-step coating method [49]. The obtained results from those studies showed 

significant enhancements in the physicochemical features of the membrane (e.g., antifouling, 

hydrophilicity, etc.) [47-50]. However, all previous studies have used the MPN-coating method to 

modify commercial membranes or membranes fabricated with the phase-inversion technique, 

whereas the MPN-coating approach has not yet been utilized to modify ENMs.  

Herein, for the first time, we combined the advantages of the MPN-coating approach with the 

unique features of ENMs to fabricate superhydrophilic/underwater superoleophobic ENMs with 

excellent anti-oil-fouling properties and outstanding separation performance. The two-pot MPN-

coating approach was reported as a straightforward, green, effective, fast, and scalable technique 

to coat the fibers of ENMs with a sub-nano amorphous layer. First, the PSf ENMs were fabricated 
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using the electrospinning technique; subsequently, the two-pot MPN-coating technique was 

applied to prepare superhydrophilic and underwater superoleophobic ENMs (nanocoated-ENMs). 

The influence of MPN-Coating parameters, such as the number of coating cycles and TA 

concentrations on the properties and performance of ENMs, was systematically investigated.  The 

as-prepared nanocoated-ENMs exhibited ultra-fast permeation fluxes with excellent separation 

efficiency (>99.9 %) and high reusability, in dead-end and cross-flow filtration systems, for 

separating oil-water emulsion and mixture, owing to their superhydrophilicity. Interestingly, the 

nanocoated-ENMs exhibited outstanding stability and reusability under harsh conditions with 

excellent resistance to mechanical abrasion, alkaline, and salt solutions.  

The MPNs-coating technique can be practically applied to produce superhydrohilic ENMs, even 

underoil at room temperature where no heat treatment, organic solvent, or special equipment is 

required. It is believed that the as-obtained nanocoated-ENMs could treat a huge amount of oily 

wastewater using a small membrane area at a short time and under low pressure, which is highly 

required for scalability and industrialization. 

2. Methods 

2.1. Materials 

Polysulfone (PSf) (BASF, Mw=60,000), N-methylpyrrolidone (NMP, 99% OCI), and N, N-

dimethylformamide (DMF, >99.5% Sigma-Aldrich) were used to fabricate the ENMs. Tannic acid 

(TA) and ferric chloride hexahydrate (FeCl3.6H2O) were purchased from Samchun Chemicals 

(South Korea). For separation experiments of oil-in-water mixture and emulsion, n-hexane 

(>99.8%, density of 0.66 kg/l, Sigma-Aldrich), Oil Red-O dye (Sigma-Aldrich), sodium dodecyl 

sulfonate (SDS, Sigma-Aldrich), and deionized water, obtained from a Milli-Q ultrapure water 

purification system (DI), were utilized.  
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2.2. Fabrication of the ENMs  

An appropriate amount of PSf was dissolved in NMP/DMF (20/80 ratio) solvents under vigorous 

stirring at 60°C overnight to obtain a 22 wt. % PSf solution. The electrospun solution was 

transferred into four plastic syringes connected with a 23-gauge stainless-steel needle. It was 

pumped at a constant flow rate of 1 mL/h via a digitally controlled syringe pump. An 

electrospinning system (es-robot®; NanoNC) was used to fabricate the ENMs, in which a rotating 

cylinder collector (wrapped in aluminum foil) is placed 15 cm from the needle tip, and 20 kV was 

applied as the driving force (Scheme 1(a)). To obtain ENMs with homogeneous thickness, the 

collector rotating speed and the spinneret (syringes) movement speed were adjusted to be 200 rpm 

and 1000 mm/min (on the x-axis), respectively. Finally, the fabricated ENMs were dried in an 

oven at 80°C for 72 hours to remove the residual solvents.  

 

2.3. MPN-coating for the fabricated ENMs  

An MPN-coating nanolayer was formed on the ENMs via the coordination between TA as organic 

ligand and Fe+3 as an inorganic ligand (Scheme 1(b)). We systematically studied the influence of 

TA concentrations (2.5, 5, and 7.5 mg/mL) and the number of coating cycles (2, 5, 7, and 10 cycles) 

on the properties and performance of the prepared-ENMs. The TA/Fe+3 ratio in the solutions was 

kept constant (4:1). Although the materials (TA and Fe+3) used for the MPN-coating process have 

been recognized as safe materials by the US Food and Drug Administration [51], the coordination 

between TA and Fe in a one-step process generates an undesirably large amount of waste (Fig. S1, 

Supporting Information). Thus, we used a two-step approach to modify the ENMs and decreased 

the amount of effluent produced compared to the one-step process (Scheme 1 and Fig. S2, 

Supporting Information). 
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 In more detail, the ENMs were first pre-wetted by immersing in ethanol for 1 hour; subsequently, 

the ENMs were immersed in a known concentration of TA aqueous solution (pH 8) for 1 minute. 

Then, the ENMs were rinsed with DI water before transferring them to the freshly prepared Fe+3 

aqueous solution for another 1 minute, at room temperature. It is worth mentioning that the selected 

time of 1 minute was used based on a preliminary experiment, in which the effect of immersion 

time (from 0.5 minutes to 2 hours) was investigated, and 1 minute was found to be optimal (data 

are not shown). Finally, the cycle was completed by rinsing the ENMs with DI water, as shown in 

Fig. S2. The same procedures were repeated for multiple cycles (2, 5, 7, and 10 cycles), and the 

ENMs were labeled as Mx-y, where x and y are the TA concentration and number of coating cycles, 

respectively, as shown in Table S1 and Fig. S2. For the comparison, the pristine PSf ENM was 

used as a control membrane (labeled as M0). 
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Scheme1: (a) Schematic demonstration of the fabrication and modification of the ENMs, and (b) 

Illustration of the proposed assembly of TA-Fe networks on the individual nanofiber of ENMs  

 

2.4. Characterization of the ENMs 

The morphology of the pristine and nanocoated ENMs was examined using a field emission 

scanning microscope (FESEM, S-4700, Hitachi, Japan). The surface morphology of the 

nanocoated-ENMs, after using in the oil/water separation tests, and the cross-sectional images of 

ENMs were characterized by Nova Nano SEM machine (Nova Nano 630, FEI). Atomic Force 

Microscopy (AFM, Dimension Icon, Bruker, Germany) was used to analyze the roughness of the 

ENMs surface. AFM characterization was conducted at room temperature, where 2D and 3D 

(a) 

(b) 
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images were acquired at a scan rate of (20 x 20 µm). X-ray photoelectron spectroscopy (XPS, VG 

Microtech MultiLab ESCA 2000, Thermo VG Scientific, United Kingdom) was used to investigate 

the surface chemical compositions of the ENMs. The functional groups and chemical structures of 

the ENMs were analyzed using Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer IR 

2000 Series). The air-water contact angles (WCA), under-oil water contact angles (UOWCA), and 

underwater oil contact angles (UWOCA) were measured by a goniometer (Phoenix 300, Surface 

Electro-Optics Co., Korea). The porosity (ε) of the pristine and nanocoated-ENMs was calculated 

according to Eq. (1), using the gravimetric method. Five samples of each membrane were 

immersed in DI water for 2 hours, the wet samples were then immediately weighed after gently 

removing the excess water from the surface, and the obtained weight was recorded (mw, g). 

Afterward, the wet samples were dried in an oven at 80°C for 24 hours and reweighed to measure 

the weight of the dry samples, which were labeled as md (g). 

𝜺 =  
(𝒎𝒘− 𝒎𝒅)/𝝆𝒍

(𝒎𝒘− 𝒎𝒅)

𝝆𝒍
 + 

𝒎𝒅
𝝆𝒑

                                                                                               Eq.(1)   

where ρl and ρp are the density of water (1 g/cm3) and polymer, respectively. For the pristine ENM 

(M0), the water was replaced with 2-propanol because of the high hydrophobicity of M0.  

 

2.5.Evaluation of the performance of nanocoated-ENMs 

2.5.1 Separation of the immiscible oil-in-water mixture and surfactant-stabilized oil-in-water 

emulsion using a gravitational dead-end system 

The immiscible oil-in-water mixture was prepared by mixing 30 ml of hexane, dyed with oil Red-

O dye, with 200 ml of DI water. On the other hand, the surfactant-stabilized oil-in-water emulsion 

was prepared by mixing hexane with DI water, in the volume ratio of 1:100, in the presence of 

surfactant (SDS, 50 mg/L), and the solution was sonicated for 1.5 h to obtain the milky emulsion.  



11 

 

First, the separation performance of the pristine and nanocoated ENMs was evaluated in a dead-

end filtration system (under gravity), in which the nanocoated-ENM with an effective area of 12.6 

cm2 was placed between two glass-filter holders and assembled with a clamp. Before conducting 

the separation test of mixture or emulsion, the pure water flux of the nanocoated-ENMs was 

measured by filtrating DI water.  Then, the immiscible mixture or surfactant-stabilized emulsion 

was poured into the filtration system. Under gravity, the permeate water flux (J, L/m2.h) and oil 

rejection (R, %) of the ENMs were calculated using Eq. (2) and Eq. (3), respectively. 

𝑱 =  
𝒎

𝑨×∆𝒕×𝝆
                                                                                                                          Eq.(2) 

𝑹 = (𝟏 −
𝑪𝒑

𝑪𝒇
) × 𝟏𝟎𝟎                                                                                                          Eq.(3) 

where m is the mass of the filtrate passed through the effective nanocoated-ENM area (A) during 

the filtration time (∆t), and ρ is the water density. Cp and Cf are the concentration of oil in the 

permeate and feed, respectively. The oil concentration in the permeate and feed was detected using 

a total organic carbon analyzer (TOC-L, SHIMADZU) and chemical oxygen demand (COD).  

The anti-oil-fouling properties of the nanocoated-ENMs were assessed by measuring the flux 

recovery ratio (FRR = flux of cleaned membrane / pure water flux). In the case of an oil-in-water 

mixture, the DI water was poured on the nanocoated-ENM in a gravity-driven dead-end system, 

and the permeance was recorded as Jw0 (initial water flux, L/m2.h). Subsequently, the system was 

immediately refilled with the hexane-in-water mixture; then, the water quickly passed through, 

leaving the oil on the nanocoated-ENM surface. The collected water permeate was recorded as Jm1 

(1st Cycle). After the entire water volume passed through, the remaining oil was left on the 

membrane surface for 10 minutes to evaluate the resistance of the membrane towards oil wetting. 

The water-in-oil mixture was then added to the remaining oil on the nanocoated-ENM to perform 

the second cycle (2nd cycle), where the collected water permeate was labeled as Jm2. The same 
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steps of the 2nd cycle were repeated for the 3rd cycle, where the collected permeate was labeled as 

Jm3. It is worth mentioning that the three cycles were conducted without washing of the ENMs. 

After that, the nanocoated-ENM was rinsed with ethanol and thoroughly rinsed by DI water. 

Finally, the DI water was filtered again through the cleaned membrane to measure the pure water 

flux of the cleaned nanocoated-ENM (Jwc). The water column was fixed at ⁓9 cm over the 

membrane for all tests for better comparison.  

In the case of a surfactant-stabilized oil-in-water emulsion, two separation cycles were performed. 

For each cycle, the pure water flux (Jw0) was measured as a first step, followed by the filtration of 

a surfactant-stabilized oil-in-water emulsion as a second step, and the permeate water flux was 

measured and labeled as JE1. Then the fouled nanocoated-ENMs were rinsed with ethanol and DI 

water before measuring the permeate flux of the cleaned nanocoated-ENMs (Jwc) as a third step. 

The steps mentioned above were repeated for two cycles of the emulsion separation test, and the 

FRR was calculated after the 2nd cycle. The oil droplet sizes in the feed and permeate were detected 

with optical microscopy (Olympus CX30 microscope), and the ImageJ software was used to 

analyze the droplet size distribution. 

 

2.5.2 Separation of surfactant-stabilized oil-in-water emulsion using a continuous cross-flow 

system 

A lab-scale cross-flow filtration system was used to conduct the continuous separation test of the 

surfactant-stabilized oil-in-water emulsion. The nanocoated-ENMs were fixed onto a rectangular 

cell (effective ENMs surface area of 18.75 cm2), and the filtration cycle was conducted in three 

steps. Firstly, the DI was transferred to the filtration cell using a peristaltic pump with a flow rate 

of 500 mL/min and transmembrane pressure (TMP) of 5 kPa to measure the pure water flux. 

Afterward, the surfactant-stabilized oil-in-water emulsion was pumped to the filtration cell at the 
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same conditions. The permeate was collected, and continuously its mass change is measured by 

an electronic balance (connected to a PC) to calculate the continuous emulsion flux of the ENMs. 

While the rejected was recycled to the emulsion feed tank.  Then the DI water was circulated 

through the system for 20 min to clean the ENMs surface, and finally, the water flux of the cleaned 

membrane was measured using DI water. All filtration tests were conducted at room temperature 

(25.0 ± 3 oC). 

2.5.3 Mechanical durability and chemical stability of nanocoated-ENMs 

To measure the chemical stability of the nanocoated-ENMs, we investigated the nanocoated-

ENMs against a wide range of pH solutions. The nanocoated-ENMs were immersed in different 

pH values ranging from 2 to 12 for 72 hours. Hydrochloric acid (HCl) and sodium hydroxide 

(NaOH) were used to prepare the acidic and alkaline solution with pH values of 2, 5, 7, 10, and 

12. Likewise, the chemical stability was investigated by immersing the nanocoated-ENMs in 30g/l 

NaCl solution for 72 hours. Then, the wettability of nanocoated-ENMs was investigated by 

measuring the WCA and UWOCA. Furthermore, nanocoated-ENMs (M5-2 and M5-5) 

performance, after immersing in pH12 for 72 hours, were evaluated for separating oil-water 

mixture using the dead-end system.  

The mechanical property, such as anti-abrasion, is another factor that can play a significant role in 

long-term practical application. Therefore, the mechanical resistance of the nanocoated-ENMs 

(M5-2 and M5-5) was evaluated by abrasion test under harsh conditions, as described elsewhere 

[12, 52]. First sandpaper (simulate the friction circumstance) was fixed on a flat surface, and the 

nanocoated-ENM attached to the glass slide (using adhesive tap) was placed on it.  Then the sample, 

loaded with a 60 g weight, moved horizontally on the sandpaper (180 mesh) for 10 cm and returned 

to the original point to complete a cycle (20 cm for each cycle), as shown in Fig. S7.   After ten 
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abrasion cycles, WCAs and UWOCA of rubbed nanocoated-ENMs were measured on the rubbed 

area. 

 

3. Results and discussion 

3.1. Characterization of the pristine and nanocoated-ENMs 

The functional groups on the surface of pristine and nanocoated-ENMs were investigated using 

FTIR, as displayed in Fig. 1(a-c). It was apparent that besides the main peak bands of PSf 

(Supporting Information, section S2, and Fig. S3), all nanocoated-ENMs showed additional new 

weak peaks corresponding to the stretching band of the carboxyl group (C=O stretching) of TA at 

approximately 1652, 1708, 1715, and 1727 cm-1. Additionally, the peak at 1734 cm-1 is assigned 

to C–C=O stretching group of TA, while the peaks at 1607, 1619, and 1630 cm-1 could be assigned 

to the C=C stretching aromatic ring, in-plane vibrations of the benzene ring for catechol, and C=C 

stretching aromatic compounds [48, 53]. The coordination between TA and Fe+3 to form the TA-

Fe complex on the surface of the ENMs was further confirmed by XPS analysis (Fig. 1(d)). From 

the overall survey spectrum ( Fig. 1 (d)), all ENMs revealed main peaks at 532.86, 285.16, and 

168.39 eV, which correspond to O1s, C1s, and S2s and S2p, respectively [54], of the PSf-based 

polymer. In the nanocoated-ENMs, a new peak at 711.86 eV, belonging to Fe2p3, is found. 

Additionally, the sulfur (S2s and S2p) peaks became weaker as the TA concentration or number of 

coating cycles increased, confirming that the ENMs were coated with multiple layers of TA-Fe.  
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(a-1) (a-2) 

(b-1) 
(b-2) 

(c-1) (c-2) 
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Fig. 1. FTIR spectra of the pristine ENM, the nanocoated-ENMs, and TA; (a) M2.5, (b) M5, and 

(c) M7.5. In the label; number 1 is referred to the FTIR spectra in the range from 1500 to 1800 cm-

1, while number 2 is referred to the enlargement of the highlighted area (dashed red rectangular). 

(d) Survey XPS spectra of pristine and nanocoated-ENMs. 

 

The core-level XPS spectra of C1s, O1s, and Fe2p were fitted to assess the chemical bonding of each 

element, as displayed in Fig. 2. For the nanocoated-ENMs, the C1s core level was curved into 

three main peaks located at 284.83, 286.31, and 288.46 eV, corresponding to C-C/C-H, C-O/C-S, 

and C=O/O-C=O groups, respectively [55, 56]. Interestingly, the C=O content increased as the TA 

concentration or number of coating cycles increased, as shown in Fig. 2 (left). The O1s core-level 

XPS spectrum (Fig. 2, middle) was divided into two peaks at 533.23 and 531.91 eV corresponding 

to O-Fe/O-C and O–C/O=C, respectively [57, 58]. Furthermore, increasing the number of coating 

cycles and the TA/Fe concentration increased the peak intensity of Fe-O. Additionally, the Fe2p 

core-level XPS spectra could be curve-fitted into two signals at 710.81 and 714.21 eV, which are 

attributed to Fe2p3/2 of the Fe2+ and Fe3+ species, respectively [59-61], confirming the presence of 
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Fe2+/3+ in the nanocoated-ENMs, as shown in Fig. 2 (right). When the TA concentration increased 

from 2.5 mg/ml (M2.5-2) to 5 mg/ml (M5-2), the ratio of Fe2+ (peak at 710.81 eV) is significantly 

increased, while the number of coating cycles showed a small increase in the Fe2+ ratio, compared 

with the Fe3+. Overall, the XPS and FTIR results confirmed the existence of the TA-Fe nanofilm 

on the ENM surfaces. 

The results presented in Table S2 indicated that the TA/Fe concentration was the key factor that 

affected the MPN-coating process and controlled the chemical composition of the layers formed 

on the surface of ENMs. In contrast, the numbers of coating cycles exhibited a low influence on 

the physicochemical properties of the MPNs. Those results highlighted that, unlike the number of 

coating cycles, the precursor (TA/Fe) concentration significantly impacted the thickness of the 

TA-Fe nanofilm coating. 
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Fig. 2. High-resolution spectra of C1s (left), O1s (middle), and Fe2p (right) of the pristine and 

nanocoated-ENMs. To facilitate comparisons, all Y-axes (counts) have the same scale.  
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Figure 3 showed that the surface morphology, fiber diameters, and porosity (⁓90 ± 2%) of the 

nanocoated-ENMs were similar to those of the pristine ENM, indicating that the MPN-coating 

technique successfully formed the TA-Fe layer at the nanoscale on the individual fibers of the 

ENMs. Also, no change was detected in the cross-sectional images of the nanocoated-ENMs, as 

shown in Fig. S4.  The coating mechanism can be explained as follow; when the ENMs are 

immersed in the TA solution, the TA molecules adhere to each fiber individually. The possible 

interaction between the PSf and TA is via the hydrogen bonds formed between sulfone groups of 

PSf and –OH groups of TA [62]. Subsequent immersion in the FeCl3.6H2O solution prompts 

longitudinal cross-linking of the Fe+3 ions with the preadsorbed TA on the fibers [63], where the 

Fe(III) occupies the existing binding sites provided by preadsorbed TA, as shown in Scheme 1(b). 

Additionally, when the ENMs are immersed in TA solution, for the second cycle, TA could only 

interact with preadsorbed Fe(III) that exists on the top of 1st TA layer because of the large 

molecular structure of TA (Scheme 1(b)). Switching between the two solutions (TA and Fe(III)) 

controls the interaction between TA and Fe(III) during the formation of the MPN film.  

Interestingly, those results are consistent with the observed XPS peaks of sulfur (Fig.1d), 

confirming that the TA-Fe complex layer was synthesized at the nanoscale, with a thickness of 

less than 10 nm, according to the measurable depth of XPS of approximately 10 nm. Combining 

the XPS results (thickness < 10 nm), porosity, and FESEM image findings, it can be reasonably 

concluded that the TA-Fe complex was coated on the nanofibers individually at a thickness of < 

10 nm.  
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Fig. 3. FESEM of the pristine and nanocoated-ENMs, fiber diameters of the M0 and M7.5-10 

groups, and porosity. The fiber diameters were calculated using ImageJ software, based on 400 

different fibers for each membrane. 

 

 

Furthermore, significant visual (physical) changes in color were observed on the ENMs after the 

coating process, as shown in Fig. S5. Specifically, the color changed from white for the pristine 

ENMs to pale blue for the nanocoated-ENMs. An increase in the number of coating cycles or TA 

concentration resulted in the color becoming darker, indicating successful coating. 
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The 2D and 3D AFM images of the pristine and nanocoated-ENMs are presented in Fig. 4, and 

the roughness parameters are presented in Table S3. The pristine ENM (M0) showed high 

roughness with an average mean roughness (RMS) value of 2.08 µm. An increase in the number 

of coating cycles or TA concentration exhibited a negligible effect on the surface roughness, where 

the roughness values for the nanocoated-ENMs were 1.95, 2.81, 2.13, 2.51, and 2.25 µm for M5-

2, M5-5, M5-7, M5-10, and M7.5-10, respectively. This fluctuation in the roughness values could 

be attributed to the distribution of the nanofiber diameters, where the change of the fiber diameter 

and the large pore size (as shown in Fig. 4), could affect the movement of the cantilever tip in Z-

direction. During the movement of the cantilever tip, the large pore and the top surface of the 

nanofiber would be considered the lowest and highest Z-peak, respectively, and these values are 

included in the roughness parameters.  The high roughness of the ENMs could increase the actual 

surface area, increasing the contact area between the water and ENMs surface, which is useful for 

the separation process [52].  

[52]  
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Fig. 4. 3D and 2D AFM images for the pristine and nanocoated-ENMs. The scan area is 400 µm2. 

 

The effects of the TA/Fe+3 concentration and the number of coating cycles on the wettability of 

the nanocoated-ENMs were investigated by measuring the water contact angle in the air (WCA) 

and under oil (UOWCA), as well as the oil contact angle underwater (UWOCA) (Fig. 5). In the 

air, in contrast to the high hydrophobicity of the pristine ENMs (WCA: 107±6°), the nanocoated-

ENMs (except M2.5-2) showed superhydrophilicity, with WCAs of nearly 0°, indicating that water 

droplets could rapidly spread on the surfaces, as shown in Fig. 5 (a, b) and Table S4. 
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Fig. 5. (a) Wettability of the pristine and nanocoated-ENMs in the air, underwater, and under oil 

(the inset is images and photographs of oil-deplete on the ENMs underwater). (b) Photos of water 

and oil droplets on the pristine and nanocoated-ENMs surface. (c) Dynamic UWOCA of a 

nanocoated-ENM. (d) Photograph of jetted droplets of hexane on nanocoated ENM surfaces 

underwater, demonstrating the anti-oil-adhesion property of the surface. The membranes were all 

pre-wetted with water before measuring the UOWCA. 

 

Furthermore, to simulate the practical oil-water separation process, we pre-wetted the nanocoated-

ENMs and immediately immersed them in hexane to measure the UOWCA. When a droplet of 

water came into contact with the nanocoated-ENM under oil, the droplet rapidly spread across the 

entire nanocoated-ENM surface, reflecting the superhydrophilicity of the wetted nanocoated-

ENMs under oil (Fig. 5a and 4b and Video S1). To further demonstrate the UOWCA of the 

nanocoated-ENMs, water was injected onto the pre-wetted nanocoated-ENM surfaces under oil. 

(a) 

(d) Water 
Oil 

(c) 

(b) 
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The water immediately spread across the entire surface of the nanocoated-ENMs (Fig. 5b and the 

second half of Video S2). Conversely, the pristine ENM exhibited superhydrophobicity with a 

UOWCA value of 149.6±5°, as shown in Fig. 5b. When water was injected onto the pre-wetted 

pristine ENM under oil, the water droplets remained spherical (Video S2). 

 

The UWOCA for all ENMs was measured as illustrated in Fig. 5 (a and b) and Table S3. As 

expected, all nanocoated-ENMs exhibited underwater superoleophobic features with UWOCAs of 

150±7°, while the pristine ENM showed oleophilic behavior with a UWOCA of 32±3°. 

Furthermore, dynamic underwater oil adhesion of the nanocoated-ENMs was conducted to 

confirm the anti-oil-fouling features of the membranes (Fig.5 (c)). As illustrated, a droplet of oil 

was forced onto the nanocoated-ENM surface and then lifted several times. While being lifted, the 

droplet remained spherical with no visible deformation, indicating the excellent underwater oil 

resistance and ultralow oil adhesion of the nanocoated-ENMs (Fig. 5c and Video S3). 

Furthermore, when oil droplets (colored with an oil-red dye) were jetted onto the nanocoated-

ENMs underwater, the oil immediately bounced off the surface with any adhesion, as shown in 

Fig. 5d and Video S4 (the second half of the video). In contrast, the pristine ENM exhibited poor 

anti-oil-fouling properties, as the oil droplets were attached and rapidly spread on the pristine ENM 

surface (Fig. 5b and Video S4). These promising results are ascribed to the high surface energy of 

the nanocoated-ENMs due to the enrichment of the hydroxyl groups in the catechols present in 

TA. It is worth mentioning that in this study, for the first time, the high hydrophobicity of ENMs 

was transformed into superhydrophilicity in air and under oil, as well as into superoleophobicity 

underwater, using this cost-effective two-step MPN-nanocoating technique. 
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3.2. Evaluation of the separation performance of the nanocoated-ENMs  

3.2.1 Gravitational dead-end system  

 

The performance of the prepared pristine and nanocoated-ENMs was evaluated, in the dead-end 

filtration system, by analyzing the separation of an oil-in-water mixture for three cycles and 

surfactant-stabilized oil-in-water emulsion for two cycles, under gravity as a driving force (Fig. 6 

and Fig.7). Fig. 6 shows the performance of the nanocoated-ENMs towards the separation of the 

oil-in-water mixture. Five stages (initial pure water flux, – C1 – C2 –C3- recovered pure water 

flux) of the oil-in-water filtration test were conducted to evaluate the nanocoated-ENMs 

performance, as shown in Fig. 6(a – d). When the oil-in-water mixture was poured on the surface 

of the nanocoated-ENMs, the water penetrated quickly, while the oil remained on the surface (Fig. 

6a and Video S5). In contrast, when the water was poured on the pristine ENM, the water could 

not penetrate through it due to its high hydrophobicity (Video S6). To investigate the anti-oil-

fouling properties and reusability of the nanocoated-ENMs, the membranes were tested in three 

oil-in-water separation cycles (C1, C2, and C3) without cleaning (Fig. 6a and Video S5). In detail, 

after the oil-in-water mixture was filtrated, the remaining oil (⁓30 mL) from the first cycle (C1) 

was left in direct contact with the membrane surface for 10 minutes, and then the water-in-oil 

mixture was added to conduct the second cycle, same steps were repeated for the third cycle (Video 

S5). Fig. 6(b – d) shows the water fluxes as a function of permeation volume, under gravity as a 

driving force, for all the nanocoated-ENMs.  As shown in Fig. 6 (b and e), at a low concentration 

of TA (2.5 wt. %), the nanocoated-ENMs exhibited the outstanding and stable pure water flux with 

an average value of 6.5×104 L/m2.h for M2.5-2, M2.5-5, M2.5-7, and M2.5-10. For the 1st cycle 

(C1) of oil-in-water separation, except for M2.5-2, the nanocoated-ENMs exhibited a negligible 

decline in the water flux than the pure water flux. For C2 and C3, the drop in the fluxes was 
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increased where M2.5-5, M2.5-7, and M2.5-10 exhibited normalized fluxes of 92.3 (Jm1/Jwo), 91.4 

(Jm2/Jwo), and 94.3% (Jm3/Jwo), respectively after the third cycles.  However, the M2.5-2 membrane 

possesses a decline in the flux with a normalized flux of 92.3% (Jm-c1/Jwo), 90.0% (Jm-c2/Jwo), and 

86.6% (Jm-c3/Jwo) for C1, C2, and C3 (Fig. 6e). After C3, the nanocoated-ENMs were rinsed with 

ethanol and DI water; the pure water flux of the cleaned membranes was measured to calculate the 

FRR As observed in Fig. 56e, the nanocoated-ENMs revealed remarkably high FRR, after the third 

cycle, with values of 89.9, 95.7, 98.3, and 99.6% for M2.5-2, M2.5-5, M2.5-7, and M2.5-10, 

respectively.  

An increase of the TA concentration from 2.5 mg/mL to 5 mg/mL and 7.5 mg/mL decreased the 

average pure water flux to about 4.5 × 104 LMH (28% reduction). Interestingly, stable and 

outstanding fluxes were obtained for the nanocoated-ENMs with a slight decline in the fluxes in 

the three cycles (Fig. 6(c and d)). Even though no washing was conducted, the normalized fluxes 

of the third cycle (Jm-c3/Jw0) were> 92%, as shown in Fig. 6(f and g).  After washing the nanocoated-

ENMs, the water fluxes were effectively recovered with FRR values ranging from 98.5 to 99.8% 

(Fig. 6f and g), reflecting the extremely high anti-oil-fouling properties of the nanocoated-ENMs. 

However, the number of coating cycles showed a slight impact on the water flux, and when the 

number of coating cycles increased from 2 to 10 cycles, the fluxes decreased by <5% at all TA 

concentrations. The high antifouling performance of the nanocoated-ENMs could be attributed to 

an increase of superficial hydroxyl groups present in galloyl and catechol in TA (Scheme 1b). 

These superficial groups easily make hydrogen bonds with water molecules, forming a robust 

hydrated layer around the surfaces of the nanocoated-ENMs, thereby endowing the membranes 

with underwater superoleophobicity and preventing oil from adhering to the membrane surface 
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(Scheme 1b and Fig.5). Although the large pore size of the ENMs, the nanocoated-ENMs exhibited 

a reasonable oil intrusion pressure with values of 7 ± 2 kPa. 

However, the slight decline in the water fluxes of some nanocoated-ENMs in C2 and C3 could be 

attributed to the presence of some spherical oil droplets that remained from the first cycle in the 

dead zone (stagnant area) on the membrane surface (Video S7). In turn, this led to a decrease in 

the active surface area of the nanocoated-ENM; interestingly, doing small turbulence in these areas 

could force the oil droplets to bounce off the surface (Video S7). Overall, these outstanding results 

could be attributed to the superhydrophilicity and underwater superoleophobicity of the 

nanocoated-ENMs, in addition to their high porosity (>90%), as shown in Fig. 3.  

 

    

  
Fig. 6. Photographs of the gravity-driven separation process of a hexane-in-water mixture for the 

nanocoated-ENMs (a); the flux values of M2.5 (b), M5 (c), and M7.5 (d), and the corresponding 

oil rejection, FRR, and normalized flux (e - g). The experiments were done under gravity at a fixed 

height of the oil-water mixture of ⁓9 cm.  

 

(b) (c) (d) 

(e) (f) (g) 

(a) 
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The corresponding separation efficiency for all nanocoated-ENMs, after the third cycle, 

was >99.9%, as shown in Fig. 6(e - g). Moreover, no oil droplets were noticed on the surfaces of 

the nanocoated-ENMs after the filtration experiments (Fig. S5), confirming the ultra-low oil 

adhesion of the membranes. 

The nanocoated-ENMs were also used to separate the surfactant-stabilized oil-in-water emulsion 

using a gravity-driven separation system, and the results of fluxes as a function of the permeate 

volume were displayed in Fig. 7(a – d). All nanocoated-ENMs showed extremely high initial 

permeate flux (>6000 L/m2.h), and the fluxes dropped rapidly. Nevertheless, the flux for all 

nanocoated-ENMs remains at a relatively high flux level (⁓1000 L/m2.h) after the permeate 

volume reached 35 mL. This decline in the fluxes can be explained as follow; when the emulsion 

is touched the nanocoated-ENMs surface, the superficial hydroxyl groups of galloyl and catechol, 

which surrounded the individual nanofiber of the ENMs (Scheme1b), could immediately form 

hydrogen bonding with the water molecules producing a stable hydrated layer on the ENMs (Fig. 

7a (inset)). As a result, the water immediately penetrates through the nanocoated; subsequently, 

the emulsion could be broken on the nanocoated-ENMs surface, promoting coalescence of the 

micro-size oil droplets (Fig. 7a).  As the water passes through the nanocoated-ENMs continuously, 

the demulsification and droplet coalescence occur on the surface continuously. The droplet size 

enlarges, and then it floats to the emulsion surface, as a free-oil, due to the extremely anti-oil-

fouling property (weak oil-adhesion force) of the nanocoated-ENMs. This continuous coalescence 

of oil droplets on the surface could decrease the surface area of the nanocoated-ENM in the dead-

end system, leading to a decrease of the flux as a function of the permeate volume. Remarkably, 

when the nanocoated-ENMs were washed and used again for the 2nd cycles, the initial fluxes for 

all the nanocoated-ENMs in the 2nd cycle, except M2.5-2, were superiorly recovered with almost 
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similar initial flux values to that of the 1st cycle (Fig. 7 (b-d)), confirming the above mention 

argument. Also, no change was detected on the SEM surface images of the nanocoated-ENMs 

after using the separation experiments, as shown in Fig. S6. 

 

   

     

(e) (f) (g) 

(b) (c) (d) 

(a) 
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Fig. 7. (a) Photographs of the gravity-driven separation process of surfactant-stabilized oil-in-

water emulsion (left). Mechanism of the emulsion separation (right) (the inset illustrates how is 

the individual nanofiber of the nanocoated-ENMs form a hydrogen bond with a water molecule to 

produce a thin hydrated layer). (b – d) the flux values of M2.5, M5, and M7.5 groups, respectively. 

(e - g) Oil rejection and FRR of M2.5, M5, and M7.5 groups. And (h) digital photos and 

microscopic images of the feed (emulsion) and permeate (the inset curve is the oil-droplets size 

distribution in the emulsion feed). All experiments were conducted under gravity.  

 

To evaluate the anti-oil-fouling properties of the nanocoated-ENMs towards surfactant-stabilized 

oil-in-water emulsion, the FRR was calculated after two cycles of filtration. For the TA 

concentration of 2.5 mg/L, the M2.5-2 was failed to separate the emulsion, exhibiting a low 

rejection (77.8%) during the 1st cycle. While the M2.5-5, M2.5-7, and M2.5-7 exhibited high 

rejection with values of 98.7%, 99.4 and 99.5%, respectively, after 2 filtration cycles (Fig. 7e). 

Interestingly, all nanocoated membranes, except M2.5-2, exhibited a high flux recovery ratio 

ranging from 92.0% to 99.8% (Fig. 7e). When the TA concentration is increased to 5 mg/L and 

7.5 mg/L, all the nanocoated-ENMs showed excellent separation performance with rejection 

values ranging from 99.6% to 99.9% and extremely high FRR values up to 99.8% (Fig. 7 (f and 

(h) 
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g)). These results reveal that all nanocoated-ENMs, except M2.5-2, possess superior anti-oil-

fouling performance towards surfactant-stabilized oil-in-water emulsion. Furthermore, the optical 

microscopic images and the digital photos of the filtrate and feed (surfactant-stabilized oil-in-water 

emulsion) confirmed the excellent separation efficiency of the membranes (Fig. 7h). The filtrate 

for all nanocoated-ENMs (except that one for the M2.5-2) was transparent, and no droplets could 

be observed in the microscopic images. In contrast, numerous oil-droplets with a droplet size of 

fewer than 3 μm were detected in the feed using optical microscopy (Fig. 7h). The filtrate of M2.5-

2 was turbid, and micro-sized oil droplets were detected in the microscopic image for its filtrate 

(Fig. 7h).  

 

 

3.2.2 Separation of surfactant-stabilized oil-in-water emulsion using a continuous cross-flow 

system 

A custom lab-scale cross-flow filtration system was used to conduct the continuous separation 

experiment of surfactant-stabilized oil-in-water-emulsion for selected nanocoated-ENMs (Fig. 8). 

In the continuous separation process, the nanocoated-ENMs showed extremely high water flux. 

The M2.5-5, M5-5, and M7.5-5 exhibited extremely high water fluxes of 8213.1, 7774.6, 

and12524.6 L/m2.h, respectively, at a very low transmembrane pressure of 5 kPa.  

  
Fig. 8. (a) Permeating flux of selected nanocoated-ENMs during continuous filtration experiment 

where surfactant stabilized hexane-in-water emulsion is used as a feed solution, (b) normalized 

flux as a function of permeate volume, and (c) the rejection and FRR for the selected membrane 

0.00 0.50 1.00 1.50 2.00
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a
li

z
e
d

 F
lu

x
 (

%
)

Volume Permeate (L)

 M2.5-5

 M5-5

 M7.5-5

M2.5-5 M5-5 M7.5-5
50

60

70

80

90

100

R
e

je
c

ti
o

n
 (

%
)

50

60

70

80

90

100

 F
R

R
 (

%
)

(a) (b) (c) 



32 

 

in the continuous test. The transmembrane pressure during the filtration process was 5 kPa; the 

volumetric flow rate of the feed was 500 mL/min. 

 

Interestingly, the flux was high and robust stable with a little decline in the normalized 

permeability (Fig. 8b).  The maximum drop in normalized permeability of M2.5-5 was 71.0% after 

the volume of permeate reached 1.6L.  While the normalized permeability of M5-5 and M7.5-5 

fell to approximately 85.0% and 80.0%, respectively, reflecting the high anti-oil-fouling and very 

week oil-adhesion to the nanocoated-ENMs surface. Furthermore, after simply washing with water, 

the membranes effectively recovered their initial pure water flux values, where the FRR values 

were 83.8, 98.4, and 96.4 for M2.5-5, M5-5, and M7.5-5, respectively (Fig. 8c). The obtained 

results indicate that the nanocoated-ENMs have excellent stability, antifouling performance, and 

reusability.  

3.2.3 Chemical stability and mechanical durability of the nanocoated-ENMs 

In the industrial application, the membrane during the separation process is expected to expose to 

harsh conditions, which may damage or remove the coating layer, affecting membrane properties 

and performance. The chemical stability of the nanocoated-ENMs was evaluated by immersing 

two of the nanocoated-ENMs (M5-2 and M5-5) in acidic, alkaline, and salts solutions. After 

immersing the nanocoated-ENMs in the above-mentioned solutions for 72 h, the wettability, as a 

main feature of the nanocoated-ENMs, was evaluated by measuring the WCA and UWOCA, and 

the results are presented in Fig. 9a. As shown in the figure, neither the low acidic solution (pH5) 

nor alkaline solution changed the membrane wettability, where the nanocoated-ENMs exhibited 

WCAs close to 0o and UWOCAs >150o. Also, when the nanocoated-ENMs are immersed in 30 g 

NaCl solution, similar results were obtained, as shown in Fig. 9b, confirming the excellent 

chemical stability of the nanocoated-ENMs with excellent tolerance to low acidic, alkaline, and 
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salt solutions. On the other hand, at a strongly acidic solution (pH 2), the nanocoated membranes 

become oleophilic underwater; this could be attributed to the disassembly of the TA-Fe film 

because of the protonation of all OH groups.  

More interestingly, after immersion of the nanocoated-ENMs in basic solution (pH12) for 72 hours, 

they exhibited excellent oil/water separation performance with an outstanding flux value of > 

4.2x104 L/m2.h, as shown in Fig. 9d. No obvious change in the rejection was observed, while a 

negligible drop in the fluxes (less than 4% and 7% for M5-2 and M5-5, respectively) was recorded 

after the nanocoated-ENMs were exposed to pH12 for 72 hours.  

  
Fig. 9.  UWOCAs of the nanocoated-ENMs (a) after immersion in various pHs (2 -12), (b) after 

immersion in 30g/l NaCl aqueous solution, (c) after 10 cycles of abrasion. (d) Water flux, 

normalized flux, and rejection of nanocoated-ENMs after immersion in a solution with pH12 for 

72 hours. WCAs were close to zero at all conditions. The inset is oil droplets (dichloromethane 

colored with oil-red dye) underwater surface. 
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Additionally, the anti-abrasion is another factor that can play a significant role in the membrane 

lifetime and is considered a good indication for the stability of the coating layer. After ten abrasion 

cycles, the UWOCA and WCA of the rubbed sample were measured, and the results are presented 

in Fig. 9c. Although the nanocoated-ENMs were exposed to some levels of damages by the 

sandpaper, the nanocoated-ENMs still display superhydrophilicity and underwater 

superoleophobic, reflecting excellent anti-abrasion features. As shown in the figure, the oil 

droplets have preserved their spherical shape on the surface of nanocoated-ENMs with UWOCA> 

150o±9, while the water droplet is spread fast on it with WCA close to 0o. These results confirmed 

that the nanocoated-ENMs could be applied to separate oil/water under harsh conditions.  

Remarkably, the nanocoated-ENMs exhibited the highest performance in terms of permeability 

and rejection compared to many previous reports, as shown in Table 1. In addition to the 

outstanding performance of the nanocoated-ENMs, a very simple, cost-effective, and scalable 

coating technique was used, which conducted quickly at room temperature in aqueous solutions 

using eco-friendly available and cheap materials. 

Table 1. A Comparison of the performance of reported hydrophilic membranes towards the 

separation of oil-in-water mixture and emulsion. 

Membrane Feed Type 
Filtrate 

Pressure  

Water flux 

(L/m2.h) 

Rejecti

on (%) 

FRR 

(%) 
Ref. 

PVDF-g-PAA tree-like ENM Mixture Gravity 9600 99.58 -- [64] 

PVDF-TEA modified-ENM Mixture Gravity 20600 >99.9 -- [33] 

NMS-2 nanofibrous Mixture Gravity 18500 96.3 -- [36] 

GT-sc membrane Mixture Gravity 9000 --- -- [30] 

Janus CNTs@PANEN Mixture 70 KPa 56000 99.7 -- [65] 

Zn@GF Mixture Gravity 250 98 -- [66] 

M2.5-2 Mixture Gravity 65000 99.9 92.3 
This 

work 
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TiO2@GF membrane Emulsion Gravity 2329 99.4 -- [67] 

PAN/HPEI/PDA Emulsion Gravity 1600 98.6 -- [29] 

PVDF-4 Emulsion 8 kPa 2503 99.6 -- [68] 

SPAN–PPy/ZnO Emulsion 1–80 kPa 418–11 300 >96.1 96 [69] 

P(NIPAAm-co-NMA)/ChNWs Emulsion 30 kPa 1100−1300 >99.5 -- [32] 

PDA/ACNTs@PU Emulsion 50 kPa 7240 99.9 -- [70] 

GO/APAN Emulsion -- 10,402 98.1 67.9 [3] 

TiO2@PSA/PAN FM Emulsion 10 kPa 3264 99.6 -- [71] 

M7.5-5 (dead-end) Emulsion Gravity >6000 >99.5 99.7 
This 

work 
M7.5-5 (Cross-flow) Emulsion 5 kPa  >13000 97.5 96.4 

 

 

4. Conclusion 

In summary, superhydrophilicity and underwater superoleophobic ENMs were prepared through 

electrospinning and an environment-friendly two-step coating technique. The influence of MPN-

coating parameters (i.e., TA concentration and number of coating cycles) on the properties and 

performance of the ENMs were systematically investigated. At low TA concentration, the number 

of coating cycles has a significant influence on the MPN-coating process and the wettability of the 

nanocoated-ENMs.  While at high TA concentration, Two coating cycles of MPN-coating is 

enough to form a thin film that can coat the individual fiber of ENMs, enriching the fibers with 

hydroxyl groups. The as-prepared nanocoated-ENMs could separate both the oil-in-water mixture 

and emulsion under gravity with ultrahigh permeation flux and excellent separation efficiency 

(higher than 99.5%). Additionally, the fabricated nanocoated-ENMs exhibited excellent anti-oil-

fouling properties with FRR values up to 99.8%. Considering economic and environmental aspects, 

the 5 mg/mL of TA could be the optimum concentration to produce membranes with excellent 
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performance in terms of flux and rejection. More importantly, the nanocoated-ENMs, prepared 

using 5mg/mL TA, exhibited excellent chemical stability against a wide range of pH (5-12) and 

salt solutions and superior mechanical durability (anti-abrasion). We believe that the nanocoated-

ENMs could effectively treat large amounts of oily wastewater using ultra-low transmembrane 

pressure.  
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REVIEWER REPORTS: 

Reviewer #1 

The authors report on the preparation of superhydrohilic and underwater superoleophobic 

Electrospun nanofiber membranes (ENMs) and their application to oil-water separation. 

The newly developed membranes were thoroughly characterized and applied to the oil-in-

water emulsion, which performance was compared to pristine ENMs. This is an interesting 

work and I recommend its publication in the journal Separation and Purification 

Technology, although major changes are required. Please, consider the following 

recommendations:  

We thank the reviewer for his/her careful reading and thoughtful comments on the present 

version of our paper that results in making our manuscript clearer, more compelling, and 

broader. 

 

Q1. In my opinion, the novelty of this manuscript should be further emphasized. If 

the novelty consists of a new method/strategy for the preparation of nanocoated 

ENMs, then I strongly recommend adding an explanation relative to the principle 

behind this procedure and main differences in comparison with other methods of 

preparation of such membranes.  

Response: Thank you, the reviewer's opinion is highly valued and appreciated. The 

introduction section has been revised, and more details about similar studies have been 

added in the revised manuscript on Page 5. In our study, we used the MPN coating method 

to modify the electrospun nanofiber, but in their studies, they used commercial membrane 

or membrane fabricated with phase-inversion technique as a substrate. Also, the novelty of 

this work was emphasized (page 5-6). Additionally, more explanations about the 

mechanism of the coating process have been added in the revised manuscript (Page 19). 

   

 

Q2. In page 7, the authors say that the selected time of one minute was used based on 

a preliminary experiment, and I wonder the influence of immersion time to the ENMs.  

Response: Thank you for the reviewer's comment. Since the purpose of the membrane is 

to separate oil/water mixture or emulsion, we first investigated the effect of immersion time 
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on the wettability of the ENMs. A wide range of immersion time (from 0.5 min to 120 min) 

was studied using two different TA concentrations (Fig. R1). At low TA concentration 

(2mg/ml), one coating cycle was not enough to convert the ENMs to be homogenously 

hydrophilic even after 120min of immersion time. As shown in Fig. R1a, the standard 

deviation value reflects that the surface of ENMs is not homogenously coated. On the other 

hand, when the TA concentration increased to 10 mg, immersion time of 0.5 min was 

enough to produce superhydrohilic ENMs at only one cycle. These results highlighted the 

importance of the TA concentration and number of coating cycles; at low TA concentration, 

the number of cycles is more predominant than the immersion time. While at high TA 

concentration, both of the immersion time and the number of coating cycles have a small 

influence on the wettability changes.  

  

Fig. R1. Effect of the immersion time on the wettability ENMs membranes using two 

different concentrations of TA; (a) 2mg/ml and (b) 10 mg/ml. Immersion time from 0.5 

min to 120 min was studied for only one coating cycle. 

 

Q3. In page 9, the authors consider using n-hexane instead of water to measure the 

porosity of the pristine membrane (M0). When weighing the mass of the wet samples, 

the n-hexane is a volatile solvent, which I think will affect the test results. Suggesting 

a re-measurement of M0 using another suitable solvent.   

M
2-

0.
5

M
2-

1

M
2-

2

M
2-

5

M
2-

10

M
2-

20

M
2-

30

M
2-

40

M
2-

50

M
2-

60

M
2-

90

M
2-

12
0

-20

0

20

40

60

80

100

120

 TA-2mg

W
C

A
 (

o
)

M
10

-0
.5

M
10

-1

M
10

-2

M
10

-5

M
10

-1
0

M
10

-2
0

M
10

-3
0

M
10

-4
0

M
10

-5
0

M
10

-6
0

M
10

-9
0

M
10

-1
20

0.0

0.2

0.4

0.6

0.8

1.0

W
C

A
 (

o
)

 TA-10mg

WCA = 0o



 4 

Response: Thank you, the reviewer's recommendation is valuable and highly appreciated.  

We re-measured the porosity of the M0 using 2-propanol instead of hexane, and the average 

of 5 samples was reported in Fig.3. And we correct it in the material and method section in 

page 10. “For the pristine membrane (M0), the water was replaced with 2-propanol because of 

the high hydrophobicity of M0.”  

 

Q4. In page 12, the authors say that all nanocoated ENMs showed additional new 

weak peaks at approximately 1707 cm-1 and 1609 cm-1(Fig. 1.), although no such peak 

can be observed in the figure. The author should enlarge that region and differentiate 

accordingly. 

Response: Thank you, the reviewer's comment is valuable and highly appreciated.  We 

enlarged specific regions and highlighted the peaks in a separate figure, Fig. 1(a2-c2). Also, 

we added more details about the FTIR bands in the revised manuscript (Page 14) and 

supporting information (Section S2, Fig. S3). 

“The functional groups on the surface of pristine and nanocoated ENMs were investigated using 

FTIR, as displayed in Fig. 1(a-c). It was apparent that besides the main peak bands of PSf 

(Supporting information, section S2 and Fig. S3), all nanocoated ENMs showed additional new 

weak peaks corresponding to the stretching band of the carboxyl group (C=O str.) of TA at 

approximately 1652, 1708, 1715, and 1727 cm-1. Additionally, the peak at 1734 cm-1 is assigned to 

C–C=O group str. of TA, while the peaks at 1607, 1619, and 1630 cm-1 could be assigned to the 

C=C str. aromatic ring, in-plane vibrations of the benzene ring for catechol, and str. C=C aromatic 

compounds.” 

 

Q5. Fig. 2.(page 15) shows the XPS spectra of pristine and nanocoated ENMs, the 

authors say the Fe2p core-level XPS spectra could be curve-fitted into two signals at 

710.81 and 714.21 eV, which are attributed to Fe2p3/2. Please list relevant references 

to prove it. Although I suggest that also including a explanation about the changes of 

iron content about the nanocoated ENMs. 

Response: Thank you, the reviewer's comment is valuable and highly appreciated.  The 

relevant references have been added. Also, we explained the change of iron content with 

the number of coating cycles. More detailed in the revised manuscript Page 16 - 17. 

“Additionally, the Fe2p core-level XPS spectra could be curve-fitted into two signals at 710.81 and 

714.21 eV, which are attributed to Fe2p3/2 of the Fe2+ and Fe3+ species, respectively [53-55], 
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confirming the presence of Fe2+/3+ in the modified ENMs, as shown in Fig. 2 (right). When the TA 

concentration increased from 2.5 mg/ml (M2.5-2) to 5 mg/ml (M5-2), the ratio of Fe2+ (peak at 

710.81 eV) is significantly increased, while the number of coating cycles showed a small increase 

in the Fe2+ ratio, compared with the Fe3+.” 

 

 

Q6. What is the surface roughness of pristine and nanocoated ENMs?. 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. The 

roughness of the pristine and nanocoated ENMs was measured using the AFM, and the 

results are presented in Fig. 4 and Table S3.  Additionally, we add a new paragraph about 

the AFM in the material and method section (Page 9) and the results and discussion section 

(Page 21). 

“The 2D and 3D AFM images of the pristine and nanocoated-ENMs are presented in Fig. 4, and 

the roughness parameters are presented in Table S3. The pristine ENM (M0) showed high 

roughness with an average mean roughness (RMS) value of 2.08 µm. An increase in the number of 

coating cycles or TA concentration exhibited a negligible effect on the surface roughness, where 

the roughness values for the nanocoated-ENMs were 1.95, 2.81, 2.13, 2.51, and 2.25 µm for M5-

2, M5-5, M5-7, M5-10, and M7.5-10, respectively. This fluctuation in the roughness values could 

be attributed to the distribution of the nanofiber diameters, where the change of the fiber diameter 

and the large pore size (as shown in Fig. 4), could affect the movement of the cantilever tip in Z-

direction. During the movement of the cantilever tip, the large pore and the top surface of the 

nanofiber would be considered the lowest and highest Z-peak, respectively, and these values are 

included in the roughness parameters.  The high roughness of the ENMs could increase the actual 

surface area, increasing the contact area between the water and ENMs surface, which is useful for 

the separation process.”   

 

 

Q7. In page 16, Combining the results, XPS, porosity, and FESEM, the authors 

concluded that the TA-Fe complex was coated on the nanofibers individually at a 

thickness of < 10 nm. What is the Cross-sectional SEM images of the pristine and 

nanocoated ENMs. 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. The cross-

sectional images for the pristine and nanocoated ENMs were acquired, and the results are 

presented in Fig. S4.  
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Q8.The conclusion part should concise and delivers the technical advantages of the 

present work. 

Response: Thank you, the reviewer's recommendation is highly valuable and appreciated. 

The conclusion part has been rewritten based on the reviewer's suggestion.  

  

 

Q9. The author should use uniform tense in the results and discussions part and check 

once again thoroughly in grammatical error point of view.  

Response: Thank you, the reviewer's recommendation is highly valuable and appreciated. 

The whole manuscript was double-checked, and the grammatical errors have been 

corrected. 
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Reviewer #2 

In this manuscript entitled "Facile fabrication of superhydrohilic and underwater 

superoleophobic nanofiber membranes for highly efficient separation of oil-in-water 

emulsion", superhydrohilic and underwater superoleophobic ENMs were prepared using a 

two-step metal-phenolic network(MPN) coating process, as a scalable, cost-effective, 

green, and powerful technique. And the obtained fluxes are more superior to most reported 

values, at the same conditions, and higher than that of the commercial membranes with one 

to two orders of magnitude, pointing to the significant applicability for energy-saving 

large-scale oily wastewater treatment process. In general, the experiment is well-designed 

and the conclusion is supported by the experiment and results. However, there are still 

some issues to be addressed. It needs revisions and improvements before acceptance. 

We thank the reviewer for his/her careful reading and thoughtful comments on the present 

version of our paper that results in making our manuscript clearer, more compelling, and 

broader. 

 

1. The manuscript still lacks an adequate use of the published literature to introduce 

the background of this study. For example, Section 1 paragraph 2, "However, some 

shortcomings are remained, such as a relatively low flux, and the high applied 

pressure is needed. Therefore, developing feasible membranes for the effective 

separation of both oil-water mixtures and emulsions with a high performance and 

low-energy requirement is urgently required." Are there other studies to address this 

question? This is vital for the standpoint of your research. The following articles are 

relevant to your work which are suggested to be read: 10.1016/j.jcis.2020.08.075; 

10.1021/acsapm.0c00988. 

Response: Thank you, the reviewer's recommendation is valuable and highly appreciated.  

We have revised this section and we read the suggested articles, and the two papers were 

helpful, so we cited them in the revised manuscript. Ref. 11 (10.1021/acsapm.0c00988) 

and Ref. 16 (10.1016/j.jcis.2020.08.075). 
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2. To make the reader know you work clearly and quickly, the main objects of this 

study at the last paragraph in "Introduction" was suggested to be stated point by 

point. 

Response: Thank you, the reviewer's opinion is valuable and highly appreciated.  We 

revised the last paragraph in the introduction section based on the reviewer's comment. 

More details in the revised manuscript, page 5-6. 

 

3.The author maybe can add an SEM image of ENMs before and after the oil/water 

separation to prove the oil/water separation performance. The following article is 

relevant to your work which is suggested to be read: 10.1016/j.cej.2020.126347; 

10.1016/j.seppur.2020.117116. 

Response: Thank you, the reviewer's opinion is valuable and highly appreciated.  The SEM 

images after the oil/water separation tests have been acquired, and the images were 

presented in Fig. S6. Additionally, an explanation is added to the revised manuscript. Also, 

the suggested papers were read carefully, and we cited them in the revised manuscript; Ref. 

17 and Ref 19.  

 

4.The surface roughness of the electrospun nanofibrous membrane before and after 

modification should be investigated by AFM. The following article is relevant to your 

work which is suggested to be read: 10.1016/j.jcis.2019.03.099. 

Response: Thank you, the reviewer's opinion is valuable and highly appreciated. The 

surface roughness of the electrospun nanofiber membranes before and after modification 

has been investigated using the AFM, and the results are presented in Table S3 and Fig. 4. 

Additionally, we add a new paragraph about the AFM in the material and method section 

(Page 9) and the results and discussion section (Page 21). 

We read the suggested paper, and it was helpful so we cited it in the appropriate paragraph 

(Ref. 52; page 13 and page 21). 

“The 2D and 3D AFM images of the pristine and nanocoated-ENMs are presented in Fig. 4, and 

the roughness parameters are presented in Table S3. The pristine ENM (M0) showed high 

roughness with an average mean roughness (RMS) value of 2.08 µm. An increase in the number of 

coating cycles or TA concentration exhibited a negligible effect on the surface roughness, where 

the roughness values for the nanocoated-ENMs were 1.95, 2.81, 2.13, 2.51, and 2.25 µm for M5-
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2, M5-5, M5-7, M5-10, and M7.5-10, respectively. This fluctuation in the roughness values could 

be attributed to the distribution of the nanofiber diameters, where the change of the fiber diameter 

and the large pore size (as shown in Fig. 4), could affect the movement of the cantilever tip in Z-

direction. During the movement of the cantilever tip, the large pore and the top surface of the 

nanofiber would be considered the lowest and highest Z-peak, respectively, and these values are 

included in the roughness parameters.  The high roughness of the ENMs could increase the actual 

surface area, increasing the contact area between the water and ENMs surface, which is useful for 

the separation process.”   

 
 

 

5.There are still some grammar and format issues in the manuscript. Authors should 

carefully check again. 

Response: Thank you, the reviewer's recommendation is highly valuable and appreciated. 

The whole manuscript was double-checked, and the grammatical errors have been 

corrected. 
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Reviewer #3 

The authors reported a method for the fabrication of superhydrohilic/underwater 

superoleophobic electrospun nanofiber membrane (ENM) by metal-phenolic network 

(MPN) coating technique for oil-water mixture and surfactant-stabilized oil-in-water 

emulsion separation. The authors studied the effect of TA/Fe concentrations and number 

of coating cycles in MPN technique, on the properties and performance of the ENMs.  

In light of that, I recommend this work for the publication in Separation and Purification 

Technology after appropriate revisions from the authors to further improve the quality of 

the manuscript. 

We thank the reviewer for his/her careful reading and thoughtful comments on the present 

version of our paper that results in making our manuscript clearer, more compelling, and 

broader. 

 

1. The authors have mentioned that the nanocoated-ENMs can separate the 

immiscible oil-in-water mixture and surfactant-stabilized oil-in-water emulsion using 

a gravitational dead-end system. I strongly suggest adding more discussions and 

mechanisms about the demulsification of surfactant-stabilized oil-in-water emulsion 

by the present system. 

Response: Thank you, the reviewer's recommendation is highly valuable and appreciated. 

The demulsification of the surfactant-stabilized oil-in-water emulsion has been explained 

in the revised manuscript (Page 28) and Fig. 7a. 

 

3.Anti-abrasion property plays a significant role for membranes to get long-term 

practical life. Therefore, abrasion testing should be performed to investigate the 

durability of fabricated membranes under abrasion conditions. 

Response: Thank you, the reviewer's suggestion is highly valuable and appreciated. The 

mechanical property, such as anti-abrasion, is another factor that can play a significant role 

for long-term practical application. Therefore, the mechanical resistance of the nanocoated-

ENMs (M5-2 and M5-5) was evaluated by abrasion test under harsh conditions. First 

sandpaper (simulate the friction circumstance) was fixed on a flat surface, and the 

nanocoated-ENMs attached to the glass slide (using adhesive tap) was placed on it.  Then 

the sample, loaded with a 60 g weight, moved horizontally on the sandpaper (180 mesh) 
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for 10 cm and returned to the original point to complete a cycle (20 cm for each cycle), as 

shown in Fig. S7.    After 10 cycles of abrasion, the wettability of the nanocoated-ENMs 

was evaluated by measuring WCAs and UWOCAs on the rubbed area of the samples. 

However, more details are in the revised manuscript in Page 13 (experimental section), 

Page 33-34 (results and discussion section), and SI (Fig. S7). 

Results and discussion: “Additionally, the anti-abrasion is another factor that can play a 

significant role in the membrane lifetime and is considered a good indication for the stability of the 

coating layer. After ten abrasion cycles, the UWOCA and WCA of the rubbed sample were 

measured, and the results are presented in Fig. 9c. Although the nanocoated-ENMs were exposed 

to some levels of damages by the sandpaper, the nanocoated-ENMs still display superhydrophilicity 

and underwater superoleophobic, reflecting excellent anti-abrasion features. As shown in the 

figure, the oil droplets have preserved their spherical shape on the surface of nanocoated-ENMs 

with UWOCA> 150o±9, while the water droplet is spread fast on it with WCA close to 0o. These 

results confirmed that the nanocoated-ENMs could be applied to separate oil/water under harsh 

conditions.” 

 

 

4. Citation of following related references is recommended. (Separation and 

Purification Technology, 2020, 247, 116996; Separation and Purification 

Technology, 2021, 259, 118139 ) 

Response: Thank you, the reviewer's recommendation is highly valuable. We read the 

suggested paper and we cited them in the appropriate place. Ref. 12 and Ref. 46.  

 

5. How about long-term stability under harsh conditions? Can the membrane 

withstand acid, base or salt solutions?. 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. To 

measure the chemical stability of the nanocoated-ENMs, we investigated the nanocoated-

ENMs against a wide range of pH solutions. The nanocoated-ENMs were immersed in 

different pH values ranging from 2 to 12 for 72 hours. Hydrochloric acid (HCl) and sodium 

hydroxide (NaOH) were used to prepare the acidic and alkaline solution with pH values of 

2, 5, 7, 10, and 12. Likewise, the chemical stability was investigated by immersing the 
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nanocoated-ENMs in 30g/l NaCl solution for 72 hours. Then, the wettability of 

nanocoated-ENMs was investigated by measuring the WCA and UWOCA. Furthermore, 

nanocoated-ENMs (M5-2 and M5-5) performance, after immersing in pH12 for 72 hours, 

were evaluated for separating oil-water mixture using the dead-end system.  

However, more details are in the revised manuscript in Page 13 (experimental section) and 

Page 32-33 (results and discussion section). 

 Results and discussion: “In the industrial application, the membrane during the separation 

process is expected to expose to harsh conditions, which may damage or remove the coating layer, 

affecting membrane properties and performance. The chemical stability of the nanocoated-ENMs 

was evaluated by immersing two of the nanocoated-ENMs (M5-2 and M5-5) in acidic, alkaline, 

and salts solutions. After immersing the nanocoated-ENMs in the above-mentioned solutions for 

72 h, the wettability, as a main feature of the nanocoated-ENMs, was evaluated by measuring the 

WCA and UWOCA, and the results are presented in Fig. 9a. As shown in the figure, neither the 

low acidic solution (pH5) nor alkaline solution changed the membrane wettability, where the 

nanocoated-ENMs exhibited WCAs close to 0o and UWOCAs >150o. Also, when the nanocoated-

ENMs are immersed in 30 g NaCl solution, similar results were obtained, as shown in Fig. 9b, 

confirming the excellent chemical stability of the nanocoated-ENMs with excellent tolerance to low 

acidic, alkaline, and salt solutions. On the other hand, at a strongly acidic solution (pH 2), the 

nanocoated membranes become oleophilic underwater; this could be attributed to the disassembly 

of the TA-Fe film because of the protonation of all OH groups.  

More interestingly, after immersion of the nanocoated-ENMs in basic solution (pH12) for 72 hours, 

they exhibited excellent oil/water separation performance with an outstanding flux value of > 

4.2x104 L/m2.h, as shown in Fig. 9d. No obvious change in the rejection was observed, while a 

negligible drop in the fluxes (less than 4% and 7% for M5-2 and M5-5, respectively) was recorded 

after the nanocoated-ENMs were exposed to pH12 for 72 hours.” 

 

6.The authors have mentioned, "the high surface energy of the nanocoated ENMs due 

to the enrichment of the hydroxyl groups in the catechols present in TA" It is 

necessary that the authors provide further evidence for the presence of hydroxyl 

groups on the nanocoated membranes. 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. The FTIR 

results at full spectra (400 to 4000 cm-1) have been drawn and presented at Fig. S3, and 
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spectra at specific range (4000 to 3000 cm-1) has been highlighted as inset in the same 

figure. As shown in the figure, broad peak in the inset (Fig. S3) could be assigned to the –

OH group. Additionally, the binding peaks at 286.31 eV and at 288.46 eV in the C1s spectra 

could be attributed to C-O (of C-OH) and O-C=O (O=C-OH) groups, respectively. Also, 

the binding peak at 531.91 eV is assigned to O-C (of C-OH) / O=C (of O-C-O) group. 

Together FTIR and XPS could confirm the presence of –OH group on the nanocoated-

ENMs surface. 

 

 

7. The authors should present the interaction mechanism between the pristine PSf 

ENM and tannic acid (TA). 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. The 

interaction mechanism between the PSf nanofiber and TA has been drawn in a schematic 

diagram (Scheme 1b) and the explination of the interaction mechanism has been presented 

in the revised manuscript (Page 19). 

“ The coating mechanism can be explained as follow; when the ENMs are immersed in the TA 

solution, the TA molecules adhere to each fiber individually. The possible interaction between the 

PSf and TA is via the hydrogen bonds formed between sulfone groups of PSf and –OH groups of 

TA [62]. Subsequent immersion in the FeCl3.6H2O solution prompts longitudinal cross-linking of 

the Fe+3 ions with the preadsorbed TA on the fibers [63], where the Fe(III) occupies the existing 

binding sites provided by preadsorbed TA, as shown in Scheme 1(b). Additionally, when the ENMs 

are immersed in TA solution, for the second cycle, TA could only interact with preadsorbed Fe(III) 

that exists on the top of 1st TA layer because of the large molecular structure of TA (Scheme 1(b)). 

Switching between the two solutions (TA and Fe(III)) controls the interaction between TA and 

Fe(III) during the formation of the MPN film.” 

 

 

8. For Figure 5: how does the gravity separation work if the water phase is on top of 

the oil phase and the oil phase is in contact with the nanocoated ENMs? 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. If the 

density of oil is greater than the water density, a particular system should be designed and 

used to separate the water from oil. For example, the separation cell could be tilt to some 

degree to allow both the oil and water to contact the surface. We can use a horizontal pipe 



 14 

with two nanocoated ENMs at the two ends of the pipe, and by controlling the height of 

the oil/water mixture, both of the water and oil could contact the membrane surface. In 

these cases, the water with a lower density than oil can pass through the membrane easily.  

Also, in our previous work, we used a system that allows separating the water and oil 

simultaneously, as shown in video S3 of that article. 

(https://www.sciencedirect.com/science/article/pii/S0043135417305559) 

In this case, we can make a similar system, but the pristine PSf ENM will be added to 

separate the oil (bottom) from water, and the water (top) can transfer through the horizontal 

pipe to another vertical pipe that includes the nanocoated ENMs. And since the majority 

of the phase will be water so the membrane will separate the water from any traces of the 

oil.  But we have to make the opening of the horizontal pipe at the appropriate height to 

prevent the passage of oil to the second vertical pipe (having nanocoated ENMs), which 

can block the system.  

 

9. Is the EMNs resistant enough for separating water and oil? The maximum oil 

pressure resistance of the superoleophobic membrane should be measured. 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. We 

measured the maximum oil pressure resistance of the nanocoated ENM, and it was 7±2 

kPa. However, we added it to the revised manuscript page 27. 

10. What kind of oil has been used for the studies? The used oil needs to be 

characterized/described in more detail. 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. We used 

n-hexane (>99.8%, density of 0.66 kg/l, Sigma-Aldrich); however, its density was added 

in the material and method section (Page 6). Also, the volume of the hexane that mixed 

with DI to prepare the oil-water mixture was added in Page 10. 

 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0043135417305559
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Reviewer #4 

The submitted manuscript " Facile fabrication of superhydrophilic and underwater 

superoleophobic nanofiber membranes for highly efficient separation of oil-in-water 

emulsion" presents an interesting study on the development of the materials for oil/water 

separation. The modified superhydrophilic and underwater superoleophobic PSF 

membrane could separate the oil-in-water mixture and surfactant-stabilized oil-in-water 

emulsion with outstanding flux values and incredible oil rejection. 

Before acceptance for publication, this reviewer requests some revisions. 

We thank the reviewer for his/her careful reading and thoughtful comments on the present 

version of our paper that results in making our manuscript clearer, more compelling, and 

broader. 

 

1. In the manuscript, some sentences are needed to be improved, and English writing 

errors should be corrected—for instance, the word "M2.5-7" in Fig.2. 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. The 

whole manuscript was double-checked, and the grammatical errors have been corrected. 

The word “M2.5-7” in Fig.2 has been changed to “M2.5-10”. 

 

2. The characteristic peaks of PSF substrate should be simply labeled in the FTIR 

spectra. 

Response: Thank you, the reviewer's comment is valuable and highly appreciated. The full 

FTIR  spectra for all the ENMs were drawn, and the FTIR figures were presented in Fig. 

S3. The PSf peaks have been labeled, and more explanation was added in section S2 

(Supporting information). Additionally, we enlarged the specific region and highlighted 

the peaks in a separate figure, Fig. 1(a2-c2), and we added more details about the FTIR 

bands in the revised manuscript (Page 14). 

“The functional groups on the surface of pristine and nanocoated ENMs were investigated using 

FTIR, as displayed in Fig. 1(a-c). It was apparent that besides the main peak bands of PSf 

(Supporting information, section S2 and Fig. S3), all nanocoated ENMs showed additional new 

weak peaks corresponding to stretching band of the carboxyl group (C=O str.) of TA at 

approximately 1652, 1708, 1715, and 1727 cm-1. Additionally, the peak at 1734 cm-1 is assigned to 

C–C=O group str. of TA, while the peaks at 1607, 1619, and 1630 cm-1 could be assigned to the 
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C=C str. aromatic ring, in-plane vibrations of the benzene ring for catechol, and str. C=C aromatic 

compounds.” 

 

3. The mechanical property of the membranes are supposed to be tested. 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. The 

mechanical property, such as anti-abrasion, is a significant factor that can play a role in 

long-term practical application. Therefore, the mechanical resistance of the nanocoated-

ENMs (M5-2 and M5-5) was evaluated by abrasion test under harsh condition, as described. 

First sandpaper (simulate the friction circumstance) was fixed on a flat surface, and the 

nanocoated-ENMs attached to glass slide (using adhesive tap) was placed on it.  Then the 

sample, loaded with a 60 g weight, moved horizontally on the sandpaper (180 mesh) for 

10 cm and returned to the original point to complete a cycle (20 cm for each cycle), as 

shown in Fig. S7.    After 10 cycles of abrasion, the wettability of the nanocoated-ENMs 

was evaluated by measuring WCAs and UWOCAs on the rubbed area of the samples. 

However, more details are in the revised manuscript on Page 13 (experimental section), 

Page 33-34 (results and discussion section), and SI (Fig. S7). 

 

Results and discussion: “Additionally, the anti-abrasion is another factor that can play a 

significant role in the membrane lifetime and is considered a good indication for the stability of the 

coating layer. After ten abrasion cycles, the UWOCA and WCA of the rubbed sample were 

measured, and the results are presented in Fig. 9c. Although the nanocoated-ENMs were exposed 

to some levels of damages by the sandpaper, the nanocoated-ENMs still display superhydrophilicity 

and underwater superoleophobic, reflecting excellent anti-abrasion features. As shown in the 

figure, the oil droplets have preserved their spherical shape on the surface of nanocoated-ENMs 

with UWOCA> 150o±9, while the water droplet is spread fast on it with WCA close to 0o. These 

results confirmed that the nanocoated-ENMs could be applied to separate oil/water under harsh 

conditions.” 
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4. Why the PSF membrane is chosen as the substrate in your work. 

Response: Thank you. As the reviewer knows, PSf is widely used in preparing 

ultrafiltration membranes (UF) and as a support layer for reverse osmosis (RO) membranes 

because of its excellent properties such as mechanical strength, chemical resistance, and 

thermal and hydraulic stability. And the more important is PSf is an excellent spinnable 

polymer (produce more fiber in the ES). 

 

5. The composition of oily wastewater is complex, whether the composite membrane 

can stably separate the emulsion? 

Response: Thank you, the reviewer's question is highly valuable and appreciated. Yes we 

totally agree with the reviewer that the real wastewater is more complicated. In the 

industrial application, the membrane during the separation process is expected to expose 

to harsh conditions, which may damage or remove the coating layer, affecting membrane 

properties and performance. Thus we measured the chemical stability of the nanocoated-

ENMs, by investigating the nanocoated-ENMs against a wide range of pH solutions, in 

which the nanocoated-ENMs were immersed in different pH values in a range from 2 to 

12 for 72 h. Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used to prepare 

the acid and alkaline solution with pH values of 2, 5, 7, 10, and 12. Likewise, the chemical 

stability was investigated by immersing the nanocoated-ENMs in 30g/l NaCl solution for 

72h. After immersing the nanocoated-ENMs in the base, acid, and salt solution for 72h, 

their wettability was investigated by measuring the WCA and UWOCA. Furthermore, after 

immersing in pH12 for 72h, two nanocoated-ENMs (M5-2 and M5-5) were tested in the 

dead-end separation system to separate an oil-water mixture.  

However, more details are in the revised manuscript in Page 13 (experimental section) and 

Page 32-33 (results and discussion section). 

 Results and discussion: “In the industrial application, the membrane during the separation 

process is expected to expose to harsh conditions, which may damage or remove the coating layer, 
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affecting membrane properties and performance. The chemical stability of the nanocoated-ENMs 

was evaluated by immersing two of the nanocoated-ENMs (M5-2 and M5-5) in acidic, alkaline, 

and salts solutions. After immersing the nanocoated-ENMs in the above-mentioned solutions for 

72 h, the wettability, as a main feature of the nanocoated-ENMs, was evaluated by measuring the 

WCA and UWOCA, and the results are presented in Fig. 9a. As shown in the figure, neither the 

low acidic solution (pH5) nor alkaline solution changed the membrane wettability, where the 

nanocoated-ENMs exhibited WCAs close to 0o and UWOCAs >150o. Also, when the nanocoated-

ENMs are immersed in 30 g NaCl solution, similar results were obtained, as shown in Fig. 9b, 

confirming the excellent chemical stability of the nanocoated-ENMs with excellent tolerance to low 

acidic, alkaline, and salt solutions. On the other hand, at a strongly acidic solution (pH 2), the 

nanocoated membranes become oleophilic underwater; this could be attributed to the disassembly 

of the TA-Fe film because of the protonation of all OH groups.” 

 

6. What is the difference between the gravitational dead-end system and the cross-

flow system to verify the antifouling performance of the modified membrane?  

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. As the 

reviewer knows, the flux recovery ratio (as an indication for the antifouling property) is 

the flux of cleaned membrane/ pure water flux. For the oil/water mixture, we used the dead-

end system to conduct the separation test and calculate the FRR, under gravity. But in the 

case of the emulsion, we used the cross-flow system to perfume the continuous separation 

process using 5kPa hydraulic pressure. It is important to see if this low pressure can affect 

the antifouling performance or no?. Thus, we perfomed calculated the FRR for the two 

systems. 

 

7. There is an error in the expression of Figure 6e, please correct it. 

Response: Thank you, the reviewer's opinion is highly valuable and appreciated. We 

corrected it, in the revised manuscript (Fig. 7). 



 

• Superhydrohilic/underwater superoleophobic ENMs is prepared by MPNs coating 

technique. 

• The influence TA/Fe concentrations and number of coating cycles in MPN were studied. 

• The ENMs were used to separate O/W mixture and emulsion in dead-end and cross-flow 

systems. 

• The ENMs showed an outstanding performance under ultra-low transmembrane pressure. 

• The ENMs exhibits a remarkable recovery ability and excellent oil rejection. 
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Abstract 

 

Electrospun nanofiber membrane (ENM)-based filtration is an advanced technology that treats 

wastewater for reuse using gravity or low pressure as a driving force, thereby solving water scarcity 

in a way that is suitable for conditions of energy scarcity. The high hydrophobicity of ENMs 

remains the main challenge for their application in the treatment of oily wastewater. Although 

some techniques have succeeded in enhancing surface wettability, their disadvantages (e.g., 

difficulty, harsh operating conditions, harmful environmental effects, time consumption, or high 

costs) restrict the scalability and industrial application of those techniques. Herein, superhydrohilic 

and underwater superoleophobic ENMs were prepared using a two-step metal-phenolic network 

(MPN) coating process as a scalable, cost-effective, green, and powerful technique. The fabricated 

nanocoated-ENMs showed superhydrophilicity at air and even underoil, as well as underwater 

superoleophobicity. Thus, they could separate the oil-in-water mixture and surfactant-stabilized 

oil-in-water emulsion with outstanding flux values of  6.5 × 104 and >6.0 × 103 L/m2.h, respectively, 

and a remarkable recovery ability (up to 99.8%) and excellent oil rejection (up to 99.9%), using 

only gravity as a driving force. More importantly, the nanocoated-ENMs showed a stable and 

ultrahigh flux up to 13,756.7 L/m2.h, with a separation efficiency of 97.5%, for surfactant-

stabilized oil-in-water emulsion in a continuous cross-flow separation system, at an ultralow 

transmembrane pressure of 5 kPa. Additionally, the nanocoated-ENMs exhibited excellent 

chemical stability, durability, and robust reusability under harsh environments. Interestingly, the 

obtained fluxes are more superior to most reported values, at the same conditions, and higher than 

that of the commercial membranes with one to two orders of magnitude, pointing to the significant 

applicability for energy-saving large-scale oily wastewater treatment process. 

 

 

 

 

Keywords: Metal-phenolic networks; superhydrophilicity; superoleophobicity; electrospun 

nanofiber membranes; oil-water separation. 
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1. Introduction 

 

A massive amount of oil-polluted water is daily generated from various industries and oil spill 

catastrophes. Thus, developing an efficient, simple, cost-effective, and environmentally friendly 

strategy to purify oily wastewater has become of great importance in both industry and academic 

communities [1, 2]. In General oily wastewater can be classified into three main categories; oil-

in-water mixture (free oil with an oil droplet size of d>150 µm), surfactant-free oil-in-water 

emulsion (dispersed oil with  20 µm< d <150 µm ), and surfactant-stabilized oil-in-water emulsion 

( emulsified oil with d<20 μm) [2, 3]. The emulsified oil treatment presents enormous challenges 

due to the small droplet size and its good stability.  

Membrane-based filtration technology has been recognized as an advanced technology for oily 

wastewater treatment because of its simplicity and high separation efficiency [4-7]. For example, 

microfiltration and ultrafiltration have been widely used in treating oily wastewater [3, 8]. 

However, some shortcomings are remained, such as a relatively low flux, and the high applied 

pressure is needed [9, 10]. Therefore, developing feasible membranes for the effective separation 

of both oil-water mixtures and emulsions with a high performance and low-energy requirement is 

urgently required. In this regard, Huang et al. fabricated superhydrohilic Fe3O4@ 

polyacrylonitrile/chitosan (Fe3O4@PAN/C.S.) nanofiber membrane using the gas-spinning 

technique. The fabricated membrane possessed excellent performance for the separation of the oil-

water mixture under gravity [11]. Also, the brass filter, fabricated with a fiber laser system, 

exhibited efficient gravity-driven oil-water mixture separation under harsh conditions [12].  

However, they were capable of separating oil-in-water mixture (free oil) with excellent 

performance, but they incompetent to treat emulsion because of the large pore size of the 

membrane. 
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Electrospun nanofiber membranes (ENMs) are characterized by high porosity, high specific 

surface area, excellent flexibility, and superb pore connectivity [13-17]. For this reason, they have 

been widely used in the gravity-driven separation of oil-water mixtures [18, 19], removal of heavy 

metals [20], membrane distillation [21, 22], and as a support layer in forward osmosis desalination 

processes [13, 23, 24]. They exhibited high performance at low energy cost when used to treat the 

emulsion [18]. Nevertheless, the application of ENMs in oily wastewater treatment remains 

challenging due to the fouling problem arising from their high hydrophobicity [25-27].  

Extensive efforts have been made to improve the surface wettability and the antifouling properties 

of ENMs, mainly by modifying their structure/morphology and surface chemistry [1, 28]. For 

example, various techniques have been reported to develop hydrophilic or superhydrohilic ENMs, 

such as surface modification, grafting with hydrophilic polymer or monomer, surface coating, and 

incorporating nanoparticles [3, 29-32]. Although those techniques have successfully enhanced 

surface wettability, their drawbacks (e.g., complexity, harsh operating conditions, negative 

environmental effects, time-consuming, or high costs) restrict the scalability and industrial 

application of those techniques [3, 29-36].  

Consequently, it is highly desired to develop a new scalable, simple, green, fast, and cost-effective 

strategy to directly transform hydrophobic ENMs into superhydrohilic ones. Recently, metal-

phenolic networks (MPNs) have attracted widespread attention as a promising surface 

modification approach widely used to synthesize hybrid functional materials via coordination 

interactions between phenolic ligands and metal ions [37, 38]. These interactions produce an 

amorphous thin film on various organic and inorganic templates, endowing them with new 

functionalities for several potential applications [39-41]. For instance, the abundant hydroxyl 

groups of polyphenols can enhance the wettability of the membrane surface and produce a 
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hydrophilic or even superhydrohilic surface [42]. Of note, polyphenols have a high surface binding 

affinity and robust metal chelation capability due to the availability of catechol, galloyl, phenolic, 

and carbonyl groups on the surface [43, 44].  

Tannic acid (TA) is a high molecular weight natural polyphenol, which extracted from the plant 

tissues (i.e, tea) as a light yellowish amorphous powder with a weak acidity and antibacterial 

properties [45, 46]. TA has been coordinated with ferric ion (Fe+3) to coat the surface of the 

membrane with a thin layer of TA–Fe complexes (MPN film), using a one- or two-step coating 

process. Kim et al. successfully modified the surface of poly(ether sulfone) (PES) membrane using 

two-pot coating for enhancing filtration performance and antifouling property [47]. Song et al. 

used the two-pot coating method to transform the high hydrophobicity of polypropylene (pp) into 

superhydrophilicity for separating oil-water emulsion.  In contrast, the one-pot coating method 

failed to achieve superhydrophilicity for the PP [48]. On the other hand, Yang et al. successfully 

prepared a superhydrophilic PVDF nanocomposite membrane for oil-water emulsion separation, 

using the MPN one-step coating method [49]. The obtained results from those studies showed 

significant enhancements in the physicochemical features of the membrane (e.g., antifouling, 

hydrophilicity, etc.) [47-50]. However, all previous studies have used the MPN-coating method to 

modify commercial membranes or membranes fabricated with the phase-inversion technique, 

whereas the MPN-coating approach has not yet been utilized to modify ENMs.  

Herein, for the first time, we combined the advantages of the MPN-coating approach with the 

unique features of ENMs to fabricate superhydrophilic/underwater superoleophobic ENMs with 

excellent anti-oil-fouling properties and outstanding separation performance. The two-pot MPN-

coating approach was reported as a straightforward, green, effective, fast, and scalable technique 

to coat the fibers of ENMs with a sub-nano amorphous layer. First, the PSf ENMs were fabricated 
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using the electrospinning technique; subsequently, the two-pot MPN-coating technique was 

applied to prepare superhydrophilic and underwater superoleophobic ENMs (nanocoated-ENMs). 

The influence of MPN-Coating parameters, such as the number of coating cycles and TA 

concentrations on the properties and performance of ENMs, was systematically investigated.  The 

as-prepared nanocoated-ENMs exhibited ultra-fast permeation fluxes with excellent separation 

efficiency (>99.9 %) and high reusability, in dead-end and cross-flow filtration systems, for 

separating oil-water emulsion and mixture, owing to their superhydrophilicity. Interestingly, the 

nanocoated-ENMs exhibited outstanding stability and reusability under harsh conditions with 

excellent resistance to mechanical abrasion, alkaline, and salt solutions.  

The MPNs-coating technique can be practically applied to produce superhydrohilic ENMs, even 

underoil at room temperature where no heat treatment, organic solvent, or special equipment is 

required. It is believed that the as-obtained nanocoated-ENMs could treat a huge amount of oily 

wastewater using a small membrane area at a short time and under low pressure, which is highly 

required for scalability and industrialization. 

2. Methods 

2.1. Materials 

Polysulfone (PSf) (BASF, Mw=60,000), N-methylpyrrolidone (NMP, 99% OCI), and N, N-

dimethylformamide (DMF, >99.5% Sigma-Aldrich) were used to fabricate the ENMs. Tannic acid 

(TA) and ferric chloride hexahydrate (FeCl3.6H2O) were purchased from Samchun Chemicals 

(South Korea). For separation experiments of oil-in-water mixture and emulsion, n-hexane 

(>99.8%, density of 0.66 kg/l, Sigma-Aldrich), Oil Red-O dye (Sigma-Aldrich), sodium dodecyl 

sulfonate (SDS, Sigma-Aldrich), and deionized water, obtained from a Milli-Q ultrapure water 

purification system (DI), were utilized.  
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2.2. Fabrication of the ENMs  

An appropriate amount of PSf was dissolved in NMP/DMF (20/80 ratio) solvents under vigorous 

stirring at 60°C overnight to obtain a 22 wt. % PSf solution. The electrospun solution was 

transferred into four plastic syringes connected with a 23-gauge stainless-steel needle. It was 

pumped at a constant flow rate of 1 mL/h via a digitally controlled syringe pump. An 

electrospinning system (es-robot®; NanoNC) was used to fabricate the ENMs, in which a rotating 

cylinder collector (wrapped in aluminum foil) is placed 15 cm from the needle tip, and 20 kV was 

applied as the driving force (Scheme 1(a)). To obtain ENMs with homogeneous thickness, the 

collector rotating speed and the spinneret (syringes) movement speed were adjusted to be 200 rpm 

and 1000 mm/min (on the x-axis), respectively. Finally, the fabricated ENMs were dried in an 

oven at 80°C for 72 hours to remove the residual solvents.  

 

2.3. MPN-coating for the fabricated ENMs  

An MPN-coating nanolayer was formed on the ENMs via the coordination between TA as organic 

ligand and Fe+3 as an inorganic ligand (Scheme 1(b)). We systematically studied the influence of 

TA concentrations (2.5, 5, and 7.5 mg/mL) and the number of coating cycles (2, 5, 7, and 10 cycles) 

on the properties and performance of the prepared-ENMs. The TA/Fe+3 ratio in the solutions was 

kept constant (4:1). Although the materials (TA and Fe+3) used for the MPN-coating process have 

been recognized as safe materials by the US Food and Drug Administration [51], the coordination 

between TA and Fe in a one-step process generates an undesirably large amount of waste (Fig. S1, 

Supporting Information). Thus, we used a two-step approach to modify the ENMs and decreased 

the amount of effluent produced compared to the one-step process (Scheme 1 and Fig. S2, 

Supporting Information). 
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 In more detail, the ENMs were first pre-wetted by immersing in ethanol for 1 hour; subsequently, 

the ENMs were immersed in a known concentration of TA aqueous solution (pH 8) for 1 minute. 

Then, the ENMs were rinsed with DI water before transferring them to the freshly prepared Fe+3 

aqueous solution for another 1 minute, at room temperature. It is worth mentioning that the selected 

time of 1 minute was used based on a preliminary experiment, in which the effect of immersion 

time (from 0.5 minutes to 2 hours) was investigated, and 1 minute was found to be optimal (data 

are not shown). Finally, the cycle was completed by rinsing the ENMs with DI water, as shown in 

Fig. S2. The same procedures were repeated for multiple cycles (2, 5, 7, and 10 cycles), and the 

ENMs were labeled as Mx-y, where x and y are the TA concentration and number of coating cycles, 

respectively, as shown in Table S1 and Fig. S2. For the comparison, the pristine PSf ENM was 

used as a control membrane (labeled as M0). 



9 

 

 
Scheme1: (a) Schematic demonstration of the fabrication and modification of the ENMs, and (b) 

Illustration of the proposed assembly of TA-Fe networks on the individual nanofiber of ENMs  

 

2.4. Characterization of the ENMs 

The morphology of the pristine and nanocoated ENMs was examined using a field emission 

scanning microscope (FESEM, S-4700, Hitachi, Japan). The surface morphology of the 

nanocoated-ENMs, after using in the oil/water separation tests, and the cross-sectional images of 

ENMs were characterized by Nova Nano SEM machine (Nova Nano 630, FEI). Atomic Force 

Microscopy (AFM, Dimension Icon, Bruker, Germany) was used to analyze the roughness of the 

ENMs surface. AFM characterization was conducted at room temperature, where 2D and 3D 

(a) 

(b) 
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images were acquired at a scan rate of (20 x 20 µm). X-ray photoelectron spectroscopy (XPS, VG 

Microtech MultiLab ESCA 2000, Thermo VG Scientific, United Kingdom) was used to investigate 

the surface chemical compositions of the ENMs. The functional groups and chemical structures of 

the ENMs were analyzed using Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer IR 

2000 Series). The air-water contact angles (WCA), under-oil water contact angles (UOWCA), and 

underwater oil contact angles (UWOCA) were measured by a goniometer (Phoenix 300, Surface 

Electro-Optics Co., Korea). The porosity (ε) of the pristine and nanocoated-ENMs was calculated 

according to Eq. (1), using the gravimetric method. Five samples of each membrane were 

immersed in DI water for 2 hours, the wet samples were then immediately weighed after gently 

removing the excess water from the surface, and the obtained weight was recorded (mw, g). 

Afterward, the wet samples were dried in an oven at 80°C for 24 hours and reweighed to measure 

the weight of the dry samples, which were labeled as md (g). 

𝜺 =  
(𝒎𝒘− 𝒎𝒅)/𝝆𝒍

(𝒎𝒘− 𝒎𝒅)

𝝆𝒍
 + 

𝒎𝒅
𝝆𝒑

                                                                                               Eq.(1)   

where ρl and ρp are the density of water (1 g/cm3) and polymer, respectively. For the pristine ENM 

(M0), the water was replaced with 2-propanol because of the high hydrophobicity of M0.  

 

2.5.Evaluation of the performance of nanocoated-ENMs 

2.5.1 Separation of the immiscible oil-in-water mixture and surfactant-stabilized oil-in-water 

emulsion using a gravitational dead-end system 

The immiscible oil-in-water mixture was prepared by mixing 30 ml of hexane, dyed with oil Red-

O dye, with 200 ml of DI water. On the other hand, the surfactant-stabilized oil-in-water emulsion 

was prepared by mixing hexane with DI water, in the volume ratio of 1:100, in the presence of 

surfactant (SDS, 50 mg/L), and the solution was sonicated for 1.5 h to obtain the milky emulsion.  
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First, the separation performance of the pristine and nanocoated ENMs was evaluated in a dead-

end filtration system (under gravity), in which the nanocoated-ENM with an effective area of 12.6 

cm2 was placed between two glass-filter holders and assembled with a clamp. Before conducting 

the separation test of mixture or emulsion, the pure water flux of the nanocoated-ENMs was 

measured by filtrating DI water.  Then, the immiscible mixture or surfactant-stabilized emulsion 

was poured into the filtration system. Under gravity, the permeate water flux (J, L/m2.h) and oil 

rejection (R, %) of the ENMs were calculated using Eq. (2) and Eq. (3), respectively. 

𝑱 =  
𝒎

𝑨×∆𝒕×𝝆
                                                                                                                          Eq.(2) 

𝑹 = (𝟏 −
𝑪𝒑

𝑪𝒇
) × 𝟏𝟎𝟎                                                                                                          Eq.(3) 

where m is the mass of the filtrate passed through the effective nanocoated-ENM area (A) during 

the filtration time (∆t), and ρ is the water density. Cp and Cf are the concentration of oil in the 

permeate and feed, respectively. The oil concentration in the permeate and feed was detected using 

a total organic carbon analyzer (TOC-L, SHIMADZU) and chemical oxygen demand (COD).  

The anti-oil-fouling properties of the nanocoated-ENMs were assessed by measuring the flux 

recovery ratio (FRR = flux of cleaned membrane / pure water flux). In the case of an oil-in-water 

mixture, the DI water was poured on the nanocoated-ENM in a gravity-driven dead-end system, 

and the permeance was recorded as Jw0 (initial water flux, L/m2.h). Subsequently, the system was 

immediately refilled with the hexane-in-water mixture; then, the water quickly passed through, 

leaving the oil on the nanocoated-ENM surface. The collected water permeate was recorded as Jm1 

(1st Cycle). After the entire water volume passed through, the remaining oil was left on the 

membrane surface for 10 minutes to evaluate the resistance of the membrane towards oil wetting. 

The water-in-oil mixture was then added to the remaining oil on the nanocoated-ENM to perform 

the second cycle (2nd cycle), where the collected water permeate was labeled as Jm2. The same 
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steps of the 2nd cycle were repeated for the 3rd cycle, where the collected permeate was labeled as 

Jm3. It is worth mentioning that the three cycles were conducted without washing of the ENMs. 

After that, the nanocoated-ENM was rinsed with ethanol and thoroughly rinsed by DI water. 

Finally, the DI water was filtered again through the cleaned membrane to measure the pure water 

flux of the cleaned nanocoated-ENM (Jwc). The water column was fixed at ⁓9 cm over the 

membrane for all tests for better comparison.  

In the case of a surfactant-stabilized oil-in-water emulsion, two separation cycles were performed. 

For each cycle, the pure water flux (Jw0) was measured as a first step, followed by the filtration of 

a surfactant-stabilized oil-in-water emulsion as a second step, and the permeate water flux was 

measured and labeled as JE1. Then the fouled nanocoated-ENMs were rinsed with ethanol and DI 

water before measuring the permeate flux of the cleaned nanocoated-ENMs (Jwc) as a third step. 

The steps mentioned above were repeated for two cycles of the emulsion separation test, and the 

FRR was calculated after the 2nd cycle. The oil droplet sizes in the feed and permeate were detected 

with optical microscopy (Olympus CX30 microscope), and the ImageJ software was used to 

analyze the droplet size distribution. 

 

2.5.2 Separation of surfactant-stabilized oil-in-water emulsion using a continuous cross-flow 

system 

A lab-scale cross-flow filtration system was used to conduct the continuous separation test of the 

surfactant-stabilized oil-in-water emulsion. The nanocoated-ENMs were fixed onto a rectangular 

cell (effective ENMs surface area of 18.75 cm2), and the filtration cycle was conducted in three 

steps. Firstly, the DI was transferred to the filtration cell using a peristaltic pump with a flow rate 

of 500 mL/min and transmembrane pressure (TMP) of 5 kPa to measure the pure water flux. 

Afterward, the surfactant-stabilized oil-in-water emulsion was pumped to the filtration cell at the 
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same conditions. The permeate was collected, and continuously its mass change is measured by 

an electronic balance (connected to a PC) to calculate the continuous emulsion flux of the ENMs. 

While the rejected was recycled to the emulsion feed tank.  Then the DI water was circulated 

through the system for 20 min to clean the ENMs surface, and finally, the water flux of the cleaned 

membrane was measured using DI water. All filtration tests were conducted at room temperature 

(25.0 ± 3 oC). 

2.5.3 Mechanical durability and chemical stability of nanocoated-ENMs 

To measure the chemical stability of the nanocoated-ENMs, we investigated the nanocoated-

ENMs against a wide range of pH solutions. The nanocoated-ENMs were immersed in different 

pH values ranging from 2 to 12 for 72 hours. Hydrochloric acid (HCl) and sodium hydroxide 

(NaOH) were used to prepare the acidic and alkaline solution with pH values of 2, 5, 7, 10, and 

12. Likewise, the chemical stability was investigated by immersing the nanocoated-ENMs in 30g/l 

NaCl solution for 72 hours. Then, the wettability of nanocoated-ENMs was investigated by 

measuring the WCA and UWOCA. Furthermore, nanocoated-ENMs (M5-2 and M5-5) 

performance, after immersing in pH12 for 72 hours, were evaluated for separating oil-water 

mixture using the dead-end system.  

The mechanical property, such as anti-abrasion, is another factor that can play a significant role in 

long-term practical application. Therefore, the mechanical resistance of the nanocoated-ENMs 

(M5-2 and M5-5) was evaluated by abrasion test under harsh conditions, as described elsewhere 

[12, 52]. First sandpaper (simulate the friction circumstance) was fixed on a flat surface, and the 

nanocoated-ENM attached to the glass slide (using adhesive tap) was placed on it.  Then the sample, 

loaded with a 60 g weight, moved horizontally on the sandpaper (180 mesh) for 10 cm and returned 

to the original point to complete a cycle (20 cm for each cycle), as shown in Fig. S7.   After ten 
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abrasion cycles, WCAs and UWOCA of rubbed nanocoated-ENMs were measured on the rubbed 

area. 

 

3. Results and discussion 

3.1. Characterization of the pristine and nanocoated-ENMs 

The functional groups on the surface of pristine and nanocoated-ENMs were investigated using 

FTIR, as displayed in Fig. 1(a-c). It was apparent that besides the main peak bands of PSf 

(Supporting Information, section S2, and Fig. S3), all nanocoated-ENMs showed additional new 

weak peaks corresponding to the stretching band of the carboxyl group (C=O stretching) of TA at 

approximately 1652, 1708, 1715, and 1727 cm-1. Additionally, the peak at 1734 cm-1 is assigned 

to C–C=O stretching group of TA, while the peaks at 1607, 1619, and 1630 cm-1 could be assigned 

to the C=C stretching aromatic ring, in-plane vibrations of the benzene ring for catechol, and C=C 

stretching aromatic compounds [48, 53]. The coordination between TA and Fe+3 to form the TA-

Fe complex on the surface of the ENMs was further confirmed by XPS analysis (Fig. 1(d)). From 

the overall survey spectrum ( Fig. 1 (d)), all ENMs revealed main peaks at 532.86, 285.16, and 

168.39 eV, which correspond to O1s, C1s, and S2s and S2p, respectively [54], of the PSf-based 

polymer. In the nanocoated-ENMs, a new peak at 711.86 eV, belonging to Fe2p3, is found. 

Additionally, the sulfur (S2s and S2p) peaks became weaker as the TA concentration or number of 

coating cycles increased, confirming that the ENMs were coated with multiple layers of TA-Fe.  
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(b-1) 
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(c-1) (c-2) 
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Fig. 1. FTIR spectra of the pristine ENM, the nanocoated-ENMs, and TA; (a) M2.5, (b) M5, and 

(c) M7.5. In the label; number 1 is referred to the FTIR spectra in the range from 1500 to 1800 cm-

1, while number 2 is referred to the enlargement of the highlighted area (dashed red rectangular). 

(d) Survey XPS spectra of pristine and nanocoated-ENMs. 

 

The core-level XPS spectra of C1s, O1s, and Fe2p were fitted to assess the chemical bonding of each 

element, as displayed in Fig. 2. For the nanocoated-ENMs, the C1s core level was curved into 

three main peaks located at 284.83, 286.31, and 288.46 eV, corresponding to C-C/C-H, C-O/C-S, 

and C=O/O-C=O groups, respectively [55, 56]. Interestingly, the C=O content increased as the TA 

concentration or number of coating cycles increased, as shown in Fig. 2 (left). The O1s core-level 

XPS spectrum (Fig. 2, middle) was divided into two peaks at 533.23 and 531.91 eV corresponding 

to O-Fe/O-C and O–C/O=C, respectively [57, 58]. Furthermore, increasing the number of coating 

cycles and the TA/Fe concentration increased the peak intensity of Fe-O. Additionally, the Fe2p 

core-level XPS spectra could be curve-fitted into two signals at 710.81 and 714.21 eV, which are 

attributed to Fe2p3/2 of the Fe2+ and Fe3+ species, respectively [59-61], confirming the presence of 
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Fe2+/3+ in the nanocoated-ENMs, as shown in Fig. 2 (right). When the TA concentration increased 

from 2.5 mg/ml (M2.5-2) to 5 mg/ml (M5-2), the ratio of Fe2+ (peak at 710.81 eV) is significantly 

increased, while the number of coating cycles showed a small increase in the Fe2+ ratio, compared 

with the Fe3+. Overall, the XPS and FTIR results confirmed the existence of the TA-Fe nanofilm 

on the ENM surfaces. 

The results presented in Table S2 indicated that the TA/Fe concentration was the key factor that 

affected the MPN-coating process and controlled the chemical composition of the layers formed 

on the surface of ENMs. In contrast, the numbers of coating cycles exhibited a low influence on 

the physicochemical properties of the MPNs. Those results highlighted that, unlike the number of 

coating cycles, the precursor (TA/Fe) concentration significantly impacted the thickness of the 

TA-Fe nanofilm coating. 
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Fig. 2. High-resolution spectra of C1s (left), O1s (middle), and Fe2p (right) of the pristine and 

nanocoated-ENMs. To facilitate comparisons, all Y-axes (counts) have the same scale.  
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Figure 3 showed that the surface morphology, fiber diameters, and porosity (⁓90 ± 2%) of the 

nanocoated-ENMs were similar to those of the pristine ENM, indicating that the MPN-coating 

technique successfully formed the TA-Fe layer at the nanoscale on the individual fibers of the 

ENMs. Also, no change was detected in the cross-sectional images of the nanocoated-ENMs, as 

shown in Fig. S4.  The coating mechanism can be explained as follow; when the ENMs are 

immersed in the TA solution, the TA molecules adhere to each fiber individually. The possible 

interaction between the PSf and TA is via the hydrogen bonds formed between sulfone groups of 

PSf and –OH groups of TA [62]. Subsequent immersion in the FeCl3.6H2O solution prompts 

longitudinal cross-linking of the Fe+3 ions with the preadsorbed TA on the fibers [63], where the 

Fe(III) occupies the existing binding sites provided by preadsorbed TA, as shown in Scheme 1(b). 

Additionally, when the ENMs are immersed in TA solution, for the second cycle, TA could only 

interact with preadsorbed Fe(III) that exists on the top of 1st TA layer because of the large 

molecular structure of TA (Scheme 1(b)). Switching between the two solutions (TA and Fe(III)) 

controls the interaction between TA and Fe(III) during the formation of the MPN film.  

Interestingly, those results are consistent with the observed XPS peaks of sulfur (Fig.1d), 

confirming that the TA-Fe complex layer was synthesized at the nanoscale, with a thickness of 

less than 10 nm, according to the measurable depth of XPS of approximately 10 nm. Combining 

the XPS results (thickness < 10 nm), porosity, and FESEM image findings, it can be reasonably 

concluded that the TA-Fe complex was coated on the nanofibers individually at a thickness of < 

10 nm.  
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Fig. 3. FESEM of the pristine and nanocoated-ENMs, fiber diameters of the M0 and M7.5-10 

groups, and porosity. The fiber diameters were calculated using ImageJ software, based on 400 

different fibers for each membrane. 

 

 

Furthermore, significant visual (physical) changes in color were observed on the ENMs after the 

coating process, as shown in Fig. S5. Specifically, the color changed from white for the pristine 

ENMs to pale blue for the nanocoated-ENMs. An increase in the number of coating cycles or TA 

concentration resulted in the color becoming darker, indicating successful coating. 
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The 2D and 3D AFM images of the pristine and nanocoated-ENMs are presented in Fig. 4, and 

the roughness parameters are presented in Table S3. The pristine ENM (M0) showed high 

roughness with an average mean roughness (RMS) value of 2.08 µm. An increase in the number 

of coating cycles or TA concentration exhibited a negligible effect on the surface roughness, where 

the roughness values for the nanocoated-ENMs were 1.95, 2.81, 2.13, 2.51, and 2.25 µm for M5-

2, M5-5, M5-7, M5-10, and M7.5-10, respectively. This fluctuation in the roughness values could 

be attributed to the distribution of the nanofiber diameters, where the change of the fiber diameter 

and the large pore size (as shown in Fig. 4), could affect the movement of the cantilever tip in Z-

direction. During the movement of the cantilever tip, the large pore and the top surface of the 

nanofiber would be considered the lowest and highest Z-peak, respectively, and these values are 

included in the roughness parameters.  The high roughness of the ENMs could increase the actual 

surface area, increasing the contact area between the water and ENMs surface, which is useful for 

the separation process [52].  

[52]  
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Fig. 4. 3D and 2D AFM images for the pristine and nanocoated-ENMs. The scan area is 400 µm2. 

 

The effects of the TA/Fe+3 concentration and the number of coating cycles on the wettability of 

the nanocoated-ENMs were investigated by measuring the water contact angle in the air (WCA) 

and under oil (UOWCA), as well as the oil contact angle underwater (UWOCA) (Fig. 5). In the 

air, in contrast to the high hydrophobicity of the pristine ENMs (WCA: 107±6°), the nanocoated-

ENMs (except M2.5-2) showed superhydrophilicity, with WCAs of nearly 0°, indicating that water 

droplets could rapidly spread on the surfaces, as shown in Fig. 5 (a, b) and Table S4. 
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Fig. 5. (a) Wettability of the pristine and nanocoated-ENMs in the air, underwater, and under oil 

(the inset is images and photographs of oil-deplete on the ENMs underwater). (b) Photos of water 

and oil droplets on the pristine and nanocoated-ENMs surface. (c) Dynamic UWOCA of a 

nanocoated-ENM. (d) Photograph of jetted droplets of hexane on nanocoated ENM surfaces 

underwater, demonstrating the anti-oil-adhesion property of the surface. The membranes were all 

pre-wetted with water before measuring the UOWCA. 

 

Furthermore, to simulate the practical oil-water separation process, we pre-wetted the nanocoated-

ENMs and immediately immersed them in hexane to measure the UOWCA. When a droplet of 

water came into contact with the nanocoated-ENM under oil, the droplet rapidly spread across the 

entire nanocoated-ENM surface, reflecting the superhydrophilicity of the wetted nanocoated-

ENMs under oil (Fig. 5a and 4b and Video S1). To further demonstrate the UOWCA of the 

nanocoated-ENMs, water was injected onto the pre-wetted nanocoated-ENM surfaces under oil. 

(a) 

(d) Water 
Oil 

(c) 

(b) 
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The water immediately spread across the entire surface of the nanocoated-ENMs (Fig. 5b and the 

second half of Video S2). Conversely, the pristine ENM exhibited superhydrophobicity with a 

UOWCA value of 149.6±5°, as shown in Fig. 5b. When water was injected onto the pre-wetted 

pristine ENM under oil, the water droplets remained spherical (Video S2). 

 

The UWOCA for all ENMs was measured as illustrated in Fig. 5 (a and b) and Table S3. As 

expected, all nanocoated-ENMs exhibited underwater superoleophobic features with UWOCAs of 

150±7°, while the pristine ENM showed oleophilic behavior with a UWOCA of 32±3°. 

Furthermore, dynamic underwater oil adhesion of the nanocoated-ENMs was conducted to 

confirm the anti-oil-fouling features of the membranes (Fig.5 (c)). As illustrated, a droplet of oil 

was forced onto the nanocoated-ENM surface and then lifted several times. While being lifted, the 

droplet remained spherical with no visible deformation, indicating the excellent underwater oil 

resistance and ultralow oil adhesion of the nanocoated-ENMs (Fig. 5c and Video S3). 

Furthermore, when oil droplets (colored with an oil-red dye) were jetted onto the nanocoated-

ENMs underwater, the oil immediately bounced off the surface with any adhesion, as shown in 

Fig. 5d and Video S4 (the second half of the video). In contrast, the pristine ENM exhibited poor 

anti-oil-fouling properties, as the oil droplets were attached and rapidly spread on the pristine ENM 

surface (Fig. 5b and Video S4). These promising results are ascribed to the high surface energy of 

the nanocoated-ENMs due to the enrichment of the hydroxyl groups in the catechols present in 

TA. It is worth mentioning that in this study, for the first time, the high hydrophobicity of ENMs 

was transformed into superhydrophilicity in air and under oil, as well as into superoleophobicity 

underwater, using this cost-effective two-step MPN-nanocoating technique. 
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3.2. Evaluation of the separation performance of the nanocoated-ENMs  

3.2.1 Gravitational dead-end system  

 

The performance of the prepared pristine and nanocoated-ENMs was evaluated, in the dead-end 

filtration system, by analyzing the separation of an oil-in-water mixture for three cycles and 

surfactant-stabilized oil-in-water emulsion for two cycles, under gravity as a driving force (Fig. 6 

and Fig.7). Fig. 6 shows the performance of the nanocoated-ENMs towards the separation of the 

oil-in-water mixture. Five stages (initial pure water flux, – C1 – C2 –C3- recovered pure water 

flux) of the oil-in-water filtration test were conducted to evaluate the nanocoated-ENMs 

performance, as shown in Fig. 6(a – d). When the oil-in-water mixture was poured on the surface 

of the nanocoated-ENMs, the water penetrated quickly, while the oil remained on the surface (Fig. 

6a and Video S5). In contrast, when the water was poured on the pristine ENM, the water could 

not penetrate through it due to its high hydrophobicity (Video S6). To investigate the anti-oil-

fouling properties and reusability of the nanocoated-ENMs, the membranes were tested in three 

oil-in-water separation cycles (C1, C2, and C3) without cleaning (Fig. 6a and Video S5). In detail, 

after the oil-in-water mixture was filtrated, the remaining oil (⁓30 mL) from the first cycle (C1) 

was left in direct contact with the membrane surface for 10 minutes, and then the water-in-oil 

mixture was added to conduct the second cycle, same steps were repeated for the third cycle (Video 

S5). Fig. 6(b – d) shows the water fluxes as a function of permeation volume, under gravity as a 

driving force, for all the nanocoated-ENMs.  As shown in Fig. 6 (b and e), at a low concentration 

of TA (2.5 wt. %), the nanocoated-ENMs exhibited the outstanding and stable pure water flux with 

an average value of 6.5×104 L/m2.h for M2.5-2, M2.5-5, M2.5-7, and M2.5-10. For the 1st cycle 

(C1) of oil-in-water separation, except for M2.5-2, the nanocoated-ENMs exhibited a negligible 

decline in the water flux than the pure water flux. For C2 and C3, the drop in the fluxes was 
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increased where M2.5-5, M2.5-7, and M2.5-10 exhibited normalized fluxes of 92.3 (Jm1/Jwo), 91.4 

(Jm2/Jwo), and 94.3% (Jm3/Jwo), respectively after the third cycles.  However, the M2.5-2 membrane 

possesses a decline in the flux with a normalized flux of 92.3% (Jm-c1/Jwo), 90.0% (Jm-c2/Jwo), and 

86.6% (Jm-c3/Jwo) for C1, C2, and C3 (Fig. 6e). After C3, the nanocoated-ENMs were rinsed with 

ethanol and DI water; the pure water flux of the cleaned membranes was measured to calculate the 

FRR As observed in Fig. 56e, the nanocoated-ENMs revealed remarkably high FRR, after the third 

cycle, with values of 89.9, 95.7, 98.3, and 99.6% for M2.5-2, M2.5-5, M2.5-7, and M2.5-10, 

respectively.  

An increase of the TA concentration from 2.5 mg/mL to 5 mg/mL and 7.5 mg/mL decreased the 

average pure water flux to about 4.5 × 104 LMH (28% reduction). Interestingly, stable and 

outstanding fluxes were obtained for the nanocoated-ENMs with a slight decline in the fluxes in 

the three cycles (Fig. 6(c and d)). Even though no washing was conducted, the normalized fluxes 

of the third cycle (Jm-c3/Jw0) were> 92%, as shown in Fig. 6(f and g).  After washing the nanocoated-

ENMs, the water fluxes were effectively recovered with FRR values ranging from 98.5 to 99.8% 

(Fig. 6f and g), reflecting the extremely high anti-oil-fouling properties of the nanocoated-ENMs. 

However, the number of coating cycles showed a slight impact on the water flux, and when the 

number of coating cycles increased from 2 to 10 cycles, the fluxes decreased by <5% at all TA 

concentrations. The high antifouling performance of the nanocoated-ENMs could be attributed to 

an increase of superficial hydroxyl groups present in galloyl and catechol in TA (Scheme 1b). 

These superficial groups easily make hydrogen bonds with water molecules, forming a robust 

hydrated layer around the surfaces of the nanocoated-ENMs, thereby endowing the membranes 

with underwater superoleophobicity and preventing oil from adhering to the membrane surface 
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(Scheme 1b and Fig.5). Although the large pore size of the ENMs, the nanocoated-ENMs exhibited 

a reasonable oil intrusion pressure with values of 7 ± 2 kPa. 

However, the slight decline in the water fluxes of some nanocoated-ENMs in C2 and C3 could be 

attributed to the presence of some spherical oil droplets that remained from the first cycle in the 

dead zone (stagnant area) on the membrane surface (Video S7). In turn, this led to a decrease in 

the active surface area of the nanocoated-ENM; interestingly, doing small turbulence in these areas 

could force the oil droplets to bounce off the surface (Video S7). Overall, these outstanding results 

could be attributed to the superhydrophilicity and underwater superoleophobicity of the 

nanocoated-ENMs, in addition to their high porosity (>90%), as shown in Fig. 3.  

 

    

  
Fig. 6. Photographs of the gravity-driven separation process of a hexane-in-water mixture for the 

nanocoated-ENMs (a); the flux values of M2.5 (b), M5 (c), and M7.5 (d), and the corresponding 

oil rejection, FRR, and normalized flux (e - g). The experiments were done under gravity at a fixed 

height of the oil-water mixture of ⁓9 cm.  

 

(b) (c) (d) 

(e) (f) (g) 

(a) 
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The corresponding separation efficiency for all nanocoated-ENMs, after the third cycle, 

was >99.9%, as shown in Fig. 6(e - g). Moreover, no oil droplets were noticed on the surfaces of 

the nanocoated-ENMs after the filtration experiments (Fig. S5), confirming the ultra-low oil 

adhesion of the membranes. 

The nanocoated-ENMs were also used to separate the surfactant-stabilized oil-in-water emulsion 

using a gravity-driven separation system, and the results of fluxes as a function of the permeate 

volume were displayed in Fig. 7(a – d). All nanocoated-ENMs showed extremely high initial 

permeate flux (>6000 L/m2.h), and the fluxes dropped rapidly. Nevertheless, the flux for all 

nanocoated-ENMs remains at a relatively high flux level (⁓1000 L/m2.h) after the permeate 

volume reached 35 mL. This decline in the fluxes can be explained as follow; when the emulsion 

is touched the nanocoated-ENMs surface, the superficial hydroxyl groups of galloyl and catechol, 

which surrounded the individual nanofiber of the ENMs (Scheme1b), could immediately form 

hydrogen bonding with the water molecules producing a stable hydrated layer on the ENMs (Fig. 

7a (inset)). As a result, the water immediately penetrates through the nanocoated; subsequently, 

the emulsion could be broken on the nanocoated-ENMs surface, promoting coalescence of the 

micro-size oil droplets (Fig. 7a).  As the water passes through the nanocoated-ENMs continuously, 

the demulsification and droplet coalescence occur on the surface continuously. The droplet size 

enlarges, and then it floats to the emulsion surface, as a free-oil, due to the extremely anti-oil-

fouling property (weak oil-adhesion force) of the nanocoated-ENMs. This continuous coalescence 

of oil droplets on the surface could decrease the surface area of the nanocoated-ENM in the dead-

end system, leading to a decrease of the flux as a function of the permeate volume. Remarkably, 

when the nanocoated-ENMs were washed and used again for the 2nd cycles, the initial fluxes for 

all the nanocoated-ENMs in the 2nd cycle, except M2.5-2, were superiorly recovered with almost 
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similar initial flux values to that of the 1st cycle (Fig. 7 (b-d)), confirming the above mention 

argument. Also, no change was detected on the SEM surface images of the nanocoated-ENMs 

after using the separation experiments, as shown in Fig. S6. 

 

   

     

(e) (f) (g) 

(b) (c) (d) 

(a) 
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Fig. 7. (a) Photographs of the gravity-driven separation process of surfactant-stabilized oil-in-

water emulsion (left). Mechanism of the emulsion separation (right) (the inset illustrates how is 

the individual nanofiber of the nanocoated-ENMs form a hydrogen bond with a water molecule to 

produce a thin hydrated layer). (b – d) the flux values of M2.5, M5, and M7.5 groups, respectively. 

(e - g) Oil rejection and FRR of M2.5, M5, and M7.5 groups. And (h) digital photos and 

microscopic images of the feed (emulsion) and permeate (the inset curve is the oil-droplets size 

distribution in the emulsion feed). All experiments were conducted under gravity.  

 

To evaluate the anti-oil-fouling properties of the nanocoated-ENMs towards surfactant-stabilized 

oil-in-water emulsion, the FRR was calculated after two cycles of filtration. For the TA 

concentration of 2.5 mg/L, the M2.5-2 was failed to separate the emulsion, exhibiting a low 

rejection (77.8%) during the 1st cycle. While the M2.5-5, M2.5-7, and M2.5-7 exhibited high 

rejection with values of 98.7%, 99.4 and 99.5%, respectively, after 2 filtration cycles (Fig. 7e). 

Interestingly, all nanocoated membranes, except M2.5-2, exhibited a high flux recovery ratio 

ranging from 92.0% to 99.8% (Fig. 7e). When the TA concentration is increased to 5 mg/L and 

7.5 mg/L, all the nanocoated-ENMs showed excellent separation performance with rejection 

values ranging from 99.6% to 99.9% and extremely high FRR values up to 99.8% (Fig. 7 (f and 

(h) 
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g)). These results reveal that all nanocoated-ENMs, except M2.5-2, possess superior anti-oil-

fouling performance towards surfactant-stabilized oil-in-water emulsion. Furthermore, the optical 

microscopic images and the digital photos of the filtrate and feed (surfactant-stabilized oil-in-water 

emulsion) confirmed the excellent separation efficiency of the membranes (Fig. 7h). The filtrate 

for all nanocoated-ENMs (except that one for the M2.5-2) was transparent, and no droplets could 

be observed in the microscopic images. In contrast, numerous oil-droplets with a droplet size of 

fewer than 3 μm were detected in the feed using optical microscopy (Fig. 7h). The filtrate of M2.5-

2 was turbid, and micro-sized oil droplets were detected in the microscopic image for its filtrate 

(Fig. 7h).  

 

 

3.2.2 Separation of surfactant-stabilized oil-in-water emulsion using a continuous cross-flow 

system 

A custom lab-scale cross-flow filtration system was used to conduct the continuous separation 

experiment of surfactant-stabilized oil-in-water-emulsion for selected nanocoated-ENMs (Fig. 8). 

In the continuous separation process, the nanocoated-ENMs showed extremely high water flux. 

The M2.5-5, M5-5, and M7.5-5 exhibited extremely high water fluxes of 8213.1, 7774.6, 

and12524.6 L/m2.h, respectively, at a very low transmembrane pressure of 5 kPa.  

  
Fig. 8. (a) Permeating flux of selected nanocoated-ENMs during continuous filtration experiment 

where surfactant stabilized hexane-in-water emulsion is used as a feed solution, (b) normalized 

flux as a function of permeate volume, and (c) the rejection and FRR for the selected membrane 
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in the continuous test. The transmembrane pressure during the filtration process was 5 kPa; the 

volumetric flow rate of the feed was 500 mL/min. 

 

Interestingly, the flux was high and robust stable with a little decline in the normalized 

permeability (Fig. 8b).  The maximum drop in normalized permeability of M2.5-5 was 71.0% after 

the volume of permeate reached 1.6L.  While the normalized permeability of M5-5 and M7.5-5 

fell to approximately 85.0% and 80.0%, respectively, reflecting the high anti-oil-fouling and very 

week oil-adhesion to the nanocoated-ENMs surface. Furthermore, after simply washing with water, 

the membranes effectively recovered their initial pure water flux values, where the FRR values 

were 83.8, 98.4, and 96.4 for M2.5-5, M5-5, and M7.5-5, respectively (Fig. 8c). The obtained 

results indicate that the nanocoated-ENMs have excellent stability, antifouling performance, and 

reusability.  

3.2.3 Chemical stability and mechanical durability of the nanocoated-ENMs 

In the industrial application, the membrane during the separation process is expected to expose to 

harsh conditions, which may damage or remove the coating layer, affecting membrane properties 

and performance. The chemical stability of the nanocoated-ENMs was evaluated by immersing 

two of the nanocoated-ENMs (M5-2 and M5-5) in acidic, alkaline, and salts solutions. After 

immersing the nanocoated-ENMs in the above-mentioned solutions for 72 h, the wettability, as a 

main feature of the nanocoated-ENMs, was evaluated by measuring the WCA and UWOCA, and 

the results are presented in Fig. 9a. As shown in the figure, neither the low acidic solution (pH5) 

nor alkaline solution changed the membrane wettability, where the nanocoated-ENMs exhibited 

WCAs close to 0o and UWOCAs >150o. Also, when the nanocoated-ENMs are immersed in 30 g 

NaCl solution, similar results were obtained, as shown in Fig. 9b, confirming the excellent 

chemical stability of the nanocoated-ENMs with excellent tolerance to low acidic, alkaline, and 
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salt solutions. On the other hand, at a strongly acidic solution (pH 2), the nanocoated membranes 

become oleophilic underwater; this could be attributed to the disassembly of the TA-Fe film 

because of the protonation of all OH groups.  

More interestingly, after immersion of the nanocoated-ENMs in basic solution (pH12) for 72 hours, 

they exhibited excellent oil/water separation performance with an outstanding flux value of > 

4.2x104 L/m2.h, as shown in Fig. 9d. No obvious change in the rejection was observed, while a 

negligible drop in the fluxes (less than 4% and 7% for M5-2 and M5-5, respectively) was recorded 

after the nanocoated-ENMs were exposed to pH12 for 72 hours.  

  
Fig. 9.  UWOCAs of the nanocoated-ENMs (a) after immersion in various pHs (2 -12), (b) after 

immersion in 30g/l NaCl aqueous solution, (c) after 10 cycles of abrasion. (d) Water flux, 

normalized flux, and rejection of nanocoated-ENMs after immersion in a solution with pH12 for 

72 hours. WCAs were close to zero at all conditions. The inset is oil droplets (dichloromethane 

colored with oil-red dye) underwater surface. 
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Additionally, the anti-abrasion is another factor that can play a significant role in the membrane 

lifetime and is considered a good indication for the stability of the coating layer. After ten abrasion 

cycles, the UWOCA and WCA of the rubbed sample were measured, and the results are presented 

in Fig. 9c. Although the nanocoated-ENMs were exposed to some levels of damages by the 

sandpaper, the nanocoated-ENMs still display superhydrophilicity and underwater 

superoleophobic, reflecting excellent anti-abrasion features. As shown in the figure, the oil 

droplets have preserved their spherical shape on the surface of nanocoated-ENMs with UWOCA> 

150o±9, while the water droplet is spread fast on it with WCA close to 0o. These results confirmed 

that the nanocoated-ENMs could be applied to separate oil/water under harsh conditions.  

Remarkably, the nanocoated-ENMs exhibited the highest performance in terms of permeability 

and rejection compared to many previous reports, as shown in Table 1. In addition to the 

outstanding performance of the nanocoated-ENMs, a very simple, cost-effective, and scalable 

coating technique was used, which conducted quickly at room temperature in aqueous solutions 

using eco-friendly available and cheap materials. 

Table 1. A Comparison of the performance of reported hydrophilic membranes towards the 

separation of oil-in-water mixture and emulsion. 

Membrane Feed Type 
Filtrate 

Pressure  

Water flux 

(L/m2.h) 

Rejecti

on (%) 

FRR 

(%) 
Ref. 

PVDF-g-PAA tree-like ENM Mixture Gravity 9600 99.58 -- [64] 

PVDF-TEA modified-ENM Mixture Gravity 20600 >99.9 -- [33] 

NMS-2 nanofibrous Mixture Gravity 18500 96.3 -- [36] 

GT-sc membrane Mixture Gravity 9000 --- -- [30] 

Janus CNTs@PANEN Mixture 70 KPa 56000 99.7 -- [65] 

Zn@GF Mixture Gravity 250 98 -- [66] 

M2.5-2 Mixture Gravity 65000 99.9 92.3 
This 

work 
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TiO2@GF membrane Emulsion Gravity 2329 99.4 -- [67] 

PAN/HPEI/PDA Emulsion Gravity 1600 98.6 -- [29] 

PVDF-4 Emulsion 8 kPa 2503 99.6 -- [68] 

SPAN–PPy/ZnO Emulsion 1–80 kPa 418–11 300 >96.1 96 [69] 

P(NIPAAm-co-NMA)/ChNWs Emulsion 30 kPa 1100−1300 >99.5 -- [32] 

PDA/ACNTs@PU Emulsion 50 kPa 7240 99.9 -- [70] 

GO/APAN Emulsion -- 10,402 98.1 67.9 [3] 

TiO2@PSA/PAN FM Emulsion 10 kPa 3264 99.6 -- [71] 

M7.5-5 (dead-end) Emulsion Gravity >6000 >99.5 99.7 
This 

work 
M7.5-5 (Cross-flow) Emulsion 5 kPa  >13000 97.5 96.4 

 

 

4. Conclusion 

In summary, superhydrophilicity and underwater superoleophobic ENMs were prepared through 

electrospinning and an environment-friendly two-step coating technique. The influence of MPN-

coating parameters (i.e., TA concentration and number of coating cycles) on the properties and 

performance of the ENMs were systematically investigated. At low TA concentration, the number 

of coating cycles has a significant influence on the MPN-coating process and the wettability of the 

nanocoated-ENMs.  While at high TA concentration, Two coating cycles of MPN-coating is 

enough to form a thin film that can coat the individual fiber of ENMs, enriching the fibers with 

hydroxyl groups. The as-prepared nanocoated-ENMs could separate both the oil-in-water mixture 

and emulsion under gravity with ultrahigh permeation flux and excellent separation efficiency 

(higher than 99.5%). Additionally, the fabricated nanocoated-ENMs exhibited excellent anti-oil-

fouling properties with FRR values up to 99.8%. Considering economic and environmental aspects, 

the 5 mg/mL of TA could be the optimum concentration to produce membranes with excellent 
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performance in terms of flux and rejection. More importantly, the nanocoated-ENMs, prepared 

using 5mg/mL TA, exhibited excellent chemical stability against a wide range of pH (5-12) and 

salt solutions and superior mechanical durability (anti-abrasion). We believe that the nanocoated-

ENMs could effectively treat large amounts of oily wastewater using ultra-low transmembrane 

pressure.  

  

Conflicts of Interest Statement 

There are no conflicts of interest to declare 

 

Acknowledgment 

 

This work was supported by the Korea Environment Industry & Technology Institute (KEITI) 

through the Industrial Facilities & Infrastructure Research Program funded by the Korea Ministry 

of Environment (MOE) (1485016165). This work was also partly supported by a GIST Research 

Institute (GRI) grant funded by the GIST in 2020. 

 

References 

[1] M. Obaid, H.O. Mohamed, A.S. Yasin, M.A. Yassin, O.A. Fadali, H. Kim, N.A.M. Barakat, 

Under-oil superhydrophilic wetted PVDF electrospun modified membrane for continuous 

gravitational oil/water separation with outstanding flux, Water Research, 123 (2017) 524-535. 

[2] X. You, Y. Liao, M. Tian, J.W. Chew, R. Wang, Engineering highly effective nanofibrous 

membranes to demulsify surfactant-stabilized oil-in-water emulsions, Journal of Membrane 

Science, 611 (2020) 118398. 

[3] J. Zhang, Q. Xue, X. Pan, Y. Jin, W. Lu, D. Ding, Q. Guo, Graphene oxide/polyacrylonitrile 

fiber hierarchical-structured membrane for ultra-fast microfiltration of oil-water emulsion, 

Chemical Engineering Journal, 307 (2017) 643-649. 

[4] R.K. Gupta, G.J. Dunderdale, M.W. England, A. Hozumi, Oil/water separation techniques: a 

review of recent progresses and future directions, Journal of Materials Chemistry A, 5 (2017) 

16025-16058. 

[5] Y. Zhu, D. Wang, L. Jiang, J. Jin, Recent progress in developing advanced membranes for 

emulsified oil/water separation, NPG Asia Materials, 6 (2014) e101-e101. 



37 

 

[6] S. Elmaleh, N. Ghaffor, Upgrading oil refinery effluents by cross-flow ultrafiltration, Water 

Science and Technology, 34 (1996) 231. 

[7] H.J. Tanudjaja, C.A. Hejase, V.V. Tarabara, A.G. Fane, J.W. Chew, Membrane-based 

separation for oily wastewater: A practical perspective, Water research, 156 (2019) 347-365. 

[8] M. Padaki, R. Surya Murali, M.S. Abdullah, N. Misdan, A. Moslehyani, M.A. Kassim, N. Hilal, 

A.F. Ismail, Membrane technology enhancement in oil–water separation. A review, Desalination, 

357 (2015) 197-207. 

[9] E.N. Tummons, V.V. Tarabara, J.W. Chew, A.G. Fane, Behavior of oil droplets at the 

membrane surface during crossflow microfiltration of oil–water emulsions, Journal of Membrane 

Science, 500 (2016) 211-224. 

[10] M. Amid, N. Nabian, M. Delavar, Fabrication of polycarbonate ultrafiltration mixed matrix 

membranes including modified halloysite nanotubes and graphene oxide nanosheets for olive 

oil/water emulsion separation, Separation and Purification Technology, 251 (2020) 117332. 

[11] D. Lv, G. Tang, L. Chen, M. Zhang, J. Cui, R. Xiong, C. Huang, Multifunctional Gas-

Spinning Hierarchical Architecture: A Robust and Efficient Nanofiber Membrane for 

Simultaneous Air and Water Contaminant Remediation, ACS Applied Polymer Materials, 2 (2020) 

5686-5697. 

[12] N. Bakhtiari, S. Azizian, B.F. Mohazzab, B. Jaleh, One-step fabrication of brass filter with 

reversible wettability by nanosecond fiber laser ablation for highly efficient oil/water separation, 

Separation and Purification Technology, 259 (2021) 118139. 

[13] M. Obaid, M.A. Abdelkareem, S. Kook, H.-Y. Kim, N. Hilal, N. Ghaffour, I.S. Kim, 

Breakthroughs in the fabrication of electrospun-nanofiber-supported thin film 

composite/nanocomposite membranes for the forward osmosis process: A review, Critical 

Reviews in Environmental Science and Technology, (2019) 1-69. 

[14] J. Zhang, F. Zhang, J. Song, L. Liu, Y. Si, J. Yu, B. Ding, Electrospun flexible nanofibrous 

membranes for oil/water separation, Journal of Materials Chemistry A, 7 (2019) 20075-20102. 

[15] S. Zarghami, T. Mohammadi, M. Sadrzadeh, B. Van der Bruggen, Superhydrophilic and 

underwater superoleophobic membranes - A review of synthesis methods, Progress in Polymer 

Science, 98 (2019) 101166. 

[16] J. Cui, T. Lu, F. Li, Y. Wang, J. Lei, W. Ma, Y. Zou, C. Huang, Flexible and transparent 

composite nanofibre membrane that was fabricated via a “green” electrospinning method for 

efficient particulate matter 2.5 capture, Journal of Colloid and Interface Science, 582 (2021) 506-

514. 

[17] J. Cui, F. Li, Y. Wang, Q. Zhang, W. Ma, C. Huang, Electrospun nanofiber membranes for 

wastewater treatment applications, Separation and Purification Technology, 250 (2020) 117116. 

[18] X. Wang, J. Yu, G. Sun, B. Ding, Electrospun nanofibrous materials: a versatile medium for 

effective oil/water separation, Materials today, 19 (2016) 403-414. 

[19] M. Zhang, J. Cui, T. Lu, G. Tang, S. Wu, W. Ma, C. Huang, Robust, functionalized reduced 

graphene-based nanofibrous membrane for contaminated water purification, Chemical 

Engineering Journal, 404 (2021) 126347. 

[20] K.A.S. Bornillo, S. Kim, H. Choi, Cu (II) removal using electrospun dual-responsive 

polyethersulfone-poly (dimethyl amino) ethyl methacrylate (PES-PDMAEMA) blend nanofibers, 

Chemosphere, 242 (2020) 125287. 

[21] X.-Q. Wu, X. Wu, T.-Y. Wang, L. Zhao, Y.B. Truong, D. Ng, Y.-M. Zheng, Z. Xie, 

Omniphobic surface modification of electrospun nanofiber membrane via vapor deposition for 



38 

 

enhanced anti-wetting property in membrane distillation, Journal of Membrane Science, (2020) 

118075. 

[22] L. Francis, H. Maab, A. AlSaadi, S. Nunes, N. Ghaffour, G.L. Amy, Fabrication of 

electrospun nanofibrous membranes for membrane distillation application, Desalination and Water 

Treatment, 51 (2013) 1337-1343. 

[23] M. Obaid, Z.K. Ghouri, O.A. Fadali, K.A. Khalil, A.A. Almajid, N.A. Barakat, Amorphous 

SiO2 NP-incorporated poly (vinylidene fluoride) electrospun nanofiber membrane for high flux 

forward osmosis desalination, ACS applied materials & interfaces, 8 (2016) 4561-4574. 

[24] M. Obaid, Y. Kang, S. Wang, M.-H. Yoon, C.-M. Kim, J.-h. Song, I.S. Kim, Fabrication of 

highly permeable thin-film nanocomposite forward osmosis membranes via the design of novel 

freestanding robust nanofiber substrates, Journal of Materials Chemistry A, 6 (2018) 11700-11713. 

[25] K. Huang, P. Rowe, C. Chi, V. Sreepal, T. Bohn, K.-G. Zhou, Y. Su, E. Prestat, P.B. Pillai, 

C. Cherian, Cation-controlled wetting properties of vermiculite membranes and its promise for 

fouling resistant oil–water separation, Nature Communications, 11 (2020) 1-10. 

[26] D. Rana, T. Matsuura, Surface modifications for antifouling membranes, Chemical reviews, 

110 (2010) 2448-2471. 

[27] M. Obaid, N. Ghaffour, S. Wang, M.-H. Yoon, I.S. Kim, Zirconia nanofibers incorporated 

polysulfone nanocomposite membrane: Towards overcoming the permeance-selectivity trade-off, 

Separation and Purification Technology, 236 (2020) 116236. 

[28] M. Obaid, N.A. Barakat, O. Fadali, M. Motlak, A.A. Almajid, K.A. Khalil, Effective and 

reusable oil/water separation membranes based on modified polysulfone electrospun nanofiber 

mats, Chemical engineering journal, 259 (2015) 449-456. 

[29] J. Wang, L.a. Hou, K. Yan, L. Zhang, Q.J. Yu, Polydopamine nanocluster decorated 

electrospun nanofibrous membrane for separation of oil/water emulsions, Journal of Membrane 

Science, 547 (2018) 156-162. 

[30] Z.-M. Zhang, Z.-Q. Gan, R.-Y. Bao, K. Ke, Z.-Y. Liu, M.-B. Yang, W. Yang, Green and 

robust superhydrophilic electrospun stereocomplex polylactide membranes: Multifunctional 

oil/water separation and self-cleaning, Journal of Membrane Science, 593 (2020) 117420. 

[31] L.D. Tijing, M.T.G. Ruelo, A. Amarjargal, H.R. Pant, C.-H. Park, D.W. Kim, C.S. Kim, 

Antibacterial and superhydrophilic electrospun polyurethane nanocomposite fibers containing 

tourmaline nanoparticles, Chemical Engineering Journal, 197 (2012) 41-48. 

[32] J.-X. Wu, J. Zhang, Y.-L. Kang, G. Wu, S.-C. Chen, Y.-Z. Wang, Reusable and recyclable 

superhydrophilic electrospun nanofibrous membranes with in situ co-cross-linked polymer–chitin 

nanowhisker network for robust oil-in-water emulsion separation, ACS Sustainable Chemistry & 

Engineering, 6 (2018) 1753-1762. 

[33] M. Obaid, H.O. Mohamed, A.S. Yasin, M.A. Yassin, O.A. Fadali, H. Kim, N.A. Barakat, 

Under-oil superhydrophilic wetted PVDF electrospun modified membrane for continuous 

gravitational oil/water separation with outstanding flux, Water research, 123 (2017) 524-535. 

[34] C. Ao, W. Yuan, J. Zhao, X. He, X. Zhang, Q. Li, T. Xia, W. Zhang, C. Lu, Superhydrophilic 

graphene oxide@electrospun cellulose nanofiber hybrid membrane for high-efficiency oil/water 

separation, Carbohydrate Polymers, 175 (2017) 216-222. 

[35] M. Obaid, E. Yang, D.-H. Kang, M.-H. Yoon, I.S. Kim, Underwater superoleophobic 

modified polysulfone electrospun membrane with efficient antifouling for ultrafast gravitational 

oil-water separation, Separation and Purification Technology, 200 (2018) 284-293. 



39 

 

[36] Y. Ding, J. Wu, J. Wang, H. Lin, J. Wang, G. Liu, X. Pei, F. Liu, C.Y. Tang, Superhydrophilic 

and mechanical robust PVDF nanofibrous membrane through facile interfacial Span 80 welding 

for excellent oil/water separation, Applied Surface Science, 485 (2019) 179-187. 

[37] Y. Qin, J. Wang, C. Qiu, Y. Hu, X. Xu, Z. Jin, Self-Assembly of Metal–Phenolic Networks 

as Functional Coatings for Preparation of Antioxidant, Antimicrobial, and pH-Sensitive-Modified 

Starch Nanoparticles, ACS Sustainable Chemistry & Engineering, 7 (2019) 17379-17389. 

[38] M.A. Rahim, M. Björnmalm, N. Bertleff-Zieschang, Y. Ju, S. Mettu, M.G. Leeming, F. 

Caruso, Multiligand Metal–Phenolic Assembly from Green Tea Infusions, ACS applied materials 

& interfaces, 10 (2017) 7632-7639. 

[39] H. Ejima, J.J. Richardson, K. Liang, J.P. Best, M.P. van Koeverden, G.K. Such, J. Cui, F. 

Caruso, One-step assembly of coordination complexes for versatile film and particle engineering, 

Science, 341 (2013) 154-157. 

[40] Q. Dai, Q. Yu, Y. Tian, X. Xie, A. Song, F. Caruso, J. Hao, J. Cui, Advancing Metal–Phenolic 

Networks for Visual Information Storage, ACS applied materials & interfaces, 11 (2019) 29305-

29311. 

[41] H. Ejima, J.J. Richardson, F. Caruso, Metal-phenolic networks as a versatile platform to 

engineer nanomaterials and biointerfaces, Nano Today, 12 (2017) 136-148. 

[42] Z. Wang, S. Ji, J. Zhang, Q. Liu, F. He, S. Peng, Y. Li, Tannic acid encountering ovalbumin: 

a green and mild strategy for superhydrophilic and underwater superoleophobic modification of 

various hydrophobic membranes for oil/water separation, Journal of Materials Chemistry A, 6 

(2018) 13959-13967. 

[43] T. Zeng, X. Zhang, Y. Guo, H. Niu, Y.J.J.o.M.C.A. Cai, Enhanced catalytic application of 

Au@ polyphenol-metal nanocomposites synthesized by a facile and green method, 2 (2014) 

14807-14811. 

[44] V. Kozlovskaya, E. Kharlampieva, I. Drachuk, D. Cheng, V.V. Tsukruk, Responsive 

microcapsule reactors based on hydrogen-bonded tannic acid layer-by-layer assemblies, Soft 

Matter, 6 (2010) 3596-3608. 

[45] Y. Zhang, Y. Su, J. Peng, X. Zhao, J. Liu, J. Zhao, Z.J.J.o.m.s. Jiang, Composite nanofiltration 

membranes prepared by interfacial polymerization with natural material tannic acid and trimesoyl 

chloride, 429 (2013) 235-242. 

[46] Z.-w.S. Zeng, S.E. Taylor, Facile preparation of superhydrophobic melamine sponge for 

efficient underwater oil-water separation, Separation and Purification Technology, 247 (2020) 

116996. 

[47] H.J. Kim, D.G. Kim, H. Yoon, Y.S. Choi, J. Yoon, J.C. Lee, Polyphenol/FeIII complex coated 

membranes having multifunctional properties prepared by a one‐step fast assembly, Advanced 

Materials Interfaces, 2 (2015) 1500298. 

[48] Y.-Z. Song, X. Kong, X. Yin, Y. Zhang, C.-C. Sun, J.-J. Yuan, B. Zhu, L.-P. Zhu, Tannin-

inspired superhydrophilic and underwater superoleophobic polypropylene membrane for effective 

oil/water emulsions separation, Colloids and Surfaces A: Physicochemical and Engineering 

Aspects, 522 (2017) 585-592. 

[49] J. Yang, L. Wang, A. Xie, X. Dai, Y. Yan, J. Dai, Facile surface coating of metal-tannin 

complex onto PVDF membrane with underwater Superoleophobicity for oil-water emulsion 

separation, Surface and Coatings Technology, 389 (2020) 125630. 

[50] H. Wu, H. Sun, W. Hong, L. Mao, Y. Liu, Improvement of polyamide thin film 

nanocomposite membrane assisted by tannic acid–FeIII functionalized multiwall carbon 

nanotubes, ACS applied materials & interfaces, 9 (2017) 32255-32263. 



40 

 

[51] S. Kim, S. Philippot, S. Fontanay, R.E. Duval, E. Lamouroux, N. Canilho, A. Pasc, pH-and 

glutathione-responsive release of curcumin from mesoporous silica nanoparticles coated using 

tannic acid–Fe (iii) complex, RSC Advances, 5 (2015) 90550-90558. 

[52] M. Zhang, W. Ma, S. Wu, G. Tang, J. Cui, Q. Zhang, F. Chen, R. Xiong, C. Huang, 

Electrospun frogspawn structured membrane for gravity-driven oil-water separation, Journal of 

Colloid and Interface Science, 547 (2019) 136-144. 

[53] A. Ricci, K.J. Olejar, G.P. Parpinello, P.A. Kilmartin, A. Versari, Application of Fourier 

transform infrared (FTIR) spectroscopy in the characterization of tannins, Applied Spectroscopy 

Reviews, 50 (2015) 407-442. 

[54] Q. Shi, J.-Q. Meng, R.-S. Xu, X.-L. Du, Y.-F. Zhang, Synthesis of hydrophilic polysulfone 

membranes having antifouling and boron adsorption properties via blending with an amphiphilic 

graft glycopolymer, Journal of membrane science, 444 (2013) 50-59. 

[55] Z. Xu, X. Wang, X. Liu, Z. Cui, X. Yang, K.W.K. Yeung, J.C. Chung, P.K. Chu, S. Wu, 

Tannic acid/Fe3+/Ag nanofilm exhibiting superior photodynamic and physical antibacterial 

activity, ACS applied materials & interfaces, 9 (2017) 39657-39671. 

[56] T. Zeng, X. Zhang, Y. Guo, H. Niu, Y. Cai, Enhanced catalytic application of Au@ 

polyphenol-metal nanocomposites synthesized by a facile and green method, Journal of Materials 

Chemistry A, 2 (2014) 14807-14811. 

[57] A. Xie, J. Cui, J. Yang, Y. Chen, J. Dai, J. Lang, C. Li, Y. Yan, Photo-Fenton self-cleaning 

membranes with robust flux recovery for an efficient oil/water emulsion separation, Journal of 

materials chemistry A, 7 (2019) 8491-8502. 

[58] Q.-Z. Zhong, S. Pan, M.A. Rahim, G. Yun, J. Li, Y. Ju, Z. Lin, Y. Han, Y. Ma, J.J. Richardson, 

Spray Assembly of Metal–Phenolic Networks: Formation, Growth, and Applications, ACS applied 

materials & interfaces, 10 (2018) 33721-33729. 

[59] Y. Yao, M. Yu, H. Yin, F. Wei, J. Zhang, H. Hu, S. Wang, Tannic acid-Fe coordination 

derived Fe/N-doped carbon hybrids for catalytic oxidation processes, Applied Surface Science, 

489 (2019) 44-54. 

[60] G. Ren, L. Gao, C. Teng, Y. Li, H. Yang, J. Shui, X. Lu, Y. Zhu, L. Dai, Ancient chemistry 

“pharaoh’s snakes” for efficient Fe-/N-doped carbon electrocatalysts, ACS applied materials & 

interfaces, 10 (2018) 10778-10785. 

[61] J. Zhang, W. Zhao, Z. Li, G. Lu, M. Zhu, Visible-light-assisted peroxymonosulfate activation 

over Fe (II)/V (IV) self-doped FeVO4 nanobelts with enhanced sulfamethoxazole degradation: 

Performance and mechanism, Chemical Engineering Journal, 403 (2021) 126384. 

[62] Z. Ding, X. Liu, Y. Liu, L. Zhang, Enhancing the compatibility, hydrophilicity and 

mechanical properties of polysulfone ultrafiltration membranes with lignocellulose nanofibrils, 

Polymers, 8 (2016) 349. 

[63] M.A. Rahim, H. Ejima, K.L. Cho, K. Kempe, M. Müllner, J.P. Best, F. Caruso, Coordination-
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