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ABSTRACT 

Fadhilah Hamad Alduraiei  

 

In this work, we report a facile and robust surface membrane modification method via a 

simple coating of PVDF membrane using tannic acid (TA) followed by oxidation with 

sodium periodate (NaIO4). The modified membranes were investigated by SEM, AFM, 

XPS, FTIR, and a water contact angle measurement.  The Contact angle measurement 

shows that the TA modified membrane exhibits superhydrophilicity and underwater 

oleophobicity. Results from FTIR and XPS indicate that the carboxylic groups were formed 

on the surface of the TA modified membrane due to the oxidation of quinone by NaIO4, 

which is the key to superhydrophilicity of the TA modified membrane surface. In addition, 

the modified membrane was tested for oil-in-water emulsion separation. A high TOC 

rejection of 99% was achieved for different kinds of surfactant-stabilized oil-in-water 

emulsions as well as the surfactant-free oil/water mixture. The modified membrane not 

only showed a good water flux and oil/water separation performance but also exhibited 

excellent recyclability and chemical stability. Also, the developed method is versatile and 

can be applied to the different types of substrate material. This robust, simple, and green 

approach gives great potential to fabricate large-scale material surfaces for the industrial 

oily wastewater treatment. 
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Chapter 1: Introduction  

 Water is the worst critical threat the world is facing today in terms of both supply 

and demand. A key threat arises from the ever-increasing daily production of wastewater 

as a result of different human activities and industrial uses. According to The United 

Nations World Water Assessment Program, the volume of wastewater is expected to 

increase by 50% by 2025 (UNEP FI, 2007) [1]. Oily wastewater is recognized as a pollution 

source that has cause for the most concern worldwide because it contains toxic substances such 

as phenols, petroleum hydrocarbons, and polyaromatic hydrocarbons that are inhibitory to plant 

and animal growth as well as posing mutagenic and carcinogenic risks to human beings [2]. 

Oily wastewater refers to oil and water mixtures of any composition which is no longer 

useful for industrial production [3]. The allowable limit for discharged oily wastewater 

stipulated by the Saudi environmental authorities is 10ppm [4]. Given the increasing global 

oil demand, advancement in technology for oily wastewater treatment is highly sought after 

to meet the increasingly stringent environmental regulations.   

 As documented in the literature, there are many conventional oil/water separation 

methods reported so far, including gravity settling, centrifugation, air flotation, 

fibrous/packed bed coalescence, membrane-based technologies, etc. [5]. However, these 

conventional treatment methods are most useful in simple oil water systems with oil 

droplets size > 150 µm or with unstable oil-water emulsion with droplet sizes between 20 

and 150 µm [6]. In order to separate much smaller oil droplets from surfactant-stabilized 

oil-water emulsions, membrane technology is generally considered as an attractive 

alternative technique to the existing conventional treatment. Additionally, it has been 
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reported that for the treatment of  produced water, membrane technologies require 

significantly lower energy and operating costs (i.e., $0.08–0.34/per oil barrel)  than those 

of conventional technologies (i.e., $0.1–5/ per oil barrel)  [7].  

 

 

1.1 Oily Wastewater Stream  

Table 1.1 represents the typical oil concentration ranges that are formed as a result 

of different industrial processes. The oily wastewater stream can be classified into four 

categories depending on their physical forms and droplet sizes: free oil, dispersed oil, 

emulsified oil and soluble oil as shown in Figure 1.1. For the first category, which consists 

of free-floating oil, the density of water is larger than that of oil which makes the gravity 

separator capable of separating both phases. Gravity separation is the most common 

physical treatment used as primary treatment in this case. 
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Table 1.1: Typical ranges of oil concentration from different industrial processes [5] 

Industrial Processes Oil Concentration (ppm) 

Petroleum refining 20-4000 

Metal processing and finishing  100-20000 

Aluminum rolling 500-50000 

Edible oil refining  4000-6000 

Paint manufacturing  1000-2000 

Wool scouring 1500-12500 

Food processing 500-14000 

Cleaning bilge water from ships 30-2000 

Leather processing 200-40000 

 

 

Figure 1.1: Classification and size range of oil droplets[8] 
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In the second category, which consists of dispersed oil, the oil droplets are in an unstable 

state which allows them to return to their original water and oil phases if sufficient time is 

allowed. This phenomenon happens due to the elevated interfacial tension between water 

and oil phases [9]. Unstable oil droplets are easy to coalesce together and form larger oil 

droplets. As a result, these large droplets can be removed using enhanced gravity settlers 

and centrifuges. If the effluent’s quality is still low, further treatment may be needed. 

Secondary treatment may include chemical and/or biological treatment which is used to 

lower the level of oil concentration further. Table 1.2 summarizes the advantages and 

disadvantages of each method  [10]. 
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Table 1.2: Conventional technology to treat oily wastewater [10] 

 

Techniques Categories 

of Treatment 

Methods 

Advantages Disadvantages 

 

Gravity separation 

 

Physical 

Treatment 

 

 

 

Physical 

Treatment 

 

 

- Removes particles. 

- Easy to operate  

 

 

- Ineffective at 

removing 

particles and 

oil droplets 

smaller than 

10 µm)[11]. 

 

Carbon Adsorption  

- Removes 

hydrocarbons and 

acid. 

- Remove high 

molecular weight 

of hydrocarbons. 

- Low energy 

requirements. 

 

- A produced 

waste stream 

of carbon and 

backwash 

which 

requires pre-

treatment. 

 

Oxidation/Ozonation 

 

Chemical 

Treatment 

 

- Removes H2S and 

particles. 

- Remove volatiles 

and non-volatiles. 

- Straightforward to 

operate.  

 

 

- High energy 

inputs 

- Sludge and 

toxic residue 

are produced. 

 

 

Aerobic and 

Anaerobic 

 

Biological 

Treatment 

 

- A high percentage 

of COD can be 

removed. 

 

- The large and 

heavy plant 

required. 

- Sludge and 

gases 

produced 

requiring pre-

treatment. 
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The real issue in treating oily wastewater is when the dispersed phase exists in a 

stable state of emulsion. It is important to note that emulsified oil with a droplet diameter 

smaller than 20 µm is difficult to separate because the oil in these emulsions is  stabilized 

by surfactants that have a high potential barrier that prevents coalescence [12].  

Therefore, conventional treatment methods as shown in Table 1.2 are limited due 

to their inability to obliterate pollutants with a stable phase of oil in the water solution. 

Another limitation of conventional treatment methods is the undesirable generation of 

toxic sludge which requires another stage of purification. Thus, in order to separate small 

oil droplets effectively from stabilized oil-water emulsions, membrane technology, which 

functions primarily on the principle of size exclusion, is acknowledged as one of the most 

effective separation methods, with allowable discharge quality and a relatively simple 

process from an operational viewpoint.  

 

1.2 Membrane Technology for Oily Wastewater Treatment  

Membrane technology uses barriers that separate two different phases, which 

allows the passage of certain selective phases and the retention of others as shown in Figure 

1.2 [13]. To be more specific, membrane separation of oily wastewater is mainly based on 

two principles, size exclusion and surface wettability. Size exclusion is an effect where the 

membrane allows water to pass through it when pressure is applied while preventing oil 

droplets larger than the membrane pores from passing through. With a combination of 
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small pore size and selective surface wettability towards water and oil, the membrane is 

expected to achieve promising water flux and excellent oil rejection. 

 

Figure 1.2:  Schematic diagram of the membrane separation process 

Different types of membrane separation can be used, depending on the pore size 

and the targeted materials for separation. Membrane filtration can be divided into 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO)[14] 

which are all conceptually similar, but have critical differences in pore size of the 

membrane and the amount of pressure applied which defines their applications as shown 

in Table 1.3 
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Table 1.3: Classification of the membrane, pore size, applied pressure and 

targeted species [14-16] 

Membrane types Pore size  Applied 

pressure (bar) 

Targeted species 

 

Microfiltration 

 

0.025 -10 µm 

 

0.1 – 5  

 

Oil emulsion 

Bacteria 

Ultrafiltration 5-100 nm 0.5 – 9  Colloidal solids 

Protein/polysaccharide 

Nanofiltration 0.5 – 100 nm 4 – 20  Common antibiotics 

Reverse osmosis 0.1 nm  20 – 80  Inorganic ions 

 

Among the different types of membranes used for separation, MF is one of the most 

effective membranes for oily wastewater. MF is a pressure-driven membrane which uses 

low pressure and removes droplets that are in the size range 0.025-10 µm from fluid when 

passing through the membrane.  MF membranes could be made from organic (e.g.  

Polymeric membrane) and inorganic materials (e.g.  Ceramic membrane). Ceramic MF 

membranes draw more attention in wastewater treatment sectors as they are a cost-

competitive alternative to polymeric membranes [17]. This emerging technology takes 

advantage of superior chemical resistance that enables aggressive chemical cleaning and 

structural rigidity that alleviates problems associated with repetitive testing, repair, and 
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replacement [18]. Compared to ceramic MF membranes, polymeric MF membranes such 

as polyvinylidene fluoride (PVDF), polypropylene (PP), and polytetrafluoroethylene 

(PTFE) have also been widely used due to their excellent flexibility and satisfactory  

mechanical strength  [19] [20]. However, due to the nature of oily wastewater, the 

performance of membrane filtration is affected by the dispersed droplets that squeeze 

through the pores or accumulate on the surface which leads to membrane flux decline. As 

a result, higher pressure is always required to overcome the fouling resistance and flux 

decline which leads to higher energy consumption. Recently, many studies have focused 

on modifying the surface properties of polymeric membranes such as surface 

hydrophilicity, surface charge, and surface roughness to overcome oily wastewater 

separation issues and improve membrane performance  [21]. 

Membrane fouling remains a major problem in the use of MF membrane for 

wastewater treatment. Fouling decreases flux and oil rejection rate due to the deposition of 

dispersed oil droplets on the membrane surface, also called pore plugging [22]. Membrane 

fouling is significantly dependent on two major factors,  membrane surface properties (e.g. 

hydrophilicity, roughness, and electrical charge) and operating conditions (e.g. the nature 

of feed and its concentration)[23]. Surface modification is considered one of the most 

promising approaches to improving membrane fouling resistance.   
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1.3 Surface Modification to Enhance Membrane Performance  

In general, a membrane that has higher hydrophilicity will have a tightly bound 

water layer on the surface, which diminishes the adsorption of foulants on the surface, thus 

resulting in better antifouling properties. When applied to the purification of oily 

wastewater, polymeric membranes must be very hydrophilic to prevent adhesion of oil 

droplets on membrane surfaces. Because of the differences in  the interfacial tension of oil 

and water, utilizing the superwetting behavior of solid surfaces to design oil/water 

separation processes has been considered an efficient and facile approach[24]. For instance, 

Masuelli (2015) fabricated PVDF membrane by blending it with 20% polycarbonate (PC), 

which gave the membrane hydrophilicity thereby achieving an initial permeate flux of 

28.59 L/m2.h [25]. The chemical oxygen demand (COD) level in the  permeate was 88 ppm 

and the obtained oil rejection was 97.8%. Another study was conducted by Rajasekhar 

(2015), blending PVDF with amphiphilic tri-block copolymer (TBC) containing a 

carboxylic acid functional group  [26]. The blending process improved wettability of the 

PVDF membrane and exhibited a contact angle of 73±2°. This could be explained based 

on the migration of hydrophilic macro molecules to the air surface of the membrane due to 

its affinity towards water. This resulted in the PVDF/TBC membrane having high water 

flux and up to 99% oil rejection. Also, the resulting membranes showed excellent fouling 

resistance property with a flux recovery ratio (FRR) of 67-68% compared with the neat 

PVDF membrane (57%). However, because of the water-favoring property of these 

additives and the weak interaction between the additives and the polymer matrix, the 
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additives tended to be released from the membranes when used long term[24]. Therefore, 

the stability of the blending membranes remains an issue that needs to be addressed. 

The direct formation of a hydration layer on the surface by coating a hydrophilic 

material on it is another effective way of surface modification. This hydration layer will 

create physical and energy barriers hindering foulants from attaching to the surface and 

thus enhancing antifouling properties. Such hydrophilic materials for membrane surface 

modification include poly-ethylene glycol (PEG), polydopamine (PDA), and zwitterions 

material, etc.  Several studies have shown that the co-existence of catechol may be crucial 

for achieving strong adhesion as inspired by the biological adhesion protein of muscles 

[27]. In 2007, dopamine which contains both catechol and amine groups was discovered 

as a one-step facile surface-coating method [28]. It has been widely demonstrated that 

dopamine can self-polymerize to form polydopamine (PDA) in weak alkaline solutions 

with the participation of oxygen and form a long-lasting adhesion on almost all kinds of 

organic and inorganic surfaces under ambient temperatures  [29-31].  This has opened a 

new route for surface modification and functionalized a wide array of material surfaces, 

including super-hydrophobic substrate surfaces  [29, 32]. Studies have been conducted on 

materials that have a similar chemical  structure to PDA such as 3, 4-

dihydroxyphenylalanine (DOPA) which showed successful coating and excellent stability. 

DOPA has more carboxylic acid (see Figure 1.3)  that enhances the adhesion on the surface 

by hydrogen bonding[29]. Additionally, natural amino acids with structures similar to 

dopamine, such as lysine (see Figure 1.3), have also been coated on the membrane surface 

with 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) / N-Hydroxysuccinimide 

(NHS) via covalent bonding to enhance the anti-fouling property[33].  
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Figure1.3: Chemical structure of dopamine (PDA), 3, 4-dihydroxyphenylalanine (DOPA) 

and lysine  

Despite the extensive work on the PDA coating for membrane applications, it has 

shown some drawbacks, such as the formation of nanoaggregates and poor homogeneity 

of  the PDA layer formed during the oxidation process which limits its direct use on the 

separation process. Researchers have explored dopamine-like structures (catechol group) 

with better hydrophilicity and anti-oil adhesion properties. Tannic acid (TA), which is a 

kind of polycatechol and can be extracted from the natural plantnt at lower cost than 

dopamine, has been favorably reported as a coating precursor for various surface 

modifications through covalent or non-covalent interactions. Due to the similarity to 

dopamine of its catechol group structure (see Figure 1.4), TA has emerged as another 

attractive alternative in modifying the membrane surface to enhance antifouling properties.  
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Figure 1.4: Chemical structure of tannic acid 

For example, a high-flux nanofiltration membrane with 99% rejection by simple 

co-deposition of TA and copper acetate on polyacrylonitrile (PAN) ultrafiltration 

membrane was studied by Chakrabarty et al. (2017).  As reported, the modified membrane 

can achieve high hydrophilicity and excellent anti-fouling properties [35].  A similar trend 

was also obtained by Pérez-Manríquez et al. (2017) when the PAN membrane was coated 

with TA and terephtaloyl chloride (TPC).  The water flux and rejection rate increased 

proportionally.  The flux and highest rejection rate observed were 0.08 L/m2.h and 95% 

respectively when using brilliant blue as the feed water [36]. 

 

 

Moreover, Chen et al. (2018) reported another novel way to enhance membrane 

hydrophilicity and antifouling properties through a combination of TA and active 

zwitterion polymer. The resultant TA-zwitterions can be coated onto the membrane surface 
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through non-covalent linkages, including phenol-phospholipid hydrogen bonding and 

cation-π interactions. The modified membranes showed a high antibacterial resistance 

which could be ascribed to the zwitterionic surface that effectively resists the adsorption 

for both negatively and positively charged foulants. Very recently, Wang et al. (2018) 

studied the co-deposition of TA with 3-aminopropyltriethoxysilane (APTES) to directly 

transform superhydrophobic PVDF membrane into superhydrophilic ones in order to 

enhance membrane performance and separation of oil-in-water emulsions. It was reported 

that the pure water flux was as high as 6364 L/m2h, and the oil rejection was 98% with 

0.08 MPa vacuum filtration system. The excellent anti-fouling properties and water flux 

can be attributed to the hierarchical nanosphere-layered coating with hydrophilic TA 

materials. Apart from that, Shih et al.  also developed a superhydrophilic membrane via a 

one-step assembly coating of dopamine (DOPA) and TA under pH 8.5 for 48 h. Though 

promising, this process requires a lot of preparation time in an environment with a certain 

level of pH. Numerous other studies have shown the transformation of hydrophobic 

polymeric membrane surfaces into superhydrophilic ones via the sequential deposition of 

iron ions (Fe (III)) and TA driven by metal-ligand coordination  [39-41]. However, their 

chemical and physical stabilities under harsh conditions such as acidic, salty or ultrasound 

have never been studied. 

  Overall, the application of using polymeric membranes in industrial fields for 

treating oily wastewater is limited by their complex surface modification processes. In this 

study, we aim to develop a very simple and robust tannin-inspired methodology to 

transform hydrophobic PVDF membranes into those having super-hydrophilic and 

underwater oleophobic properties, for effective separation of oil-in-water emulsions as 
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well as immiscible oil-water mixtures. Our strategy offers several distinct advantages, 

including the following: (i) The superhydrophilic modification can be achieved in one step 

at room temperature, avoiding tedious steps, complicated equipment, and harsh conditions. 

(ii) As our strategy is based on the distinct adhesion properties of TA and rapid deposition 

on the membrane surface via oxidation of sodium periodate, independent of the surface 

properties of the substrates, it can be generalized to transform various highly hydrophobic 

materials into superhydrophilic ones. (iii) Plant-derived TA is cost-effective, increasing the 

potential of this strategy for practical applications. We believe that a distinct and stable 

layer structure is attractive for many additional applications beyond the one we have 

described. 
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Chapter 2: Materials and Methods 

2.1 Chemicals and Materials 

Poly (vinylidene fluoride) (PVDF) microfiltration membranes (mean pore size = 0.22 um) 

were supplied by Merck. Stainless steel mesh was supplied by Alfa Aesar. Ethanol and n-

hexane were provided by VWR Corporation. Tannic acid (TA) was purchased from 

Spectrum MFG Corporation. Sodium periodate (NaIO4) was purchased from, Sigma 

Aldrich. 1, 2- dichloroethane was provided by Acros Organics. Tween 80 and iso-octane 

were purchased from Fisher Scientific. Commercial gasoline was purchased from the local 

gas station in KAUST. All the chemicals were used as received.  

 

2.2 Membrane Preparation  

The commercial PVDF membrane was pre-wetted by ethanol first and then dipped into TA 

aqueous solution (20 mg/ml in ethanol) for 1, 5, 10 and 15 minutes. The wetted membrane 

was immersed in NaIO4   aqueous solution (20 mg/ml) for another 5 minutes. The fabricated 

membrane was rinsed by DI water several times to remove unstable residues then dried by 

nitrogen. Table 2.1 shows the preparation of different membrane samples. To illustrate the 

impact of oxidation process by NaIO4 on the hydrophilization of the PVDF membrane, an 

unmodified PVDF membrane was prepared as well. To demonstrate that  the above coating 

strategy is versatile and can be used for the gravity-driven surfactant free oil-water 

separation, a piece of the stainless steel mesh (3×3 cm2) was coated with the same method 

and fixed between two glass tubes (diameter: 1.5 cm), serving as a separation membrane. 
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Table 2.1:  Preparation of PVDF membrane samples at different TA immersion and 

NaIO4 oxidation times 

Samples TA (min) NaIO4 (min) 

1 1 5 

2 5 5 

3 10 5 

4 15 5 

 

 

2.3 Membrane Characterization 

2.3.1 Atomic Force Microscopy (AFM) 

The surface roughness of the membrane was determined by an atomic force microscope 

(AFM, Dimension Icon, and Bruker). The average surface roughness, which is defined as 

the average deviation from peaks and valleys from a mean plane, was analyzed by 

Gwyddion open-source analysis software. 

2.3.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS is widely used to provide elemental and chemical binding information with a depth-

profile of the sample surface in the range of 1-10 nm.  The XPS experiments were 

performed on a Kratos Axis Ultra DLD instrument equipped with a monochromatic Al Kα 

X-ray source (hν = 1486.6 eV) operated at a power of 150 W and under ultra-high vacuum 
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(UHV) conditions in the range of ∼ 10−9 mbar. All spectra were recorded in hybrid mode 

using electrostatic and magnetic lenses and an aperture slot of 300 μm × 700 μm. The 

survey and high-resolution spectra were acquired at fixed analyzer pass energies of 160 eV 

and 20 eV, respectively. 

2.3.3 Contact angle Goniometer 

The hydrophilicity of each membrane was evaluated using  a contact angle goniometer 

(OCA 15EC, Dataphysics Instruments) using the sessile drop method. A water droplet of 

1 μL was carefully placed on the outer surface of the prepared membrane using a micro 

syringe. The goniometer estimates the angle of the water droplet in the air and underwater 

oil contact angle on the membrane surface.  

2.3.4 Scanning Electron Microscopy (SEM) 

Surface morphologies were observed by scanning electron microscopy (FEI Quanta 600 

FEG) and the membrane pore size was measured by Image J software. The samples were 

mounted on aluminum stubs with carbon tape and followed by sputter-coating using 

iridium to inhibit sample charging during analysis. The SEM images of the membranes 

were then taken at different magnifications.  

2.3.5 Fourier Transform Infrared Spectroscopy (FTIR) 

The surface chemistry was investigated by Fourier Tansform Infrared Spectroscopy (FTIR) 

(Nicolet iS10, Thermo Fisher Scientific). The spectra were measured in transmittance 

mode over a wave range of 4000 to 650 cm-1 with an accumulation of 16 scans at a 

resolution of 2.0 cm-1. 
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2.3.6 Mercury porosimeter 

The average pore size of membranes was investigated by using mercury porosimeter 

(Autopore IV 9500, Micromeritics). Mercury porosimetry measures the porosity of a 

material by applying controlled pressure to a sample immersed in mercury. External 

pressure is required for mercury to penetrate into the pores of a material due to the high 

contact angle of mercury.  The amount of pressure required to intrude into the pores is 

inversely proportional to the size of the pores.  The pore size distributions from the pressure 

versus intrusion data could be generated by the instrument using the Washburn equation.  

 

2.4 Characterization of Emulsion  

2.4.1 Optical Microscope  

Optical microscope (AZ100M, Nikon) was used to demonstrate the oil droplets in the 

solution before and after filtration experiment.  

2.4.2 Dynamic light scattering (DLS) 

The size distribution and average size of oil droplets in the solution were measured using 

Zetasizer (Nano ZS, Malvern Instrument Inc.), with a refractive index of 1.445, 1.354 and 

1.388 for 1, 2-dichloroethane, n-hexane, and iso-octane, respectively, using water as a 

dispersant. The principle of DLS was based on the Stokes-Einstein equation (Equation 1): 
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D = 
𝑘𝑇

6𝜋𝜂𝑅
                                                                                           (1) 

Where D is  the diffusion coefficient for a particle in a free volume based on the Boltzmann 

constant (k), the absolute temperature (T), the viscosity of the solution (𝜂 ) and the 

hydrodynamic radius (R) of the particles.  

2.4.3 Total Organic Carbon (TOC) 

TOC analyzer (TOC-LCPN, Shimadzu Co.) was used to analyze the concentration of total 

organic carbon in the surfactant-stabilized oil-in-water emulsions. In general, the sample 

is delivered to the combustion furnace, which is supplied with purified air.  After that, it 

undergoes combustion through heating to 680 °C with a platinum catalyst, which is 

decomposed and converted to carbon dioxide. The carbon dioxide generated is cooled and 

dehumidified, and then detected by the infrared gas analyzer (NDIR). The concentration 

of TC (total carbon) in the sample is obtained through comparison with a calibration curve 

formula. Furthermore, by subjecting the oxidized sample to the sparging process, the IC 

(inorganic carbon) in the sample is converted to carbon dioxide, and the IC concentration 

is obtained by detecting this with the NDIR. The TOC concentration is then calculated by 

subtracting the IC concentration from the obtained TC concentration. 
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2.5 Preparation of Oil-in-Water Emulsions 

The surfactant-stabilized oil-in-water emulsions were obtained by mixing surfactant 

Tween-80 into various types of oil (e.g. 1, 2-dichloroethane, n-hexane and iso-octane) and 

water with a ratio of 1 ml/50 ml/0.02 ml (oil/water/surfactant) and undergoing sonication 

for 1 hour followed by stirring overnight. 

 

2.6 Membrane performance testing 

The filtrations were made with the dead-end filtration system represented in Figure 2.1. 

The fabricated membrane was fixed between a vertical glass funnel with a diameter of 1.6 

cm and conical flask. The synthetic oil-in-water emulsions were added into the upper 

funnel with a volume of 10 ml.  The Separation process was driven by  a vacuum pressure 

pump (0.8 bar).  

 

 

 

 

 

Figure 2.1: Design of vacuum filtration setup 



38 
 

The permeation fluxes of emulsions in the filtrates were measured. The water flux (J) and 

oil rejection of the membranes were defined as  

 

J = 
𝑉

𝐴∆𝑡
     (2) 

Where V is the permeate volume (L), A is the effective membrane area (m2) and ∆𝑡 is the 

permeate time (h) 

R (%) = (1- 
𝐶𝑝

𝐶𝑜
) × 100   (3) 

Where R is the oil rejection rate, Cp and Co are concentrations of oil in the permeate and 

feed emulsion, respectively. The concentrations of feed and permeate were investigated 

using a TOC analyzer to analyze the concentration of total organic carbon in the surfactant-

stabilized oil-in-water emulsions.  

 

2.7 Stability and Anti-Oil Fouling Analysis 

To detect the chemical stability of the optimally modified PVDF membranes in the harsh 

pH and salty environments, we compared the water contact angle variations of the TA 

modified PVDF membranes after being rinsed with the strong acidic (pH = 2) and sodium 

chloride (NaCl) solutions (36 g NaCl in 100 g of water) for 2 hours. The mechanical 

stabilities of these membranes were also investigated by being subjected to 1 hour of 

sonication. The treatment was replicated three times. The anti-oil fouling performance is 
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an essential indicator to evaluate the reusability and durability of an oil/water separation 

membrane. In order to evaluate the antifouling property of membranes, the flux recovery 

ratio (FRR), reversible fouling ratio (Rr) and irreversible fouling ratio (Rir) were measured 

using the following equations (4, 5, 6) : 

FRR (%) = (
𝐽𝑤,2

𝐽𝑤,1
) × 100    (4) 

Rr (%) = (
𝐽𝑤,2−𝐽𝑝

𝐽𝑤,1
)× 100   (5)  

Rir (%) = (
𝐽𝑤,1−𝐽𝑤,2

𝐽𝑤,1
)× 10   (6) 

Where Jw,1 is initial pure water flux, Jp is permeate flux, and Jw,2 is the water flux of  the 

cleaned membrane. Generally, a higher FRR indicates better antifouling properties of the 

tested membrane. Furthermore, the stability of membrane performance was detected 

through recording the flux every 5 minutes for 1 hour using surfactant-stabilized iso-

octane-in-water emulsion separation.  
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Chapter 3: Result and discussion  

3.1 Surface characterization 

3.1.1 Scanning Electron Microscope (SEM) 

The membrane surface imaging of pristine PVDF and TA-modified PVDF were analyzed 

to observe changes on the membrane surface. As shown in Figure 3.1(a), the pristine PVDF 

membrane was porous with smooth pore surfaces. After surface modification, it became 

relatively rough and the formation of a coating layer was clearly observed in Figure 3.1(b).  

 

Figure 3.1: SEM images of (a) PVDF and (b) TA-modified PVDF membrane  

 

3.1.2 Membrane pore size measurement  

The average pore size of the TA modified PVDF membrane was determined by mercury 

intrusion porosimetry which was approximately 0.25 μm as shown in Figure 3.2. There is 

a barely change after the TA modification as compared with pristine PVDF membrane 
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(0.22 µm). The result demonstrates that the coating layer on the membrane surface was too 

thin to block the pores [39, 40].  

 

 

 

 

  

 

 

Figure 3.2: Pore size distribution of TA-PVDF membrane 

 

3.1.3 Atomic Force Microscopy (AFM) 

The average surface roughness was determined by AFM on the modified and unmodified 

membranes. As shown in Figure 3.3(a), the TA-modified membrane had a much smoother 

surface compared to the unmodified PVDF membrane. The PVDF typically has a rough 

surface morphology. However, after modifying the membrane surface with TA solution 

and followed by  oxidation of NaIO4, the membrane surface became rougher with an 

arithmetic average roughness (Ra) of 298.4 nm according to Figure 3.3(b) compared to that 

of the unmodified PVDF membrane (150.2 nm). This can be attributed to the formation of 

TA coating layer on the PVDF membrane surface.  
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Figure 3.3: AFM images of unmodified (a) PVDF and (b) TA-modified PVDF membrane  

 

3.1.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS analysis of the membrane surface further confirmed the success of the modification. 

A wide scan of the XPS result presented in Figure 3.4 shows that the pristine PVDF had 

two peaks correlated to F1s peak and C1s peak while a wide scan of the TA sample in 

Figure 3.5 showed only carbon and oxygen peaks. As expected, Figure 3.6 demonstrates 

that all F1s peak of TA modified membranes decreased and even disappeared for F 2s 

whereas the peak of O1s appeared due to the successful formation of a hybrid coating on 

the membrane surface. 
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Figure 3.4: XPS wide-scan pristine of PVDF  

 

Figure 3.5: XPS wide-scan pristine of TA  
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Figure 3.6: XPS wide-scan of TA- modified PVDF 

As indicated in Table 3.1, the [CH2]:[CF2] area ratio of about 1.05 is in agreement 

with the theoretical ratio of 1.0 dictated by the chemical structure of PVDF [42, 43]. The 

high-resolution scan of pristine PVDF C1s core-level exhibited mainly two components 

attributed to [CH2] at 286.2 eV and [CF2] groups at 290.7 eV because of the chemical shift 

reflecting the chemical structure as shown in Figure 3.7[44]. According to the Figure 3.8, 

the main peaks can be decomposed into five components assigned to C=C (284.4 eV), C-

C (284.9 eV), C-O (286.3 eV), O-C=O (288.8 eV), and the satellite 𝜋-𝜋* (291.5 eV) 

characteristic of aromatic rings. As presented in Table 3.1, the percentage of O-C=O groups 

in the TA modified PVDF membrane is higher than that of original TA materials, indicating 

that the quinone was further degraded to carboxyl groups due to the oxidative cleavage of 

NaIO4 described in Figure 3.9. As shown in Figure 3.10, the XPS core level after the TA 

modification on PVDF membrane exhibits additional peak of C=O which can be attributed 

to the quinone group generated by the oxidation of TA.. 
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Figure 3.7: C1s core-level spectra of PVDF  

 

Figure 3.8: C1s core-level spectra of TA 
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Table 3.1: Detailed carbon composition of PVDF, TA and TA-PVDF membranes. For 

each sample, the percentage of each component fitted into the carbon peak and extracted 

from figure 2 are shown (in at. %) 

  PVDF Tannic Acid PVDF and Tannic Acid 

C-C / C=C 0.90% 38.40% 31.90% 

CH2-CF2 50.40% - 6.00% 

C-O 0.80% 44.50% 26.90% 

C=O  - - 10.90% 

O-C=O  - 11.00% 16.00% 

CH2-CF2 48% - 6.20% 

C-Ar (π-π*) - 6.10% 2.60% 

 

 

Figure 3.9: The formation of quinone and carboxyl groups due to the oxidative cleavage 

from NaIO4 
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Figure 3.10: C1s core-level spectra of TA- modified PVD 

 

 

3.1.5 Fourier-Transform Infrared Spectroscopy (FTIR) 

The chemical components of pristine the PVDF membrane and TA-modified membranes 

were further investigated by ATR-FTIR. The spectrum of the pristine PVDF membrane 

was presented in Figure 3.11. The absorption peak appeared at 1403 cm−1 and can be 

attributed to a CH2 wagging vibration while the peaks that appeared at 1185 cm−1 can be 

attributed to carbon-carbon (C–C) band.  The peaks at 878 and 840 cm−1 were related to 

C–C–C asymmetrical stretching vibration and CF stretching vibration of PVDF [45]. In 

the TA spectrum, a wide and strong band centered at 3356 cm-1 can be noticed which can 

be assigned to the hydroxyl groups (OH) stretching vibrations.  The peak shown in the 

region of 1500-1400 cm-1 is related to the C–C bonds in the phenolic groups. Also, the 

signal bands of carbonyl groups (C=O) stretching vibration at 1730-1705 cm-1 and C–O at 
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1300-1100 cm-1 are due to aromatic esters of TA [46]. The successful coating of TA on the 

PVDF membrane could be confirmed by the slightly broadened peak at ~3406.4 cm−1 

which is associated with the O-H group [46, 47]. Additionally, TA-PVDF spectrum showed 

a new absorption peak around 1724.1 cm−1 and 1620.6 cm-1, which can be ascribed to 

carbonyl/carboxyl groups and aromatic groups of TA [46]. These hydrophilic functional 

groups are the reason that TA-modified PVDF membranes were endowed with 

Superwettability. 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: FTIR spectra of PVDF, TA, and PVDF-TA 

 

C=C C=O 

C=C 
C=O 

O-H 

O-H 
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3.1.6 Surface Wettability  

The surface wettability of pristine PVDF and TA-modified PVDF membranes were further 

studied by the contact angle (CA) measurement. As shown in Figure 3.12(a), the pristine 

PVDF membrane exhibited a water contact angle of 129°, indicating that it has a 

hydrophobic property. After it was modified with TA, the PVDF membrane changed from 

hydrophobicity to superhydrophilicity. The TA immersion time influenced the wettability 

of TA-PVDF coating after NaIO4 oxidation (see Figure 3.12). When the immersion time 

increased to five minutes, the surface became superhydrophilic with water completely 

spreading over the surface in 50 ms as demonstrated in Figure 3.12(b). No significant 

change was observed when the TA immersion time was further increased to 10 and 15 

minutes (see Figure 3.13). Therefore, the TA coating time of 5 min and NaIO4 oxidation 

time of 5 min was the optimized condition for fabricating superhydrophilic TA-PVDF 

membrane. This can be attributed to the polar interaction between water molecules and 

carboxyl groups as well as hydroxyl groups from the TA coating on the PVDF membrane 

surface as demonstrated in Figure 3.14 [48]. Also, when TA modified PVDF membrane 

was placed underwater, it exhibited oleophobic properties with an underwater oil contact 

angle of 148° (Figure 3.12(c)). On the other hand, when the PVDF membrane was placed 

under water, DCE was adsorbed easily by the pristine PVDF membrane (Figure 3.12(d)). 

When TA was added on the PVDF membrane surface, it exhibited excellent anti-oil 

adhesion ability (Figure 3.12 (e)). This can be attributed to multiple factors. Firstly, the 

original PVDF membrane possesses a porous micro/nano-scale hierarchical structure with 
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a certain roughness. After the TA coating, a hydrophilic layer was assembled on the pore 

surface of the PVDF membrane, which is beneficial for trapping water onto the membrane. 

Then the hydrated layer decreased the contact area between the membrane surface and the 

oil droplet [47], lead to a remarkable increase in oleophobicity and a decrease in oil 

adhesion.  

 

 

 

 

 

 

 

 

 

Figure 3.12: The contact angle images of water on the (a) original PVDF membrane (b) 

TA modified PVDF membrane in the air, (c) Underwater oil contact angle image of TA 

modified PVDF membrane, (d) Photograph of DCE (dyed by Oil Red O) absorbed 

completely into original PVDF membrane surface, (e) Photograph of DCE loaded on TA 

modified PVDF membrane to demonstrate its underwater anti-oil adhesion property. 

(a) Air 

Water 

129° 

(c) Water 

DCE 

148° 
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Figure 3.13: Water contact angles and their total time required to completely spread over 

the surface of different types of prepared samples (Sample 1-4 indicate the PVDF 

membrane was immersed into TA solution at 1, 5, 10 and 15 min, respectively, then 

followed by 5 min of NaIO4 oxidation) 

 

 

Figure 3.14: Hydrogen bonding interaction between water molecules and carboxyl groups  

 

The significant transformation of surface wettability is due to the successful 

formation of TA layer on the PVDF membrane.  TA can be coated on a PVDF membrane 

via the Van der Waals force and hydrophobic interactions. Moreover, NaIO4 is a strong 
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enough oxidant to oxidize TA to quinone groups. Quinone can be further degraded to yield 

carboxyl functional group due to the oxidative cleavage from NaIO4 using the melanin 

degradation mechanism as shown in Figure 3.9[52]. The formation of hydrophilic carboxyl 

groups on the PVDF membrane substrate during the oxidation of NaIO4 further endows 

the membranes with superhydrophilic properties. 

 

3.2Evaluation of the Synthetic Oil in Water emulsion 

The properties of different types of emulsions in terms of TOC concentration and droplet 

sizes are shown in Table 3.2. The emulsions were stable for more than two days (as shown 

in Figure 3.15), which were then used for separation.  

Table 3.2:  The properties of the synthetic oil-in-water emulsions 

Oil-in-water emulsions  

 

TOC concentration 

(mg/L) 

Droplet 

size  

(μm) 

Dichloroethane 510 0.322 

Iso-octane 670 0.523 

Hexane 750 3.045 
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Figure 3.15: The comparison of originally prepared oil-in-water emulsions before (A1, 

A2, and A3) and after 12 hours (B1, B2 and B3) for iso-octane, dichloroethane, and 

hexane in water, respectively. 

 

 

3.3 Evaluation of the Membrane Filtration Properties 

To investigate the water flux and separation efficiency of the TA modified PVDF 

membrane samples, various types of the surfactant-stabilized oil-in-water emulsions were 

tested to study membrane filtration performance. The vacuum filtration system used is 

displayed in Figure 3.16. The pristine PVDF membrane is hydrophobic in nature thereby 

making it difficult for water molecules to pass through the surface pores.  After TA coating 

on the PVDF membrane surface, the pure water flux of the membrane was 5043.75 ± 34.47 

L/m2h. As shown in Figure 3.17, the permeate flux measured was as high as 56.35 ±9.17 

L/m2h, 38.45±13.26 L/m2h and 401±97 L/m2h for hexane-in-water, iso-octane-in-water 

and 1, 2-dichloroethane (DCE)-in-water respectively, under a driving vacuum pressure of 

A1 A2 A3 B1 B2 B3 
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0.8 bar. The highest water flux obtained by 1,2-dichloroethane-in-water can be attributed 

to the smaller droplet sizes of DCE as indicated by Figure 3.19 which shows lower water 

permeation resistance,  resulting in higher water flux as compared with others. 

 To determine the separation efficiency, total organic carbon (TOC) was used to 

characterize the oil content of permeates after separation. From Figure 3.17, the average 

TOC rejection obtained was around 99% for all different types of oil-in-water emulsions. 

A comparison of the feed and permeate samples from the membrane separation using 

microscopic observation is shown in Figure 3.18. Initially, there were many oil droplets in 

the feed emulsion solution (Figure 3.18 a1-c1). After filtration, no oil droplets were 

observed in the filtrate (Figure 3.18 a2-c2), indicating that the oil droplets had been 

successfully removed from the oil-in-water emulsions by TA modified PVDF membrane. 

The high TOC rejection can be caused by the bigger average droplet sizes of oil in the 

emulsions, i.e. 0.322, 0.523 and 3.045 μm for 1, 2-dichloroethane, iso-octane, and hexane 

in water, respectively, as measured by DLS (Figure 3.19). Therefore, the TA modified 

membrane exhibited superior performance in separating these oil-in-water emulsions 

because its surface pore sizes are smaller than the average oil droplet sizes in the emulsions. 

It should be mentioned that the water flux can be reduced when smaller membrane pore 

size is employed. Here, PVDF microfiltration membrane substrate was selected due to its 

largest pore size compared to ultrafiltration or nanofiltration membrane. Overall, the 

permeate oil concentration was less than 10 ppm which is within the allowable limit for oil 

and grease for water discharges in the eastern Mediterranean region [4]. 
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Figure 3.16:  Schematic diagram of the vacuum filtration system 

 

Figure 3.17: The water flux and TOC rejection rate of different oily wastewaters 
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Figure 3.18: Optical microscope images and the photographs of the emulsion feed (a1, 

b1, c1) and permeate (a2, b2, c2) of 1, 2-dichloroethane, iso-octane and hexane in water 

before and after filtration, respectively. The scale bar is 20 μm.  

 

 

 

 

 

 

Figure 3.19: Droplet size distributions of various kind of oil-in-water emulsions 
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3.4 Evaluation of Antifouling Properties 

Membrane fouling is a bottleneck problem in the separation membrane, so fouling 

resistance is an important index of membrane performance. To evaluate antifouling 

properties of  the TA-modified PVDF membrane, a cyclic filtration test with synthetic 

emulsion (surfactant-stabilized oil-in-water) was conducted. Figure 3.20 presents the time-

dependent flux during the filtration operation. During the second hour of the oil/water 

separation process (second phase), membrane flux had gradually decreased because oil 

droplets were retained and accumulated on the membrane surface. After the DI water 

cleaning went on for 5 min (third phase), more than 90% of pure water flux was recovered 

for all different types of oil-in-water emulsions. The fouling behavior was further 

quantified by measuring the flux recovery ratio (FRR) that is illustrated in Figure 3.21. The 

TA modified membrane showed remarkably higher FRR, reversible fouling (Rr) reversible 

fouling values and lower irreversible fouling  (Rir) values for all different types of surfactant 

stabilized oil-in-water emulsions, which means a better antifouling property [53]. This can 

be due to the underwater oleophobicity of the TA modified membrane that gives the 

membrane superior anti-oil attaching properties and low adsorption of oil droplets and 

surfactants on/in the membrane surface. With the TA layer coated on the surface, the 

modified membrane surface is rich in excess hydroxyl groups and thus rendering the 

surface superhydrophilicity. The antifouling property of superhydrophilic surfaces can be 

attributed to the highly hydrated layer around the surface, which prevents the adhesion 

between the surface and oil droplets and surfactants [54, 55], resulting in high flux recovery 

and low irreversible fouling. 
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Figure 3.20: The time-dependent flux of TA-modified membranes 

 

Figure 3.21: Flux recovery ratio (FRR), reversible fouling ratio (Rr) and irreversible 

fouling ratio (Rir) of the TA modified PVDF membranes for three different types of oil-

in-water emulsions 
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3.5 Evaluation of Membrane Stability  

To investigate the stability of  theTA modified PVDF membrane, the in-air water contact 

angle and underwater oil contact angle of the TA modified PVDF membrane were 

measured repeatedly every 5 minutes during the iso-octane-in-water filtration process.  As 

shown in Figure 3.22, the in-air water contact angle and underwater oil contact angle were 

measured to be 0° and 148°, respectively, throughout the entire filtration process, 

indicating the outstanding stability of the resultant TA coating layer on PVDF membrane.  

  

Figure 3.22: Water contact angles and underwater oil contact angles trend during the iso-

octane-in-water filtration process 

The chemical and physical stability of the TA coating was assessed through contact 

angle measurement by a continuous rinsing treatment with different chemical solutions and 
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undergo in the sonication process. As displayed in Figure 3.23, after rinsing with acidic pH 

2 solution, the water contact angle of TA-PVDF was about 0° and underwater oil contact 

angle was above 142°. Similar results were also observed when rinsed with NaCl solution 

and ultrasound treatment, indicating that the formation of TA on the PVDF membrane is 

very stable. Its excellent superhydrophilicity feature remains unchanged after being 

subjected to different chemical and physical stresses. The high stability of  the TA-PVDF 

membrane is attributed to the oxidation of abundant catechol groups to quinone groups 

through sodium periodate that form a strong Van der Waals force and hydrophobic 

interaction with PVDF membrane surface [49-51]. 

 

Figure 3.23:  Water contact angles and underwater oil contact angles of TA modified 

PVDF membrane after continuous rinsing treatment (2 h) with different solutions or 

ultrasound treatment (1 h). 
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This oxidant-induced TA modification strategy is versatile and could also be 

applied to other substrates to create superhydrophilic surface materials in a very short 

period (Figure 3.24(a)).  For instance, by using the same strategy, we modified the stainless 

steel (SS) mesh with TA and investigated the performance and stability of the surfactant-

free gasoline/water mixture separation by gravitational force. When the gasoline/water 

mixture was poured into the TA-modified SS mesh, water passed through the modified SS 

mesh quickly, whereas gasoline remained on the upper side. The same water contact angle 

of about 0° and underwater oil contact angle of about 148° were maintained throughout 10 

cycles of continuous separation processes (see Figure 3.24(b)). Thus, our method is 

expected to become sustainable and highly cost-effective for oil-water separation as the 

materials can be recycling and used many times on different kinds of substrates. Compared 

to other works, this TA modified SS mesh is also comparable to those of reported modified 

SS mesh used with similar oil/water mixture [56, 57]. 
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Figure 3.24: (a) Gravity-driven gasoline/water mixture separation by TA modified SS 

mesh. (b) Water contact angle and underwater oil contact angle of TA modified SS mesh 

throughout 10 cycles of the separation process 
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Chapter 4: Conclusion and Recommendations   

We have successfully developed a superhydrophilic and underwater oleophobic PVDF 

microfiltration membrane for oil-in-water (o/w) emulsion separation.  The method involves 

the coating of TA layer on the PVDF membrane surface followed by the oxidation of 

sodium periodate. This oxidant-induced TA coating strategy only took about 10 minutes 

and the superhydrophilicity was well maintained even after 10 cycles of oil-in-water 

emulsion filtration process. The optimum TA-modified membrane not only showed a 

promising water flux and oil/water separation efficiency for different kinds of surfactant-

stabilized oil-in-water emulsions driven by low vacuum pressure but also exhibited 

excellent recyclability and underwater anti-oil adhesion ability. In the future, this facile and 

simple TA coating strategy should be applied to the electrospun membranes to determine 

their oil/water separation efficiency under gravity driving force. Moreover, a scale-up of 

the existing membrane using the same coating strategy should be carefully evaluated based 

on its oil/water separation efficiency, performance stability and recyclability for practical 

application. We believe that this simple and eco-friendly fabrication process gives the 

surface materials great potential for mass production and application to industrial oily 

wastewater treatment. 
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