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Abstract

A microporous hydrophobic membrane for refinery produced wastewater have been extensively reviewed and discussed. Many investigations attempted the use of poly(vinylidene fluoride) PVDF hollow fiber membranes to separate the dilute oil-in-refinery wastewater. Using hydrophobic membranes, oil is normally produced as permeate. Hydrophilic membranes can produce water which was free of oil or reduced oil and organic matter content as permeate. PVDF was modified by chemical treatments in order to obtain a functionalized polymer suitable for preparation of membranes with improved the hydrophilicity and fouling resistance. The addition of organic or inorganic hydrophilic material in casting dope to prepare porous membranes by phase inversion method was an effective technique to improve the flux and amount of wastewater removal process. Membrane morphology, wastewater permeance, and membrane hydrophobicity were examined and compared  to polymer casting dope. PVDF hollow fiber membranes were found to be an effective membrane material for treatment of refinery produced wastewater.

Keywords: polyvinylidene fluoride, hollow fiber, additives solution, refinery wastewater.
Introduction

Conventional approaches to treating refinery wastewater have included gravity separation and skimming, dissolved air flotation (DAF), de-emulsification, coagulation and flocculation. Gravity separation followed by skimming is effective in removing free oil from wastewater. Oil-water separators and its variations have found widespread acceptance as an effective, low cost, primary treatment step. However, these are not effective in removing smaller oil droplets and emulsions. DAF uses air to increase the buoyancy of smaller oil droplets and enhance separation. Chemical emulsion breaking is effective if properly applied, but it suffers from several shortcomings such as dissolved solid content in the effluent increases, the process is highly susceptible to changes in influent quality, corrosion problems could be occurred due to acidification of the influent, large volumes of sludge production, and highly operating cost. 

Refinery wastewater streams may contain oils and grease, sulfide, phenols, heavy metals, ammonia nitrogen, and total suspended solid (TSS). Wastewater in petroleum industry is currently treated by activated sludge process with pretreatment of oil/water separation. Several researchers had investigated the performance of treating the refinery wastewater with the use of oil-acclimatized activated sludge where the oil and contaminants are adsorbed on the sludge. The activated sludge settled in the form of flocs. The removal efficiency of the oil by settling method was found to be 80-82% [25,37].

Although the settling method of biological solids is economical, the increase of public awareness concerning the environmental pollution, tightening effluent regulations, and increasing need for reuse of treated water are forcing the researchers to develop other treatment process. Membrane filtration gave an attractive alternative for refinery wastewater treatment. It had the added advantage of consistently producing an effluent almost free from pollutant with less operational problems [33].

Membranes have become one of the most sought-after techniques in separation processes. They are used in various industries and plants such as desalination, water purification and wastewater treatment plants. One of the well-known applications of porous membrane in wastewater treatment is to make emulsions of different size [1]. The method is based on the ability of low pressure to force the dispersed phase to permeate through membrane into a continuous phase and is applicable to  both oil-in-water (o/w) and water-in-oil (w/o) emulsions. Large amount of liquid waste in the form o/w or w/o emulsions is generated in the process industries, such as the petrochemical, petroleum, metallurgical, and transportation. 

Membranes have several advantages, among them:

1. The technology is more widely applicable across a wide range of industries.

2. The membrane is a positive barrier to rejected components. Thus, the quality of the treated water (permeate) is more uniform regardless of influent variations. These variations may decrease flux, but generally does not affect quality of its output.

3. No extraneous chemical are needed, making subsequent oil recovery easier.

4. Membranes can be used in-process to allow recycling of selected wastewater within a plant.

5. Concentrates up to 40-70% oil and solids can be obtained by UF and MF. 

6. Membrane equipment has small foot print.

7. Energy costs are lower compared to thermal treatments.

8. The plant can be highly automated and does not require highly skilled operators.

The increased popularity of polyvinylidene fluoride (PVDF) in refinery wastewater treatment process is primarily attributed to its excellent chemical resistance and thermal stability. PVDF is a semi-crystalline polymer containing a crystalline phase and a amorphous and/or rubbery phase. The crystalline phase provides thermal stability and the amorphous phase has flexibility towards membranes. PVDF is stable while it is attacked by most corrosive chemicals and organic compounds including acids, alkaline, strong oxidants and halogen [1-3]. These advantages properties make it an outstanding membrane material particularly for industrial wastewater treatment applications involving oil emulsion [4], organic/water separation [5,6], gas absorption and stripping [7], membrane distillation [8,9], and ultrafiltration [10]. Also worth mentioning here is their ability to withstand prolonged exposure to high temperatures of 366K and PVDF can be autoclave for sterilized applications (typically at 121 0C) [11]. 
PVDF is often grouped together with polypropylene (PP), Polytetrafluoroethylene (PTFE). Of these three polymers, only PVDF can be made into asymmetric membrane using the phase inversion method. As a semi-crystalline polymer, PVDF generally exhibits a more complicated phase separation behavior than amorphous polymer [12]. Growth of polymer crystallinity, on the other hand, has detrimental effect to the final membrane transport properties as it both decreases the free volume of amorphous region available for species transport and increases tortuous of membrane [13]. 
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Polytetrafluoroethylene (PTFE)       Polyvinylidenefluoride (PVDF)        Polypropylene (PP)

Fig. 1 Example of hydrophobic monomer used for membrane separation
Research and development of preparation and characterization of PVDF membranes for refinery wastewater treatment focused strongly on the fundamental membrane morphological studies via the phase inversion technique and later on the development of hollow fiber membranes and their applications [14-25]. In these studies, solvent additives additives such as glycerol, polyvinylpyrrolidone (PVP), (PMMA), polyethylene glycol (PEG), Lithium chloride (LiCl), Lithium perchlorate (LiClO4), Alumina (Al2O3), Titanium dioxide (TiO2) and non-solvent such as N-methyl-2-pyrolidone (NMP), N,N-dimethylacetamide (DMAc), triethylphosphate (TEP), dimethylformamide (DMF) were reviewed, aiming at improving the membrane morphology, performance and mechanical strength.  

Nature of refinery effluent 
In petroleum industries, a high interest is dedicated to the improvement of wastewater management through optimization of water use and introduction recycling technologies within production units. The traditional treatment of refinery wastewater is based on the physicochemical and mechanical methods and further biological treatment in the integrated activated sludge treatment unit. The different concentrations of aliphatic and aromatic petroleum hydrocarbons are present in the wastewater, among which the aromatic fraction is not readily degraded by the conventional treatments and is more toxic. 

Waste from the oil refineries include free and emulsified oil from leaks, spills, tank draw-off, and other sources; waste caustic, caustic sludge and alkaline water, acid sludge and acid water; emulsion incident to chemical treatment; condensates water from distillate separators; tank-bottom sludge; coke from equipment tube, tower, and other locations; acid gases; waste catalyst and filtering clays; special chemicals from by-product chemical manufacture; and cooling waters. Oil from leaks and spills can amount to as much as 3 percent of the total crude oil treated [23]. Table 1 shows the typical characteristic of wastewater from the effluents of the petroleum industry that contain a variety of component of varying concentrations [26]. For each of parameters involved, a range of values is given, confirming the large variability of the wastewater from petroleum refining process.
Table 1

Characteristic of refinery  effluent [26]
	Pollution
	Approximate Quantities

	Cooling systems
	3.5-5 m3 of wastewater generated per ton of crude

	Polluted wastewater
	BOD                150-250 mg/l

COD                300-600 mg/l

Phenol                20-200 mg/l

Oil                    100-300 mg/l

Oil                     5000     mg/l in tank bottom

Benzene               1-100 mg/l

Heavy metals     0.1-100mg/l



	Solid waste and sludge
	3 to 5 kg per ton of crude (80 % should be considered as hazardous waste because of the heavy metals and toxic organic presence)

	VOC emissions
	0.5 to 6 kg/ton of crude

	Others emissions
	BTX (Benzene, Toluene and Xylene) 0.75 to 6 g/ton of crude

Sulfur oxides 0.2 0.6 kg/ton of crude

Nitrogen oxides 0.006 – 0.5 kg/ton of crude




Fig 2. Schematic of hydrocarbon
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           (a) methane                          (b) propane                               (c) naphthalene
The hydrocarbon rings can become quite complex.  As well, more complex molecules occur when one or more hydrogen atoms are replaced by hydrocarbon groups or by the condensing or "stacking" of one or more rings.  A simple example of this occurs in naphthalene (C10,H8), shown above. As the molecular structure becomes  characterized by denser carbon atoms and even further stacking, we enter the realm of "heavy oil".  One of the most complex examples of "stacking" occurs in asphaltenes, a structure so important in the challenge of producing and refining heavy oil. Thus, the number of hydrogen atoms associated with a given skeleton of carbon atoms may vary.  When the chain or ring carries the full complement of hydrogen atoms, the hydrocarbon is said to be "saturated". When less than the full compliment of hydrogen atoms is present in a hydrocarbon chain or ring, the hydrocarbon is said to be "unsaturated". Another molecular complexity is caused by introducing elements such as sulfur, nitrogen, and oxygen, that the number of different molecules based on the carbon skeleton increases tremendously.

Fig 3. Schematic of phenol
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The refinery wastes contain crude oil and various fractions thereof, dissolved or suspended minerals, organic compounds discharged in liquors, and sludges from the various stages of processing. The oil may appear in wastewaters as free oil, emulsified oil and as a coating or suspended matter, typically not in proportion greater than 100 ppm. In general, an aerobic method for biological wastewater treatment is process that based on the aeration of wastewater with biological growth. Part of this growth is then wasted and the remainder is returned to  the system. The natural oils exhibit low flux and foul the membrane more [39]. 

Rahman et al. [25 ] found that increased oil concentration in the feed decreased the final flux, whereas the crossflow rate, transmembrane pressure, and temperature appeared to have relatively little effect on the final flux. The removal efficiency of the oil was found to be 80-82%. 

Viero et al. [34] was claimed that membrane retention in a submerged membrane treating oil refinery wastewater seemed a higher COD removal efficiency because of the variation of the organic loading in the feed and also the inorganic and/or toxic compounds content increase with the addition of phenolic in wastewater. The characteristic of the phenolic wastewater affected the biodegradation of the feed. The phenolic wastewater is even more difficult for biodegradation, because its characteristics, and generally causes severe impairment to the activated sludge. Vazquez et al. [40] observed that increase in the pH up to 8 improved the biodegradation of phenols allowing 96% removal efficiency.
Table 2

Membrane module for refinery wastewater treatment

	Membrane materials
	Configuration
	Reference

	PVDF/DMAc/1,2-ethanadiol
	Hollow fiber
	[12]

	PVDF/NMP
	Flat sheet
	[44]

	PVDF/DMF
	Flat sheet
	[43]

	PVDF/DMAc/PVP
	Hollow fiber
	[5]

	PVDF/PMMA
	Flat sheet
	[31]

	PVDF/DMAc/SPC
	Hollow fiber
	[23]

	PVDF/NMP/Al2O3
	Tubular 
	[24]

	PVDF/DMF/LiClO4/TiO2
	Hollow fiber
	[18]

	PVDF/DMAc/LiClO4
	Hollow fiber
	[4]

	PVDF/DMAc/LiCl
	Hollow fiber 
	[14]

	PVDF/NMP/TiO2
	Flat sheet 
	[18]

	PVDF/LiPF6 /TiO2
	Tubular
	[35]


The chemical nature of membrane can have more major effect on membrane process, especially on the flux. Oils can coat hydrophobic membrane resulting in poor flux. The emulsified oil is usually not as much of a problem, unless it is concentrated to such a high level that the emulsion breaks, releasing free oil. The effect of pore forming additives in casting solution on the properties of membranes made of PVDF-homopolymer or PVDF-copolymer was studied by E. Fontananova et al [36], that the polymer molecules may rearrange their structure until the crystallization of the concentrated phase occurs. By controlling the initial stage of the phase inversion the membrane morphology can be controlled. Hydrophobic membrane can be used, but usually in a membrane configuration that allows a high degree of turbulence (cross flow velocity) to be maintained to minimized oil wetting of the membrane. Hydrophilic membranes  preferentially attract  water rather than the oil, resulting in much higher flux. 

Performance evaluation of various membrane materials for the treatment of refinery effluents
Many researchers had investigated the performance of refinery effluent using various membrane materials [1-33]. The effluents are generally characterized using parameters such as biological oxygen demand (BOD), chemical oxygen demand (COD), total suspended solid (TSS), pH, oil and grease, phenol, sulfide, and ammonia nitrogen. Nowadays, many of the world’s petroleum industries are still employing conventional separation method as biological process to treat their wastewater before discharge to environment. 
Based on the nature of refinery wastewater, it is known that oily effluents are strong retained when membrane surfaces are hydrophobic. The application of hydrophobic porous membranes for oily wastewater has attracted considerable interest recently. The hydrophobicity (non-wettability) of the membranes and its porous structure play an essential role in these processes. A good porous membrane used in these processes must have permeability (low membrane resistance), good hydrophobicity (high wetting pressure) and excellent chemical resistance to the feed stream. Currently, PTFE, PP and PVDF are most popular and available hydrophobic membrane materials. Of these three polymers, only PVDF can be employed to fabricate asymmetric membrane using the phase inversion method. In addition, PVDF shows good chemical resistance, particularly the oxidant resistance. Since the PVDF has a small critical surface tension about 25 dynes/cm, the penetration of coagulant (water) and the polymer. Therefore, considerable difficulty would be expected in preparing the porous asymmetric PVDF hollow fiber membranes. An efficient method is the introduction of suitable additives to improved hollow fiber formation and its properties. It has been shown that addition of water soluble polymer polyvinylpyrrolidone (PVP) in the PVDF polymer dope is an efficient method to make a highly porous PVDF hollow fiber [4]. 
The trace of PVP with high molecular weight in the membrane could seriously affect the hydrophobicity (wetting pressure) of PVDF membrane. In contrast with PVP, small molecular additives can easily diffuse out during the membrane formation and late washing process.              

Wang and Li [13] explained the preparation of PVDF hollow fibers with use of small molecular non-solvents and mixtures of LiCl as the additive. The addition of LiCl increases the rate of PVDF precipitation during the immersion step, hence, a more open structure of the membrane is formed. Ochoa et al. [31] reported asymmetric membranes for UF obtained from PDVF/PMMA without loss of retention. Pore size distribution showed a large increase in number of pores with sizes of 10-30 nm. The addition of PMMA also increases the size of finger-like cavities. Masuelli et al. [23,31] obtained microporous membranes from PVDF/sulfonated polycarbonate (SPC). The increase in SPC content generates an increase in the ion exchange capacity of membranes and a slight diminution in pore mean radium. 
Effect of TiO2 nanoparticles size on the performance of PVDF membrane was studied by Cao et al. [35]. The smaller nanoparticles could improve the antifouling property of PVDF membrane more remarkably. It is well known that nanoparticles have unique electronic, magnetic and optical properties to improve the capabilities of polymers in a certain extend because of their small sizes, large ratio surface areas and strong activities. When dispersed to PVDF membrane, TiO2 nanoparticles can not only improve the hydrophilicity of PVDF membranes to enhance the flux but kill the bacteria and mitigate the fouling problem. 
Yeow et al. [4,17] was explained the ease of complex formation between LiClO4 and PVDF in the preparation of polymer electrolytes mechanical strength and transport properties. LiClO4 was used as an additive in PVDF solution systems for development of high performance hollow fiber membranes. The effect of lithium perchlorate on the viscosity profile and phase separation behaviour of PVDF/DMAc solution was investigated that a significant increase in solution viscosity was also found following the increase in the amount of LiClO4 used. An increase in the mean pore size, coupled with a more uniform pore size distribution as the amount of LiClO4 added was increased from 1-3wt%. Wang and Kim [18] explained that morphology, conductivity, crystallinity and mechanical properties of in situ formed PVDF/ LiClO4/TiO2 nanocomposite polymer membranes. The crystalline melting temperature was decreased with the increase amount of TiO2. The interactions can not only induce structural modification of the polymer chain, which provides a favorable conduction path for faster migration of Li+ ions on the surface of the loaded TiO2 nanoparticles, but also break the performed crystals to render the polymer in the amorphous phase to some extend, which favors the improvement of conductivity. 
Li et al. [24] stated that addition of hydrophilic Al2O3 particles in modified membrane made it head off more organic contaminants effectively.  The amount of organic contaminants which passed through the membrane with the permeation water was reduced. The TOC value of the permeate water was reduced.
Table 3
Structure and some properties of PVDF

Developed formula
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Molecular weight (g/mol)



254 g/mol

Glass transition temperature



-38 oC

Melting temperature




160 oC
Amorphous density at 25 oC



1.74 g/cm3
Crystalline density at 25 oC



2.00 g/cm3
Intrinsic viscosity




0.881 dL/g

A few studies have been carried out in making flat-sheet PVDF asymmetric membrane and hollow fiber membranes using small molecular additives [4,18-20,35-39]. It was observed that the porosity and permeation flux of PVDF membranes increase quickly once LiCl is added into polymer/solvent dopes. However, mechanical strength of the membranes decreased with increasing the amount of LiCl. The addition of higher amount LiCl increases the rate of PVDF precipitation during the immersion step, hence, a more open structure of the membrane is formed [13,14]. The average pore size and effective surface porosity are two important parameters in determining the asymmetric membrane resistance.  
Table 4
A comparison between materials of membrane for refinery wastewater treatment

	Components of dope solutions
	Remarks
	References

	PVDF/DMAc/1,2-ethanediol
	Hollow fiber PVDF membrane were spun from solutions containing different concentration of 1,2-ethanediol used as non-solvent additive. The value of liquid entry pressure of water (LEPw) and porosity decreased as the concentration of non-solvent additive increased in the spinning solution. This was attributed to the increase in the maximum pore size of membrane. The pore size of inner surface the membrane was larger than the pore size of the outer surface. A sponge-like structure can be observed over the entire membrane cross section. This indicated that the addition of ethanol will delay the coagulation process and a finger-like structure will change to a sponge-like structure.
	[12]

	PVDF/NMP
	Membrane prepared by water immersion of NMP solutions exhibit a typical asymmetric structure with cavities of different size and shape beneath the skin layer. The addition of NaOH to the coagulation bath not only suppresses large cavities formation, but also leads to a denser and thicker skin layer. The chemical treatment of the membrane with NaOh aqueous solution improved the membrane wettability.
	[44]

	PVDF/DMF
	Membrane prepared by water immersion of DMF solution exhibit a typical asymmetric structure as the addition of NMP. The permeate flux of this membrane follows the order NMP>DMF which is opposite to that of retention. 
	[43]

	PVDF/DMAc/PVP
	The trace of PVP in membrane could seriously affect the hydrophobicity of the PVDF membrane. The small molecular additives can easily diffuse out during the membrane formation and late washing. PVP not only has nonsolvent characteristic (demixing enhancer) but also property of suppressing macropore formation (demixing hindrance). The PVDF/PVP copolymer contain macrovoids, that became more accentuated and extended over the whole cross-section. System with rapid phase inversion rate tend to form macrovoids with finger-like structure, whereas systems with a slow phase inversion rate result in a sponge-like structure.
	[5]

	PVDF/PMMA
	Study reported that PMMA were used for preparing asymmetric membranes, increased the hydrophilicity, and appearance of larger macrovoids in the porous substructure. PMMA generates an increase in miscibility and a beneficial effect o the mechanical properties of resulting membrane. 
	[31]

	PVDF/DMAc/SPC
	In this membrane, ion exchange capacity is increased by a rise in SPC content, thus allowing increased electric conductivity but simultaneously lowering mechanical stability. The increase in SPC content generates an increase in the ion exchange capacity of these membranes and slight diminution in pore mean radium. There is an increase in the sulfonated polycarbonate content because there is an increase in porous substructure densification. A decrease in hydraulic permeability occurs when there is an increase in porous substructure densification. The permeate COD is lower than 100 ppm (established law) and rejection to oily content in membranes was higher than 96.63%.
	[23]

	PVDF/NMP/Al2O3
	Authors  claimed that UF was an appropriate membrane of a process for oily wastewater treatment. Retentions of COD and TOC more than 90% and 98% where oil content below 1 mg/l, suspended solid below 1 mg/l, and solid particle median diameter less than 2 µm. The addition of nanosized alumina (Al2O3)  particles improve membrane antifouling performance and flux recovery membrane reach 100% washing with water, lye and surfactant.
	[24]

	PVDF/DMF/LiClO4/TiO2
	Study reported that the pore size of  PVDF/LiClO4 /TiO2 decreased with the increasing TiO2 content above 15wt% because TiO2 nanoparticles tended to aggregate on the surface and inside  the pores of membrane. By using this method approach, high quality permeate could be obtained.
	[18]

	PVDF/DMAc/LiClO4
	Authors claimed that the addition of LiClO4 in polymer dope declined in PVDF crystallinity while enhancing its amorphous ratio. The membrane pore size increased in proportion to the increase in the amount of LiClO4 presence in the polymer dope. 
	[4]

	PVDF/DMAc/LiCl
	Study indicated the feasibility of addition small molecular LiCl as an additive in polymer dope also increase the rate of precipitation during immersion step, hence, a more open structure of membrane is formed. LiCl in the PVDF homopolymer solution works an agent for suppressing macrovoid formation (kinetic effect) at high concentration (7.5%) but at a low concentration (2.5%) it operates as a permeate flux enhancer.
	[14]

	PVDF/NMP/TiO2
	Immobilization of TiO2 nanoparticles on/in membranes is simple and powerful method for fouling mitigation in submerged ultrafiltration process. They can make the membrane porous but also plugthe membrane pores. TiO2 entrapped membrane showed lower flux decline compared to neat polymeric membrane. TiO2 deposited membrane showed greater fouling mitigation effect compared to TiO2 entrapped membrane, since large amount of nanoparticle could be located on membrane surface.
	[18]

	PVDF/LiPF6/TiO2
	Nano particle TiO2 enhances ion conductivity and modifying mechanical stability of PVDF polymer. A structure of the fluorine atoms in PVDF and oxygen atoms in inorganic oxide TiO2 are coordinating with the dissociated Li+ ions through acid-base interactions. This also change the surface potential of PVDF and miscibility between PVDF and nano-tube TiO2 is improved by the lithium salt. 
	[35]


Preparation and characterization of polymeric hollow fiber ultrafiltration membranes


The choice of the module is mainly determined by economic considerations. But this does not mean that cheapest module configuration is always the best choice because the type application is more important. Often it is possible to choose between two or more different types which are competitive with each other, for example tubular, plate-and-frame, capillary and hollow fiber modules in seawater desalination, wastewater treatment, specially in  oily wastewater treatment. The qualitative comparison of various membrane can be shown in the table 5.
Table 5 

Qualitative comparison of various membrane configurations [42]

	
	Tubular
	Plate-and-frame
	Capillary
	Hollow fiber

	Packing density
	Low
	
	
	Very high

	Investment
	High
	
	
	Low

	Fouling tendency
	Low
	
	
	Very high

	Cleaning
	Good
	
	
	Poor

	Membrane replacement
	No
	No
	No
	No


PVDF hollow fiber membrane were spun using spinning dope prepared via a dry-wet phase inversion method. In general the polymer solution was pressurized through a spinneret with controlled extrusion rate, while internal coagulant was adjusted at velocity. Hollow fiber UF membranes have several benefit features that make it attractive for separation process. The benefit features are modest energy requirement, no waste products, large surface per unit volume, flexible, and low production cost. Hollow fibers have an inside diameter of less than 1.0 mm, are aligned in a parallel fashion and are joined together on either and inside the housing vessel. The feed can enter inside the fiber (inside-out) or on the outside (outside-in). The inside-in types avoid increase in permeate pressure within the fibers, but the outside-in concept can be used as well with short fibers. Another advantage of the inside-out concept is that the very thin selective top layer is better protected, whereas a higher membrane area can be achieved with the outside-in concept. Hollow fiber module concepts have been developed mainly to reduce fouling and concentration polarization as much as possible.

Flat module generally consist of sheets of membrane covering pores, support plates. As the feed flows between the membrane, the permeate leaves via the support plates and the concentrated feed continues to flow across the module. The preparation parameters are polymer concentration, evaporation time, humidity, temperature, and the composition of casting solution. These parameters are mainly determining the ultimate membrane performance (flux and selectivity) and hence for its application. The studies have been explained that flat sheet membrane were relatively simple to prepare and useful for testing on a laboratory scale. The experimental results from Kong and Li [22] indicated that modified PVDF flat sheet membrane is feasible to use such an apparatus to remove oil as permeate in oily waste emulsion, based on wetting principle. In this study, the percentage of oil removed can be as high as 77%.

A tubular ultrafiltration module equipped with PVDF membranes modified by inorganic nano-sized
alumina particles was used to purify oily wastewater [24]. The performance of the membranes was characterized by their flux and antifouling properties. The quality of the permeation water from oily wastewater was not very good, because the membrane were new and there was no gelatin on the membranes surface at the beginning of filtration. Thus, some contaminants in the wastewater can get across the bigger membranes pores to the permeation water at the pressure driving. The gelatin layer can prevent contaminants particles from entering membranes pores. Although, membranes fluxes declines, the permeation water qualities were meliorating.
Effect of additives


The effect of hydrophilic additives on the thermodynamic/kinetic relations during the phase inversion process in the preparation of PVDF-based membranes was studied by Fontananova et al. [36]. Influence of the additives in characterization of membranes can be explained by the competitive thermodynamic and kinetic effect of the additives on the phase inversion process. The additives work as solvents or non-solvents, reducing the thermodynamic miscibility of the casting solution (thermodynamic effect), and inducing the enhancement of liquid-liquid phase separation. However, the additives also increase the solution viscosity and delay the mutual diffusion between solvent in the coagulation bath and non-solvent in the casting film. Therefore, they induce a phase separation delay (kinetic effect). 

The influence water, ethanol or 1-propanol as a non-solvent additives was studied by Wang et al. [12]. The result indicated that addition of a certain water, ethanol or 1-propanol in the dope did not effectively enhance the membrane precipitation rate, hence, it was difficult to prepare the hollow fibers with high permeability and macroscopic integrity. However, in general, the membranes prepared using water as the additive exhibited higher permeation flux compared to those prepared using ethanol or 1-propanol. 

Fontananova et al. [36] studied the effect of PVP and LiCl in the casting solution on the formation of PVDF membrane. System with a rapid phase inversion rate tend to form macrovoids with finger-like structure, whereas systems with a slow phase inversion rate result in a sponge-like structure. LiCl in the PVDF polymer solution works as an agent for suppressing macrovoid formation (kinetic effect) at high concentration (7.5%), but at a low concentration (2.5%) it operates as a permeate flux enhancer (thermodynamic effect). The high viscosity of the casting solution containing LiCl is due to the formation of acid-base complexes between LiCl and DMAc and interaction between Li+ ions and electron donor group of PVDF [14]. The mechanical stability of membrane increases with less macrovoids.

The contact angle is an important parameter in surface sciences. Table 4 shows values of contact angle and hydraulic permeabilities of the obtained membranes. The value of contact angle for pure polymers coincide relatively well with those reported by K. Feldman et al.[32] and denote the hydrophilic character of additives related to the contributions dipole-dipole, and the hydrophobic character of PVDF related to the interaction of Van der Walls. Li et al. [13-14] stated that the effect of transmembrane pressure (TMP) on the membrane fluxes. The flux were increase with increasing TMP on modified membrane PVDF/Al2O3. The increase of TMP can cause a higher impetus of liquid drops to pass through membrane pores easier. But higher TMP is accompanied by higher energy consumption and increase in membrane fouling due to the fact that high pressure can promote a colloidal layer formation. Increasing colloidal layer can increase the resistance for liquid drops passing through the membrane, and then decrease the flux. 
Wang and Kim [13] was studied that the pore diameter decreased with increasing TiO2 content in PVDF/LiClO4/TiO2 systems, partly due to the interaction between PVDF, LiClO4, and TiO2, and partly to the extrusion of overfull TiO2 nanoparticles on the pores in the polymer structure. The observed change of pore size was similar to that in the nano-tube, TiO2 -filled PVDF/LiPF6 system mentioned by Chiang et al [35], after fixed lithium ions had been installed in PVDF matrix beforehand. Additionally, more and more aggregations of TiO2 particles, with aggregation size slightly larger than nanosize, began to appear clearly on the surface and inside the pores of the polymer membranes with TiO2 content of 15wt%. 
Performance evaluation of the process condition of hollow fiber ultrafiltration membranes for refinery effluent

In the literature, there are a number of studies reported on the effects of different membrane material and operating conditions of refinery wastewater on ultrafiltration performance. The studies indicate the high potential of using ultrafiltration for oil and grease and other organic compounds removal from refinery effluents. The following is a summary  of applications of available polymeric UF membrane on refinery effluent. It was found that some polymeric membranes achieved the high flux on separation of oil and phenol.
Table 6

Values of contact angle, hydraulic permeability and mean pore radii [2-35]

	Membrane
	Contact angle Ө
	Lhi x 109 (m3/m2 Pa s)
	rpm (nm)

	PVDF

PVDF/ PVP 

PVDF/ PMMA

PVDF/ SPC

PVDF/ Al2O3
PVDF/ LiClO4/ TiO2
PVDF/ LiClO4
PVDF/ LiCl

PVDF/ TiO2
PVDF/LiPF6/TiO2
	84

85

70

Not justified

40.04

82

51.60


	144

256

106 m3 /m2 s Pa

291.5 (l/m2hbar)
	31.90

28.70

35.89

50.0 

22.5

15.0


-Oil and grease removal of ultrafiltration


Oil and grease is a common pollutant in a wide range of industries such as steel, aluminium, food, textile, leather, petrochemical and petroleum, and metal finishing are some report high levels of oil and grease in their effluents. Oil and grease concentration in wastewater could include animal and vegetable source oils, fatty acids, petroleum hydrocarbons, surfactants, phenolic compounds, napthenic acids, etc. Oil and grease in wastewater can exist in several forms such as free oil, dispersed oil or emulsified oil [36]. The differences are based primarily on size. In an oil-water mixture, free oil is characterized with droplet sizes greater than 150 µm in size, dispersed oil has a size range of 20-150 µm and emulsified oil has droplets typically less than 20 µm. 

Conventional treatments of oily waste have included gravity separation and skimming, dissolved air flotation (DAF), de-emulsification, coagulation and flocculation. Gravity separation followed by skimming is effective in removing free oil from wastewater. Free oil can be readily removed by mechanical separation devices which use gravitational force as the driving force. These, however are not effective in removing smaller oil droplets and emulsions. Oil that adheres to the surface of solid particles can be effectively removed by sedimentation technique. DAF uses air to increase the buoyancy of smaller oil droplets and enhance separation. Emulsified oil in the DAF influent is removed by de-emulsification with chemicals, thermal energy or both. DAF units typically employ chemicals to promote coagulation and increase flocs size to facilitate separation. Emulsified oil in wastewater is usually pretreated chemically to destabilize the emulsion followed by gravity separation. Physical methods for breaking emulsions include heating, centrifugation, precoat filtration, fiber beds, ultrafiltration and reverse osmosis, and electrochemical methods [30].
Ultrafiltration membrane processing of oily wastewaters are gaining wider acceptance for two reasons: it consistently produces effluents of acceptable discharge quality and it is perceived to be simple process from operational viewpoint. The retentate containing the oil and grease and other suspended matter and water as a permeate volumes has been reported by M. Cheryan and N. Rajagopalan [33] that flux can be obtained with tubular ultrafiltration membrane are about 50 l/m2 h at 25oC and 3.5 bar, with emulsified oil at 1-2% feed concentration and 60% retentate concentration. While others achieved the mixed liquid suspended solid about 5000 mg/l and 95% COD removal using PVDF/Al2O3 membrane [24].
-Permeate flux of ultrafiltration


Water reclamation is a key  subject in refinery produced wastewater treatment. When the level of solute retention is met, the permeate flux becomes a fundamental factor in the process optimization. The quality of permeation water from oily wastewater treated by the modified membranes indicated that the membranes have a favorable antifouling performance [13]. The membranes have a wide application in oily wastewater treatment with higher flux recovery and less contaminants.  At the beginning, permeation fluxes declined gradually until an invariable flux value was obtained. In the process of UF, the fluxes of modified PVDF were improved due to the improvement of membrane hydrophilicity. A study by  Yan [24] showed that addition of nano-sized alumina particles into PVDF could improve flux significantly. The TOC retention improvement of the permeation water was outstanding. It can be explained that the addition of hydrophilic alumina particles in the modified membrane made it head off more organic contaminants effectively. The amount of organic contaminats which passed through the membrane with the permeation water was reduced.
Pure water flux was measured after the flux was steady, then calculated as 
F = 
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where F is the pure water flux (l/m2. h), V is the permeate volume (l), A is the membrane area (m2) and t is the time (h). 

The percentage retention of the hollow fiber UF membrane was calculated by using Eq. (2)
Rejection was characterized with aqueous solution after the membrane was previously filtered with pure water until flux was steady. It was calculated as 

R = (1- 
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where Cp is the concentration of the permeate and Cj is the concentration of the feed. Flux reduction coefficient was ascertained with the reduction percentage of the pure water flux reduction before and after ultrafiltration process . It was calculated as

M(%) = (1 - 
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(3)
where F1 and F0 are the pure water flux before and after ultrafiltration process, respectively.
Table 6
Summary of applications of commercially available polymeric UF membrane on refinery effluent [1-32]

	Membrane
	Configuration
	MW PVDF Da
	Process Condition
	Evaluation

	PVDF

PVDF/ PMMA

PVDF/ SPC

PVDF/ Al2O3
PVDF/ LiClO4/ TiO2
PVDF/ LiClO4
PVDF/ TiO2

	Flat sheet
Flat sheet
Flat sheet
Tubular
Flat sheet

Hollow fiber
Flat sheet

	101 000 g/mol

	PVDF homopolymer and DMAc were mixed into the homogenous solution after strirring for about 24 h at room temperature. The polymeric solution ware cast on the glass plate by a hand-casting knife with knife gap of 250 µm. Under transmembrane pressure 100 mbar to 1200 mbar, the total permeate was 30L/m2h.
PVDF and PMMA were preparing asymmetric membrane with different PVDF/PMMA ratio shown. Casting solution were cast and immersed in bidistilled water at 250C. Then membrane were storred in a water bath until being used.
The membrane was compacted at different pressure of trans membrane from 100 to 20 kPa during 30 min. When ion exchange reaches a value of 0.0272 meq/g or higher (10 SPC or 20 SPC membranes), then fouling resistance is lowered and irreversible fouling is eliminated. The permeate COD is lower than 100 ppm and rejection to oily content in membranes was always higher than 96.63%
Treatment was carried out with field wastewater as the feed stream. Permeation fluxes were studied under the operating conditions transmembrane pressure 0.1 MPa, temperature 30oC, and feed cross flow 7.8 m/s.
PVDF was dried at 100oC under vacuum for 24h to eliminate all attached water molecules. LiClO4 was used as lithium ion contributor in SPEs after being dried at 120oC under vacuum for 24 h. The addition of TiO2 were prepared by impregnating the composite membrane in solvent (1:1). The interaction of PVDF, LiClO4, and TiO2 hence the extrusion effect of overfull TiO2 content decreased the crystalline phase.
A more uniform pore size distribution as amount LiClO4 added was increased from 1 to 3 wt%. Higher permeation performance with aid of a sufficient amount of additive was found to be advantages. However, over excessive additive would have the adverse effect.
Experiment conducted at oily wastewater with concentration synthetic substrate was about 7000 mg/l. Sludge retention time was about 30 days and organic loading rate was about 0.2 g COD/g MLSS-day. Pure water flux.
	Pavg = 30 L/m2h
Roil,avg = 77%
Pavg =69.69 ppm
R oil,avg = 96.63 %
Pwater,avg = 62.8
RCOD,avg = 90.14 %

RTOC,avg = 98.73 %

Flux 11 cm3/cm2 s
Pavg        = 331 L/m2h

Ravg,water =  95% 
Pavg        = 331 L/m2h

Ravg,water =  95% 

Pavg        = 331 L/m2h

Ravg,water =  95% 
Pavg        = 331 L/m2h

Ravg,water =  95% 




Permeability determinations previously described by Molinari et al. [48], that the water permeability at room temperature (∆p = 1 bar) increased by increasing the amount of the entrapped TiO2, probably due to to an enhancement of the porosity. High membrane permeate flow rate can be obtained by sizing separately the ‘photocatalytic system’  and ‘ the membrane system’ and taking advantage for each system. 
-COD retention of ultrafiltration


COD test is normally used to measure the oxygen equivalent of the organic material in wastewater that can be oxidized chemically using dichromate in an acid solution. Several researchers reported UF membranes had merit to minimize the COD values from the refinery effluent. Viero et al. [34] observed that both COD and TOC results, were achieved considering the complexity of the wastewater processed. The membrane was responsible for increases up to 17 and 20% on COD and TOC removal efficiencies, respectively, in comparison with the results obtained by bioseparation only.

Studies by Hami et al. [41] on COD BOD and TOC removal in a treating refinery wastewater unit showed that the minor increase, however, was expected from analysis of COD transport model as follows:
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where RCOD, RsCOD, BsCOD  and Jv are the overall retention of COD, overall retention parameter for COD, overall mass transfer parameter for COD and permeate flux, respectively. Referring to Eq. (1), with an increase in transmembrane pressure, permeate flux would be increased since 1/ RCOD decreased and RCOD increased. It was a very interesting case where higher rejection of COD was achieved with increasing permeate flux.

The influence of pH on COD removal was also investigated by Viero et al. [34]. They reported that a higher retention of COD was achieved at a higher pH value. It might be the acidic environment for lower pH value that made the hydrolyzation of organic compound more significant. Thus COD retention % at pH 8. The remaining COD in filtrate was probably produced by the solutes and other oxidizable materials.
2.5. Analytical methods

Droplet size distributions of the feed and permeate emulsion were measured by a multisizer (Coulter Counter Model TA-II®, Nikkaki) in the range from 1  to 40 μm.

The pore size distribution was measured by a mercury porosimeter (Poresizer 9310®, Shimadze).

The concentrations of total organic carbon (TOC), 
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, were measured by a TOC meter (Model TOC-500®, Shimadze).

The concentration of organic carbon in oil, 
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, is defined by the following equation:

(1)
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where 
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is the surfactant concentration in emulsion determined by tetrakis (4-fluorophenyl) borate titration [45], 0.65 being the ratio of total carbon content in the surfactant.

2.6. Rejection and transmission

The TOC rejection and the oil rejection are defined as

(2)
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The surfactant transmission is defined as

(4)
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Phenol rejection of ultrafiltration

Phenol is an aromatic acid that highly toxic and one of the priority pollutants. The recovery of phenol from industrial wastewater stream has generated significant interest. Methods for the recovery of phenol through membrane processes have attracted using porous membranes. 
Performance oil/water separation

Fouling resistance in composite hollow fiber ultrafiltration membranes

Membrane fouling is a complex phenomenon where permeate flux declines drastically due to phenomena involving chemical and physical factors [31]. It is usually the result of adsorption of feed solution components onto the membrane material. There are two types of membrane fouling for oily wastewater treatment. One is reversible fouling, which is typically caused by deposited solute or colloidal particles on the surface and in the pores. Flux decline caused by reversible fouling can be easily recovered with pure water backwashing. The other is irreversible fouling, which leads to flux decline due to strong physical or chemical sorption of solutes and particles on the surface and in the membrane pores. Flux decline caused by irreversible fouling can be recovered only by washing with acid or alkali solutions [25].
The flux drop can be summarized as follow [31]:

Jv = 
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where  Jv is the permeate flux (L/m2. s) , A the effective area of membrane (m2), V the permeate total volume (L), t time (s).
The conventional prevention of fouling by applying a pre-treatment can still be coped by using appropriate cleaning procedures. The cleaning procedures are typically conducted using physical and chemical method [45]. Physical methods can be intermittent back-washing, application of critical flux, critical TMP, intermittent suction operation, low TMP high cross flow velocity and hydrodynamic shear stress scouring. On the other hand, chemical cleaning agents can be acids (strong or weak), alkalis (NaOH), detergents, enzymes, complexing agents (EDTA) and disinfectants. Furthermore, cleaning agents are recommended by membrane manufactures since they have ability to recover completely the initial membrane permeability and require less energy consumption compared to physical methods [46]. Nevertheless, chemical treatment are relatively expensive and may cause severe membrane damage and procedure toxic by-product waste [47].
Fouling mechanism always is preceded by an induction period. The induction period is a function system and operating conditions. If one can increase the induction period indefinitely, fouling would never occur. Various projects are concerned with defining an operating parameter or with modifying the solution conditions by addition of minute amounts of chemicals to control fouling in various system.  


Since fouling propensity is a function of flux and cross flow velocity, there has been work on determining a relationship between these two parameters and incipient of fouling. More previous works reported by Yan et al. [24] that modified membrane PVDF/Al2O3 has favorable antifouling performance with better flux recovery and less contaminant adsorption.
 
Another method for fouling control is use of antifoulant. There are mechanisms through which these chemicals can control fouling, that can act as scale inhibitors, particulate dispersants, scale crystal modifiers. 
Future direction of research and development of hollow fiber ultrafiltration membranes for refinery wastewater treatment

PVDF hollow fiber membranes were successfully prepared by many process in a ternary system of composite membrane..  However, improvements on these membranes are still needed in order to further enhance its performance before PVDF composite membrane becomes a dominant commercialized refinery produced wastewater treatment system in a large scale industrial plant. At present, many published papers are still at laboratory- or pilot-scale level, and  consequently, further works would be required in the near future.

Modified PVDF membrane changes the structure and morphology that increase the chemical resistance and fouling resistance and then increase the flux. The hollow fiber membrane configuration has several beneficial features that make it attractive, two of their beneficial features  are large surface area per unit volume and modest energy requirement. It can prior to choose hollow fiber membrane for further research. Hollow fiber module concepts have been developed mainly to reduce fouling and concentration polarization as much as possible.

Submerged hollow fiber membrane has become a feature in refinery wastewater applications of membrane technology. In particular, the concept now dominates the growing market for wastewater hollow fiber membrane immersed in the mixed liquor. Submerged membranes bring advantages in the elimination of pressure vessel and can even be retrofitted by immersion into existing activated sludge tanks. 
Conclusion


It is difficult to draw a general conclusion on the feasibility and the efficiency of PVDF hollow fiber UF membrane for refinery produced wastewater treatment due to the large variability the refinery wastewater parameters and the quality of the permeate required. However, based on the numerous studies conducted so far, PVDF hollow fiber UF membranes have proved applicable in dealing with refinery wastewater which is high oily with phenol compound.

Generally, it can be concluded that modified PVDF material offers many more advantages compared to conventional treatment methods and the other categories of membrane technologies. To commission the full scale of PVDF hollow fiber membrane treatment in petroleum industry, a long-term performance of the system should be carried out along with installation of the pretreatment system prior to hollow fiber UF for the purpose to minimizing fouling and prolonging membrane life span as well as increasing the efficiency of the overall treatment system. Finally, research and development in this field are a must in order to gain confidence in modified PVDF hollow fiber ultrafiltration for refinery produced wastewater treatment.
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