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Abstract

Submerged ultrafiltration (UF) membrane process was studied using PVDF hollow fiber membrane with Titanium dioxide (TiO2) nano-particle and Lithium chloride (LiCl) materials and investigated for refinery produced wastewater treatment. The membranes with TiO2 content of 5,10,15,20 wt % and LiCl maintained at 5.2 wt % for all samples, were prepared and characterized in terms of microstructure, hydrophilicity, permeation performance, and mechanical stability. The hydrophilic modification of PVDF UF membrane was performed by addition of the LiCl, which works an agent for permeate flux enhancer at low concentration. TiO2 particles improve the hydrophilicity and strength of PVDF hollow fiber membranes. The characterization and performance of membranes were characterized by Field emission scanning electron microscopy (FESEM), contact angle test, porosity measurement, FTIR, mechanical stability testing, and water permeation flux analysis, respectively. The best experiment results, with TiO2 content of 10 wt % and LiCl content of 5.2 wt % indicated that PVDF submerged hollow fiber membranes exhibited significant differences in surface properties and intrinsic properties for possible use as a new type of submerged hollow fiber UF membrane in refinery wastewater treatment.
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1.     Introduction

There has been increasing attention to the application of refinery effluent in petroleum industry since a few years ago because refinery wastewaters  were characterized by presence of several aromatic hydrocarbons and also inorganic substances such as, oils and grease, sulfide, phenols, heavy metals, ammonia nitrogen, and total suspended solid (TSS). The composition of oily wastewaters becomes more complex due to various crude oil resources and industrial applications of refinery processes, so oily wastewater are difficult to be treated by conventional methods.

Several common techniques are used in oil-water separation and treatment, specially the conventional approaches for treating refinery wastewater that have included gravity separation and skimming, dissolved air flotation (DAF), de-emulsification, coagulation and flocculation. Chemical emulsion breaking is an effective way under proper application, 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 [1].

 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 removal efficiency of the oil by settling method was found to be 80-82% [2]. 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, stable effluent quality and small area requirement [3]. Moreover, no chemicals addition is required. Many studies of membrane separation for oily wastewater treatment have been reported, particularly in submerged ultrafiltration (UF) with organic membranes [4]. However, few studies are related to the application of inorganic composite membranes on oily wastewater treatment. Moreover, the submerged membrane system also have severe advantages in separation process such as small footprint, greatly enhanced effluent quality, greater process control through uncoupling of solids and hydraulic retention time. 

Among of polymer materials, PVDF is one of the most extensively applied membrane materials in the industry because of outstanding antioxidation activity, strong thermal and hydrolytic stability, as well as good mechanical and membrane forming properties. Therefore, this material is ideal for application in aggressive environments. Moreover, it has a good solubility in many common organic solvents such as N.N-dimethylacetamide (DMAc), N,N-dimethylformamide, N-methyl pyrrolidone and dimethylsulfoxide [5]. 
Though it’s hydrophobic nature, which often results in severe membrane fouling and decline of permeability, it has been a barrier to its application in water treatment or oily wastewater treatment [6]. Many studies have attempted to improve the hydrophilicity of PVDF membranes using various techniques, including physical/chemical blending, chemical grafting, and surface modifications. Among these methods, blending with inorganic material has much interest because of the materials convenient operations, mild operations, and good and stable performances [7]. The hydrophilicity and anti fouling capability of PVDF membrane increase to some degree, but some of them are complicated and difficult to control the hydrophilicity of membrane, others may make some performances of membrane loss. An approach to modify PVDF membrane by TiO2 nanoparticles and LiCl salt is presented in this paper.

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 [8]. TiO2 had received the most attention because of its stability, availability, and promise for applications such as painting, catalysis and photocatalysis, battery, cosmetic etc. and order to accelerate the degradation of organic contaminants in water and wastewater treatment. When dispersed to PVDF membrane, TiO2 nanoparticles can not only improve the hydrophilicity of PVDF membranes to enhance the flux but kill bacteria and mitigate the fouling problem of PVDF membrane [9]. LiCl works as an agent for permeate flux enhancer, which is effective in dissociation with polymer PVDF that has strong electron withdrawing function delivered high dielectric constant. Alaoui et al. [10] reported the TiO2–PVDF microporous membranes which fabricated using phase inversion. The polymer formed the pores with their ribbons that entrapped well TiO2 aggregate. 
In this study, separation of refinery wastewater synthetic was carried out using PVDF submerged hollow fiber membrane with varying nanosized TiO2 and LiCl ratio as additives. Various TiO2 entrapped hollow fiber membranes were prepared by spinning method. The present investigation focuses on the preparation and characterization of the effects of TiO2 addition on the morphology of PVDF submerged hollow fiber membranes and the submerged ultrafiltration performance. The membranes so prepared were characterized by membrane hydrophilicity, porosity measurements using isopropyl alcohol (IPA), Field emission scanning electron microscopy (FESEM) analysis, Fourier transform infrared (FTIR) analysis, mechanical stability testing using Lloyd instruments, and submerged ultrafiltration performance using water permeation test. Therefore, fouling formation, flux decline and rejection mechanisms must be investigated further in order to expand the application potential of these membranes.

2. Experimental

2.1 Materials used for preparation of the membranes
Composite polymer membranes have prepared using PVDF polymer, LiCl and nano-particle TiO2. The PVDF pellet Kynar-760, was purchased from Elf Autochem, USA. The solvent DMAc (Synthesis Grade, Merck, >99%) was employed to prepare the polymer solution.  LiCl salt was used as additive and nano-particle TiO2 as filler was obtained using anatase nano-particle TiO2 powder. 
2.2 Preparation of PVDF hollow fiber membranes
PVDF hollow fiber membranes were spun at room temperature by dry-jet wet spinning method. The spinning solutions were prepared from 19 wt% PVDF in DMAc, and different concentration of TiO2 (5,10,15,20 wt %) and LiCl was maintained at 5.2 wt % of the weight of PVDF, as shown in Table 1 respectively. Initially, polymer PVDF was dissolved in DMAc followed by the addition of various weight percentages of LiCl salt and nano-particle TiO2. These mixtures were stirred at 500 rpm for 48 hours at 60oC then poured into glass bottle and put in dark place to remove the bubble in dope slowly under room temperature. 
Table 1 

Concentration of PVDF-LiCl-TiO2 Dopes

	Sample
	PVDF wt %
	TiO2 wt % of PVDF
	LiCl wt % of PVDF 

	 T10
	19
	10
	-

	 TL5
	19
	5
	5.2

	 TL10
	19
	10
	5.2

	TL15
	19
	15
	5.2

	 TL20
	19
	20
	5.2


Then PVDF hollow fiber membranes were spun via dry-wet jet phase inversion method. The detailed experimental set-up and procedures can be found elsewhere [11]. In general, the polymer solution was pressurized through spinneret with controlled extrusion rate, while internal coagulant was adjusted at 1.0 ml/min. The hollow fiber emerged from the tip of the spinneret was guided through the two water baths at a take up velocity 1.0 Hz, carefully adjusted to match free falling velocity before landed in a final collection bath to complete the solidification process. The hollow fibers were immersed in the final water bath for a period of 3 days, with daily change of the water. Finally, membranes were dried in ambient conditions for a period of 3-4 days.
2.3 Hollow fiber membrane characterizations
2.3.1 Membrane hydrophilicity

       The contact angles of the composite membrane surface (Ө) were measured using the captive air bubble technique at 25 oC on a contact angle system (OCA20, Dataphysics Instrument, Germany). 1µL water was carefully dropped on the top surface and the dynamic contact angle was determined using optimum analysis system from the average value 5-times measurement and the measurement error was ± 3o.

2.3.2 Hollow fiber porosity measurement


The membrane porosity ε (%) is defined as the ratio between the volume of pores and the total volume of membrane. This can be determined by measuring the density of the polymer material using isopropyl alcohol (IPA), which penetrates inside the pores of the membrane, and the density of the membrane using distilled water, which does not go into the pores. It could usually be determined by gravimetric method, determining the weight of liquid (pure water) contained in the membrane pores. Eq (1) can be used to determine the porosity [6]:
εv = 
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where w1 is the weight of the wet membrane (g),  w2 is the weight of the dry membrane (g), dw is the pure water density ( 0.998 g cm-3) and  dp is the polymer the density (1.765 g cm-3).

Mean pore radius rm (µm) is determined by filtration velocity method. According to the Guerout-Elford-Ferry equation, rm could be calculated:
rm = 
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where ŋ is the water viscosity (8.9 x 10-4 Pa s), l is the membrane thickness (m) (namely the differential value between external radius and inner radius of the hollow fiber membrane), Q is the volume of the permeate water per unit time (m3 s-1), A is the effective area of the membrane (m2), and ΔP was the operational pressure (0.1 MPa) [6].
2.3.3 Molecule weight cut off (MWCO)


The MWCO was characterized by the rejection performance of 0.1% (w/w) polyethylene glycols (PEG) (Mn = 3400 Da), polyvinylpyrrolidone k-15 (Mn = 10,000 Da), polyvinylpyrrolidone k-30 (Mn = 40,000 Da), polyvinylpyrrolidone k-90 (Mn = 360,000 Da) aqueous solution. The separation experiments were conducted at 400 mm Hg.
2.3.4 Field Emission Scanning electron microscopy (FESEM) 

      The cross-sectional structures of the PVDF hollow fiber membranes were studied using scanning electron microscopy. A scanning electron microscope (FESEM, Hitachi Model S520, Japan) was employed to observe the membranes. The membranes were cryogenically fractured in liquid nitrogen and then sputtered with platinum. The fractured fiber was adhered on a special aluminium stubs using a conductive pad and placed in silica gel container overnight to ensure thorough removal of moisture from the membrane pores. A thin layer of platinum coating was then deposited using Edwards Sputter Coater S150B prior to the morphological examination using scanning electron microscope (FESEM) (JEOL JSM-T330). The FESEM micrographs were taken at certain magnifications. It produces photographs at the analytical working distance of 10 nm.
2.3.5 Mechanical stability testing

The stress and strain mechanical properties of the polymer electrolytes were determined using a universal tensile machine (Lloyd instrument, Tensile tester LRX2, SKN LLOYD Instrument) at a constant loading velocity 20 mm min-1. The sample dimensions were 25 mm x 0.55 mm.  Young’s modulus and stress at break were computed from load-time curve. Tensile strength was determined by calculating the average of five times measurement values for each sample.
2.3.6 Ultrafiltration permeation test

     Membrane performance was tested with a membrane dead-end module having 0.04 m2 of membrane surface area. Pure water flux was measured at 2.5 bar after 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 surface area (m2) and t is the time (h).

Rejection was characterized with refinery effluent synthetic after the membrane was previously filtered with the pure water until flux was steady. It was calculated as formula:
R = 
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where R is the rejection (%), 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 of refinery effluent synthetic solution. It was calculated as

m(%) = (1- 
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where F0 is the pure water flux before ultrafiltration of refinery effluent solution, F1 is the pure water flux after ultrafiltration of refinery effluent solution.

3. Results and discussion
3.1 Hydrophilicity, porosity and pore size measurement

       The contact angle (Ө) between water and the membrane surface was measured to evaluated the membrane hydrophilicity using JC2000A Contact Angle Meter produced by Shanghai Zhongcheng equipment (shanghai –china). To minimize experimental error, the contact angles, as shown in Table 2, were measured five times for each sample and then averaged.

Table 2
Contact angle and pore structure parameters of PVDF-TiO2 HF membranes with different TiO2 concentrations [6].
	Sample no
	TiO2 concentration
	Contact angle (0)
	Porosity, ε (%)

	Neat
	0
	79.24
	59.04

	T10
	1.6
	45.67
	66.96

	TL5
	1.6
	54.13
	80.45

	TL10
	1.9
	47.34 
	88.42 

	TL15
	2.8
	51.20 
	74.67  

	TL20
	3.8
	63.80 
	78.45 


Those results are consistent with that reported paper [32], the hydrophilicity of composite membranes have improved significantly by the introduction of TiO2 and LiCl. Surface hydrophilicity was one of the important properties of membranes which could affect the flux and antifouling ability of membrane. In general, hydrophilicity was evaluated by contact angle. The contact angle data of composite membranes with different TiO2 concentrations are shown in Table 2, the membrane hydrophilicity improved with addition of LiCl and special of TiO2 particles. LiCl reduces the thermodynamic miscibility of the dope solution (thermodynamic effect) and induces the enhancement of liquid-liquid phase separation. It tends to suppress macrovoid formation (kinetic effect). The hydrophilic TiO2 particles, which contain hydroxyl groups adsorbed on the membrane surface, were responsible for increased hydrophilicity [6]. However, the contact angle increased when TiO2 concentration was more than 1 wt% because of particle aggregates, resulting in the decrease of effective hydrophilic area and hydroxyl group number.
The porosity information of the prepared membranes is listed in Table 2. It was shown that the porosity decreased with increase of TiO2 concentration (TL5–TL20). The addition of TiO2 particles led to a denser cross section structure, thereby inducing the decrease of porosity at lower TiO2 concentration (5 wt % of weight of PVDF). Adding more TiO2 particles enhanced the formation of larger pores in the vicinity of TiO2 aggregates as well as of defects in the membrane, thus increasing porosity. 
3.2 Membrane morphology
3.2.1 Membrane surface

      The membrane used was asymmetric ultrafiltration hollow fiber. The outer and the inner diameters were 1.1 mm and 0.55 mm respectively. Fig.1 and Fig.2 show a cross-section and the surface morphology of the membranes obtained using a field emission scanning electron microscope. The hollow fiber membrane was arranged in a module in order to have a membrane surface area of 1.414 dm2.  The manifolds collecting the wastewater filtered by the PVDF composite membranes have been developed in order to avoid any problems related to the membrane-drain joint. 
[image: image6.png](ALK M



   [image: image7.png]


   [image: image8.png]r‘ '{',’



   [image: image9.png]SR P



   

Figure 1 Cross section images of sample T10,TL10, L15,TL20.
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Figure 2  Surface morphologies of sample T10,TL10, L15,TL20
FESEM of the membrane cross sections and surface morphologies are shown in Fig 1 and Fig 2. Membranes prepared from PVDF homopolymer without additive contain macrovoids. These macrovoids became more accentuated and extended over the whole cross-section when TiO2 was present in the dope solution, and become more reduces macrovoid formation with addition of LiCl. The differerences can be explained by the competitive thermodynamic and kinetic effect of the additives on the membrane process. The both of additives, TiO2 and LiCl works as nonsolvents, reducing the thermodynamic miscibility of the dope solution (thermodynamic effect), and inducing the enhancement of liquid-liquid phase separation. However, the additives also increase the viscosity and delay the mutual diffusion between solvent in coagulation bath. Therefore, they induce a phase separation delay (kinetic effect).

Systems 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 [5]. LiCl in the PVDF polymer solution works as an agent for suppressing macrovoid formation (kinetic effect) at a 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 dope solution containing LiCl is due to the formation of acid-base complexes between the LiCl and DMAc and interaction between Li+ ions and electron donor groups PVDF [24-25]. It is possible to suppose an increase of the mechanical stability for the membranes with less macrovoids as shown at FESEM image for sample TL20.

The cross section morphology of UF membranes in Fig. 1 illustrates that the macrovoids grew and became run-through at lower TiO2 concentration and then were suppressed or disappeared at higher TiO2 concentration. Moreover, with the increase in TiO2 concentration, the cross sectional morphologies of PVDF membrane changed from finger-like to sponge-like structures.

3.2.2 Molecule weight cut off (MWCO)

In order to further determine MWCO of membranes, polyethylene glycols (PEG) (Mn = 3400 Da), polyvinylpyrrolidone (PVP) k-15 (Mn = 10,000 Da), PVP k-30 (Mn = 40,000 Da), and PVP k-90 (Mn = 360,000 Da) aqueous solution are used. The MWCO is defined as the lowest molecule weight of refinery wastewater synthetic solution of 90%, namely 150 KDa. 
3.3 Mechanical stability analysis

In industrial applications of membranes, mechanical properties are very important for long time stable performance. Therefore, the data of tensile strength and elongation at break of hollow fiber membranes were determined. Fig. 3 and Fig.4 show the mechanical properties of PVDF, PVDF-TiO2, and PVDF-LiCl-TiO2 membranes. It was clear that the mechanical strength of membranes was enhanced with addition of TiO2 particles. 
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Fig.3 Stress vs. strain curves for PVDF composite membrane with various TiO2 content
The results of TiO2 particle addition, such as suppression of macrovoids and interaction between inorganic particles and polymers, showed in an increase in the mechanical strength of the membrane sample TL10, TL20, and TL15 ,namely 13.1, 14.01, and14.3 MPa. However, the results are not good enough for commercially membrane, caused TiO2 blending method easily made particles to aggregate and disperse nonuniformly in the polymer matrix. This condition formed many stress convergence points in the membrane under the action of external force, eventually leading to weakening of the mechanical stability of the membrane. 
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Figure 4  Variation of Young’s modulus with TiO2 content for PVDF–LiCl membranes

Furthermore, rigid inorganic particles in the dope could induce a decline in membrane elasticity, leading to a decrease in the membrane’s elongation at break value. Nonetheless, a PVDF hollow fiber membrane containing appropriate amount TiO2 particles improved the membrane’s mechanical properties and the tensile strength values from 15 MPa (0 wt %) to 99 MPa (20 wt %).
3.4 Water permeation flux and rejection of submerged membranes
     The membranes were prepared via dry-jet wet spinning method. All compositions in dope solutions with PVDF were optimized. The obtained membranes were typical ultrafiltration membrane and the refinery effluent rejection efficiencies were 98.83%. Though the permeability of the modified membrane was not significantly increased, the flux reduction coefficients (m) decreased by 18.3% and 21.5%, respectively showed in Table 3. It suggested the capabilities of anti-contaminant were improved remarkably.
Table 3
The performance of the PVDF membranes
	Additive
	F(l/m2.h)
	R (%)
	m (%)

	TiO2 (10 wt%)
	24.78
	80.02
	40.1

	LiCl (5.2wt%)+ TiO2 (5 wt%)
	58.56
	82.35
	28.2

	LiCl (5.2wt%)+ TiO2 (10 wt%)
	96.77
	98.83
	18.3

	LiCl(5.2wt%) + TiO2 (15 wt%)
	98.90
	96.90
	21.5

	LiCl(5.2wt%) + TiO2 (20 wt%)
	93.65
	93.71
	22.8


Chiang et al. [1] figured that there were hydrogen-bonds effects between the fluorine atoms in PVDF and the oxygen atoms in TiO2. The structure was coordinating with the dissociated Li+ ions through acid-base interactions. Since TiO2 has high affinity to water, the membrane performance of solute transport can be improved. The association between PVDF and TiO2 also changed the surface potential of PVDF and offset the sol dimension during film formation. Wang et al.[24] modified the PVDF hollow fiber membrane by adding about 10 wt. % TiO2 into the dope solution. The both flux and rejection were enhanced sharply. They considered that the surface TiO2 was abundant with hydroxyl which could enhance the flux of PVDF membrane remarkably.
4. Conclusions

       Polyvinylidene fluoride/LiCl/TiO2 nanoparticles composite membranes were fabricated using dry-jet wet spinning method. Various measurements such as characterization, contact angle, FESEM, and MWCO were utilized. The comparison of the performance and morphology was carried out between neat PVDF membrane and PVDF composite membranes with LiCl and nanosized TiO2 particles of the different composition. The results of permeability and instrumental analysis illustrated that these additives obviously affected the performance and structure of PVDF membranes. The smaller nanoparticles could improve the antifouling property of the PVDF membrane more remarkably. 
      At a low concentration of LiCl in the dope solution, the thermodynamic effect overrides the enlargement of the macrovoids, increase the water permeate flux, but at a high concentration of LiCl the reduction of macrovoids could happen and reduced the water permeate flux. 
      In conclusion, it was shown that 5.2 wt% of LiCl and 10 wt% of TiO2 are the better additives for preparation of the PVDF membranes with higher permeates flux, whereas LiCl can be used to reduce macrovoid formation. According to measurements of FESEM, the PVDF membrane with smaller particles had smaller mean pore size and less roughness on its surface and more apertures inside the membrane. The composite membrane exhibited extraordinary hydrophilicity and superior permeability with nearly unchanged retention properties compared with the polymeric membrane without LiCl salt. It was shown that LiCl can be used to reduce macrovoids formation and the positively charged lithium ion can moves the titanium in opposite direction due to coulomb attraction and crosslink with the base of F atom in PVDF. The fluorine atom in PVDF could interact with outward positively charged titanium to improve miscibility, mechanical stability of the electrolyte. Therefore, the composite polymer membrane using LiCl and TiO2 shows great potential in delivering favorable the preparation of membranes with higher permeate flux.
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