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ABSTRACT
Application of membrane ultrafiltration (UF) for industrial wastewater treatment is still in its infancy due to the significant variety in wastewater composition and high operational costs. Aim of this study was to investigate UF membrane morphology and performance for refinery produced wastewater treatment. Submerged UF bundle was equipped using PVDF hollow fibers, which were prepared via the phase inversion method by dispersing LiCl.H2O and TiO2 in the dope. Comparison of morphological and performance tests was conducted on prepared membranes in term of membrane wettability, tensile testing, roughness measurement, mean pore size and surface porosity. An experimental set-up comprised mainly of submerged UF reservoir, circulation pump and aerator were used throughout investigation at vacuum pressure. Fouling characteristics for fibers fouled with suspended solid matter was also investigated. Mixed liquor suspended solid (MLSS) of 3 g/L and 4.5 g/L were assessed by using submerged membrane with varied air bubble flow rates. Results showed effect of air flow rate of 2.4 ml/min increased flux, total suspended solids and sulfide removal of 148.82 L/m2h, 99.82 % and 89.2%, respectively due to increase of turbulence around fibers, which exerts shear stress to minimize particles deposited on membrane surface and available option to reduce energy process.
Keywords: submerged membrane, refinery wastewater, minimizing energy process, ultrafiltration.
1. INTRODUCTION
Low pressure membrane processes such as ultrafiltration (UF) is being increasingly used for wastewater treatment. The properties of feed have also a major impact on membrane fouling. However, fouling, which can affect the permeate quality and operating cost, is a major limitation for their broader implementation. Particulate matter, inorganic and organic materials (e.g. sulfide, phenols) are potential contributors to membrane fouling in refinery wastewater treatment [1]-[3]. A fouling layer, composed of suspended solids, inorganic and organic complexes forms on the membrane surface. The properties of this fouling layer largely control the membrane performance. Preventing or reducing of the formation of this fouling layer by using critical flux concept or making this layer more reversible, could enhance the performance of the membrane processes. The reversibility of fouling layer as well as the critical flux of suspensions appear to be dependent on hydrodynamic conditions and physicochemical properties [4]-[7].
The changes of pH, ionic strength and suspended solids concentration and the process condition of submerged ultrafiltration (e.g. air bubbles flow rate) affect the flux and properties of this fouling layer. The effect of continuously aeration on fouling layer in submerged membrane ultrafiltration has beed discussed by several researchers [8]-[11]. However, the informations of these effects has been identified unclearly. 
The aim of this study was to investigated the effect of mixed liquor suspended solids concentration and air bubbles flow rate on flux and fouling reversibility. The more understanding of the fouling mechanism and optimized process conditions for refinery wastewater treatment using submerged ultrafiltration was described clearly.

2. EXPERIMENTAL
2.1 Materials
Ultrafiltration membranes have been prepared using Kynar®740 PVDF polymer pellets which were purchased from Arkema Inc., Philadelphia, USA. The solvent N,N-dimethylacetamide (DMAc,Aldrich Chemical) (Synthesis Grade, Merck, 99%) was used as polymer solvent without further purification. Lithium chloride monohydrate (LiCl·H2O) and nanoparticles titanium dioxide (TiO2) were used as inorganic additives. Both chemical additives were purchased from Sigma-Aldrich and used as received. Glycerol was purchased from MERCK (Germany) and used as non-solvent for the post treatment of membrane. In all cases, tap water was used as the external coagulation bath medium in the spinning process.

2.2 Membrane preparation
PVDF hollow fiber UF membranes were spun at room temperature by a dry-jet wet spinning method. The spinning solutions were divided into two batches. Membranes were prepared from 19 wt.% PVDF in DMAc at 10 wt.% TiO2 concentrations and LiCl·H2O was maintained at 5.2 wt.% of the weight of the PVDF, as shown in previous study respectively [12]. The mixture was stirred to ensure thorough wetting of polymer pellets, prior to the addition of appropriate amounts of LiCl·H2O at 50 °C. TiO2 was then added to the polymer dope mixtures which were continuously stirred for 48 h (IKA-20-W) at 500 rpm until a homogenous solution was formed. In general, the polymer solution was pressurized through spinneret with controlled extrusion rate, while the internal coagulant was adjusted at 1.4 mL/min. The hollow fiber that emerged from the tip of the spinneret was guided through the two water baths at a take up velocity of 13.7 cm/s, carefully adjusted to match the free falling velocity before it landed in a final collection bath to complete the solidification process. The spun hollow fibers were immersed in the water bath for a period of 3 days, with daily change of the water, to remove the residual DMAc and the additives. The hollow fibers were then post-treated using 10 wt.% glycerol aqueous solution as a non-solvent exchange for 1 day in order to minimize fiber shrinkage and pore collapse. After the fibers were dried for 3 days, they were ready for making hollow fiber test modules.
2.3 Submerged ultrafiltration process
The permeation flux and rejection of PVDF hollow fiber membranes for synthetized refinery wastewater, as listed in Table 1, were measured by submerged ultrafiltration experimental equipment as shown in Figure 1 [13]. An in-house produced U-shape hollow fiber module, with a filtration area of 11.23 dm2, was submerged in prepared suspension in membrane reservoir with volume of 14 L. A cross-flow stream was produced by air bubbling generated by a diffuser situated underneath the submerged membrane module for mechanical cleaning of the membrane module. The air bubbling flow rates per unit projection membrane area was set constantly at 2.4 mL/min in order to maintain proper turbulence. The filtration pressure was supplied by a vacuum pump and controlled by a needle valve. Permeate flow rates were continually recorded using flow meter respectively. 

Table 1: Composition of synthetic refinery wastewater with standard deviation (S.D.) and Standard B of national standard for wastewater and water discharged [14].
	Constituent, unit
	Concentration (S.D.)
	Standard B

	pH
	6.7 
	5.5 – 9.0

	COD, mg/L
	555.0 (0.25)
	200

	NH3-N, mg/L
	29.1 (1.02)
	20.0

	Suspended Solid, mg/L
	213.0 (0.07)
	100.0


Source: Parameter Limits of Effluent of Standard B Environmental Quality Regulation 2009.

The bundles of modified PVDF hollow fibers with total effective area of approximately 11.23 dm2 were immersed in the membrane reservoir and TMP was controlled to suck wastewater from outside to inside of hollow fibers. In order to enhance membrane hydrophilicity of PVDF membranes, LiCl and TiO2 was added to the spinning dope during membrane preparation process with the effort to improve membrane water productivity. The porous structure and possible hydrophilicity of the TiO2 nanoparticles was directly correlated with porosity and might be responsible for the higher liquid uptake. The details of the membrane fabrication process and its properties determination procedure could be found in previous study [15].





Figure 1: Submerged membrane system for refinery wastewater treatment (V1: wastewater valve, T1: pretreatment tank, V2:feed membrane reservoir valve, S: sparger, M: membrane module, T2: feed reservoir, T3: effluent tank, P1: peristaltic pump, P2: centrifugal pump, P3: air pump, QC: flow control, LC: liquid control, LI: level indicator, PC: pressure control.

The filtration experiments were carried out in vacuum condition created using a peristaltic pump (Master flex model 7553-79, Cole Palmer) with permeate that being withdrawn from the open end of fibers. The liquid level in the feed tank was maintained constant throughout experiment. The air scouring bubble generated was advantageous to exert shear stress to minimize particles deposited on the membrane surface during filtration process. The volume of the water permeation collected was determined using a graduated cylinder. After completing filtration, the membrane surface was cleaned with a soft sponge to remove the particle-packed layer which might form during filtration. 
Table 2 shows the PVDF membranes and operating characteristics of the submerged ultrafiltration. In order to enhance membrane hydrophilicity, LiCl was added during membrane preparation process with the effort to improve membrane water productivity. 
Table 2. Membrane properties and operating characteristics of the submerged ultrafiltration
	Parameter
	Membrane 

	Membrane configuration
	Hollow fiber

	Membrane material
Hydrophilic additive added
	PVDF
LiCl and TiO2

	Outer diameter (mm) 
	1.1 

	Inner diameter (mm) 
	0.55 

	Pore size (nm)
	34.05

	Contact angle (o)
	54

	Pure water flux (L m-2 h -1)
	82.95 at 250 mmHg

	pH feed solution (pH)
	6.7

	Air bubbles flow rate (mL/min)
	1.2, 2.4, 3.0

	Mixed liquor suspended solids concentration (g/L)
	3.0, 4.5, 6.0



2.4 Membrane characterizations
Field emission scanning electron microscope (JEOL JSM-6700F) was used to examine the morphology of the PVDF hollow fiber membrane prepared. Prior to analysis, the membrane samples were first immersed in liquid nitrogen and fractured carefully. The samples were then coated with sputtering platinum before testing. The FESEM micrographs of cross-section and outer surface of the hollow fiber membranes were taken at various magnifications. 
The AFM images were obtained over different areas of each hollow fiber membrane using a tapping mode Nanoscope III equipped with 1553D scanner (SPA-300 HV,USA). In this study, scans were made on areas of 5 μm × 5 μm. The AFM analysis software program allowed computation of various statistic related to the surface roughness on predetermined scanned membrane area. To determine the pore sizes and nodule sizes, cross-sectional line profiles were selected to traverse the obtained AFM images and the diameter of nodules (i.e. high peaks) or pores (i.e. low valleys) were measured by means of a pair of cursors. The sizes of the nodule aggregate are based on the average of 15 measurements. In terms of surface roughness, the outer surface of the PVDF hollow fiber membranes were compared using various roughness parameters such as the mean roughness (Ra between the five highest peaks anf the five lowest valleys (Rz) [16]. The mean roughness (Ra) is calculated as follows

							   (1)
where f(x,y) is the surface relative to the center plane, Lx and Ly are the dimensions of the surface in the x and y directions, respectively [17].

	Asymmetric porous membranes were characterized by determination of average pore radius with preparing the wet and dry membranes, five spun hollow fibers with the length of 25 cm were selected after solvent was exchanged in tap water for 3 days. The fibers were immersed into the isopropanol for 3 days and distilled water for 3 days. The remained water in the inner surface was removed using air flow, before weighing the membranes. The wet membranes were dried in vacuum oven for 12 h at 40 oC and weighted. Average pore radius, rm, was investigated by filtration velocity method, which a measurement of the ultrafiltration flux of the wet membrane applied on pure water in limited time (20 h) under 0.1 MPa pressure. It represents the average pore size along the membrane thickness (), which was measured by the difference value between external radius and internal radius of the hollow fiber membrane. The test module containing 60 fibers with the length of 35 cm was used to determine water permeability. According to Guerout-Elford-Ferry Equation, rm could be calculated:

rm = 							             	  (2)

where η is water viscosity (8.9 x 10‑4 Pa s), is the membrane thickness (m), ∆P is the operation pressure (0.1MPa), ε is the porosity of the membrane (%), Q is volume of permeate water per unit time (m3 s-1), A is an effective area of membrane (m2). 
	In order to study the variation of the effect of mixed liquor suspended solids concentration and air bubble flow rates in the refinery wastewater process. These parameters were selected for this purpose as showed in Table 3.
Table 3. The experiment conditions of refinery wastewater ultrafiltration
	Number
	Factor
	Total

	1
	Mixed liquor suspended solids (g/L)
	3.0

	2
	
	4.5

	3
	Air bubbles flow rate (mL/min)
	1.2

	4
	
	2.4

	5
	
	3.0



2.5 Effect of MLSS concentration on membrane performance
The effect of MLSS concentration on submerged membrane ultrafiltration fouling is not as obvious as air bubbles flow rate effects, mainly due to the complexity and variability of the biomass components. While the extrapolymer substances and other biomass characteristics are not accounted, the increase in MLSS concentration alone has a mostly negative effect on the flux obtained in a SS MBR [18], the stabilised permeation rate [19], and on the limiting flux [20]. Moreover, the increased Jc was also observed in changing of MLSS concentration from 3.5 to 10 g/L with associated change in mean floc size from 200 to 50 μm [18]. Although the same type of membrane was used in both studies and the hydraulic condition were similar, Jc values reported by Sablani et al. (2001) and Oh et al. (2009) differ significantly, namely, 621 L/m2h for MLSS of 4 g/L  and 221 L/m2h for MLSS of 2.5 g/L respectively [21,22]. This observation demonstrates the importance of carrying out tests under the same conditions for assessing hydraulic/hydrodynamic parameter and impacts.

2.6 Effect of air bubble flow rate on membrane performance
An increase in air bubbles flow rate (ABFR) and thus cross flow velocity (CFV) supresses fouling and increases Jc. Although most of the studies on Jc are based on sidestream (SS) operation, studies carried out with submerged membrane process  or with ideal feed solutions suggest that an increase in air flow rate at the membrane surface limits fouling [18]. However, Profio et al., (2011) observed an optimum aeration rate beyond which a further increase has no effect on fouling suppression. Details of the phenomena occuring during air sparging have been extensively reported [23]. 

3. RESULTS AND DISCUSSION
3.1 Microscopic analysis using FESEM and AFM
Figure 2 shows the FESEM and AFM micrographs of the modified PVDF hollow fiber membranes. Improvement of membrane morphology is observed for addition of a small amount of TiO2 nanoparticles. TiO2 nanoparticles have high specific areas and hydrophilicity, which will affect the mass transfer during the spinning process. The cross-sectional images for all hollow fibers consist of finger-like macrovoids extending from both inner and outer wall of the hollow fiber, and an intermediate sponge-like layer (Figs. 2a to 2b). 
The membranes surface topographies of 3-D image was observed using AFM. The high peaks seen as bright regions in the AFM images characterize the nodules while the pores are seen as dark depressions. As shown in Figure 2c, the AFM images revealed that the surfaces of PVDF UF membranes have nodule-like structures and the nodule aggregates were formed at both inner and outer surface. The images further indicated that the membrane prepared from the dope containing TiO2 concentration of 1.95 wt.% (PT-10) had a smooth surface. Interfacial stresses working between the macromolecules and the TiO2 nanoparticles tend to enhance macromolecular orientation, particularly when TiO2 concentration is low, resulting in denser macromolecular packing and smoother surface. These results agree with Khayet and Matsuura (2001) studied with PVDF hollow fiber membranes [7] but disagree with Khulbe et al., studied with polyetherimide (PEI) hollow fiber membranes [24]. These different observations may be due to the difference in the polymer type and spinning conditions.
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Figure 2. FESEM images of the (-a) cross section (Mag. 500x), (-b) outer surface (Mag. 40.0kx) and (-c) AFM image of PVDF UF membranes.
3.2 Effect of MLSS concentration and ABFR on membrane performance
The fouling rate under different specific MLSS concentrations in the feed wastewater is shown in Figure 3a.  By comparing these findings with the results shown in Figure 3a, the great difference in the fluxes of wastewaters with MLSS concentration 3 and 4.5 g/L is obvious.  It was observed that during experiments the flux for feed solution with MLSS concentration of  3 g/L becomes higher than that of 4 g/L.  This fact suggests a higher tendency of suspended solids concentration to interact into membrane surface and also ability of air bubbling to enhanced the permeate flux. The flux values on submerged ultrafiltration for feed solution with increasing MLSS concentration become lower by 18 %.  For both MLSS concentration, their foulings tend a quite different.
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Figure 3. Effects of (-a) mixed liquor suspended solids concentration and (-b) different specific air bubble flow rates on permeate volume.
Generally, the increase of membrane fouling with increasing MLSS concentration was found in many literatures by several reseachers, but some other studies have revealed no effect of MLSS concentration on fouling up to a threshold concentration [25]. The impact of air bubbling used in submerged membrane system was investigated, in which the continuous air flow rate enhanced the membrane critical flux and thus minimized the fouling on the surface membrane.  It is known that the membrane fouling can be considered from a critical flux point of view [26]. Figure 3b shows the trend in dP/dt for various air bubbles flow rate. Significant variation is observed in terms of membrane permeability recovery, as expressed byn the recovery factor of dP/dt calculated during the hysteresis loops of the type shown in Figure 3b. The results indicated that the use of air bubbles flow rate of 2.4 mL/min illustrated the increase of flux more than that of air bubbles flow rate of 1.2 and 3.0 mL/min.  The degree supression of irreversible fouling was occured at air bubbles flow rate of 2.4 mL/min due to the achieved highest flux.  Moreover, this would also mean that the aeration can be tuned according to the permeate flux to reduce the power consumption related to the air scouring.
The removal of main parameters of permeate for refinery produced wastewater treatment has been calculated and listed in table 4. These results were achieved by using refinery produced wastewater with MLSS concentration of 3 g/L and ABFR of 2.4 ml/min.

[bookmark: _Toc304161238]Table 4. Removal of the main parameters for refinery produced wastewater treatment
	Parameter 
	Removal of main parameters 

	Flux, L/m3h
	148.82

	TSS (%)
	99.82

	Sulfide (%)
	89.2


4. CONCLUSIONS
The submerged ultrafiltration technique has been conducted to elucidate flux and fouling mechanism. PVDF UF membranes were fabricated via a dry-jet wet spinning method. Several characterizations and measurement techniques such as membrane structure, surface wettability, porosity, average pore size, and permeability were utilized to evaluate fine structural details of the membrane and membrane performance. Refinery produced wastewater filtration was conducted through in-house prepared PVDF hollow fiber ultrafiltration membranes. Permeability test results high flux of 148.82 L/m3h and removal of total suspended solids and sulfide of 99.82% and 89.2%, respectively of refinery produced wastewater treatment.  This was concluded that  LiCl.H2O and TiO2 nanoparticles affected the hydrophilic PVDF UF membranes performance remarkably. 
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