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ABSTRACT

The objective of this study is to develop submerged polyvinylidene fluoride
(PVDF) based hollow fiber ultrafiltration (UF) membranes with improved separation
properties for oily wastewater treatment in which the membranes can also act as
photocatalysis medium. The prepared membranes were characterized with respect to their
morphological structure, surface roughness, hydrophilicity and separation performances.
In the first stage of this study, PVDF based hollow fiber membranes incorporated with
different titanium dioxide (TiO) loading (0-4 wt%) were fabricated. The resultsindicated
that when 2 wt.% TiO» was incorporated into PVDF membranes, the permeate flux and
oil rejection of 70.48 L/m?.h and 99.7 %, respectively, could be obtained when tested using
250 ppm synthesized oily solution under vacuum condition. With increasing feed oil
concentration from 250 to 1000 ppm, the permeate flux was declined but oil rejection was
improved. In the second stage of study, PVDF membrane consists of 2 wt.% TiO, was
further investigated by incorporating different molecular weight (Mw) of
polyvinylpyrrolidone (PVP) (10, 24, 40, 360 kDa) and the membrane filtration
performance and water flux recovery were performed. The obtained results revealed that
PVDF-TiO, composite membrane prepared from PVP 40kDa was the best performing
membrane owing to its promising water flux (72.2 L/m?.h) coupled with good rejection of
oil (94 %). It is also found that with increasing PVP Mw, membrane tended to exhibit
higher PVP and protein rejection, greater mechanica strength, smaller porosity and
smoother surface layer. Regarding to the effect of pH, the permeate flux of the PVDF-
PV P40k membrane was reported to increase with increasing pH from 4 to 7, however,
showed a decrease when pH was further increased to 10. A simple backflushing process
could retrieve approximately 60 % of the membrane original flux without affecting the oil
separation efficiency. The membranes were further studied by integrating with
photocatalysis process. The investigation of various operating parameters such as TiO:
catalyst loading, membrane modul e packing density, feed oil concentration and air bubble
flow rates (ABFR) on the permeate flux, oil rejection and total organic carbon (TOC)
degradation (in the bulk feed solution) were conducted. The average flux was reported to
be around 73.04 L/m?.h using PVDF membrane incorporated with 2 wt.% TiO, at 250
ppm oil concentration with module packing density of 35.3 % and ABFR of 5 L/min. A
remarkable TOC degradation and oil rejection as high as 80 % and > 90 %, respectively,
could be reached under these operating conditions. In the final stage, an attempt was made
to evaluate the effects of UV irradiation period on the membrane (2 wt.% TiO,) by
exposing the membrane to UV light for up to 250 h. It was observed that permeate flux
was increased and some cracks and fractures were formed on the membrane outer surface
when it was exposed to 120 h UV light. Furthermore, the mechanical strength and thermal
stability of irradiated membrane were also reported to decrease with increasing UV
exposure time, suggesting a membrane made of excellent UV resistant polymer is highly
required. The overal findings shown in this study provide useful information for the
research of separation and degradation of oily wastewater and facilitate the development
of hybrid submerged membrane photocatal ytic reactor (SMPR).
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ABSTRAK

Objektif kgjian ini adalah membangunkan membran turasan-ultra (UF) bergentian
geronggang terendam berasaskan poliviniliden fluorida (PVDF) dengan sifat pemisahan
yang meningkat untuk rawatan air sisa berminyak di mana membran ini juga boleh bertindak
sebagai medium fotopemangkinan. Membran yang disediakan dianalisa dari segi struktur
morfologi, kekasaran permukaan, kehidrofilikan dan prestas pemisahan. Pada fasa pertama
kajian ini, membran gentian geronggang berasaskan PVDF digabung dengan titanium
dioksida (TiO;) yang mempunyai berat bebanan yang berbeza-beza (0-4% berat) telah
dihasilkan. Hasil kagian mendapati bahawa membran PVDF dengan 2% berat TiO:
menunjukkan prestas dengan kadar fluks air tulen sebanyak 70.48 L/m?jam dan
penyingkiran minyak sebanyak 99.7 % apabila diuji dengan larutan sintetik berminyak
berkepekatan 250 ppm dalam keadaan vakum. Dalam mengkaji kesan kepekatan minyak
terhadap prestasi membran, didapati fluks air tulen membran menurun tetapi penyingkiran
minyak meningkat dengan peningkatan kepekatan minyak dari 250 hingga 1000 ppm. Pada
fasa kedua kagjian, membran PVDF berkepekatan 2% berat TiO, telah digunakan untuk
mengkaji secara lanjut kesan penambahan polivinilpirolidone( PVP) yang mempunyai berat
molekul yang berbeza-beza (10, 24, 40, 360 kDa) ke dalam larutan dop membran tersebut
terhadap prestasi penapisan dan pemulihan fluks air. Keputusan kagian ini menunjukkan
bahawa membran komposit PV DF-TiO, dengan penambahan PV P 40kDa dalam larutan dop
membran memperolehi prestasi yang paling baik dengan kadar fluks air tulen yang
memberangsangkan (72.2 L/m?.jam) dan penyingkiran minyak yang baik (94 %). Kgian ini
juga mendapati bahawa membran menunjukkan peningkatan dalam kadar penyingkiran PV P
dan protein, dan kekuatan mekanikal, penurunan keliangan membran dan lapisan permukaan
yang semakin licin sggjar dengan peningkatan berat molekul PV P. Dalam mengkaji kesan
pH terhadap prestasi membran, didapati fluks air tulen membran PV DF-PV P40k meningkat
dengan peningkatan pH dari 4 hingga 7, namun menunjukkan penurunan apabila pH terus
meningkat kepada 10. Proses pancuran balik yang mudah boleh mengembalikan kira-kira
60% fluks asal membran tanpa menjegjaskan kecekapan pemisahan minyak. Seterusnya,
membran tersebut dikaji lebih lanjut dengan mengintegrasikan proses fotopemangkinan.
Siasatan kesan pelbagai operasi parameter seperti kandungan pemangkin TiO., kepadatan
membran modul, kepekatan minyak dalam larutan suapan dan kadar aliran gelembung udara
(ABFR) terhadap fluks air tulen, penyingkiran minyak dan degradasi jumlah karbon organik
(TOC) (dalam larutan suapan) telah dijalankan. Purata fluks membran PVDF berkepekatan
2% berat TiO, adalah dalam lingkungan 73.04 L/m?jam apabila diuji dengan larutan
berminyak yang berkepekatan 250 ppm dengan kepadatan modul sebanyak 35.3 % dan
ABFR sebanyak 5 L/min. Pada keadaan operas ini juga, degradasi TOC setinggi 80 % dan
penyingkiran minyak melebihi 90 % mampu diperolehi. Pada fasa akhir kgjian ini, kesan
masa penyinaran UV ke atas membran (2% berat TiO.;) telah dijalankan dengan
mendedahkan sinaran cahaya UV sehingga 250 jam. Selepas 120 jam, kadar fluks resapan
didapati meningkat dan beberapa keretakan terbentuk pada permukaan luar membran
tersebut. Tambahan pula, kekuatan mekanikal dan kestabilan terma membran yang terdedah
kepada sinaran UV didapati merosot seiring dengan peningkatan masa penyinaran UV. Hal
ini menunjukkan bahawa membran diperbuat daripada polimer berketahanan cahaya UV
yang tinggi sangat diperlukan. Keseluruhan hasil kgjian ini dapat memberi maklumat yang
berguna dalam penyelidikan pemisahan dan degradasi air sisa berminyak dan memudahkan
pembangunan hibrid membran tenggelam bersama resktor fotopemangkinan (SMPR).
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CHAPTER 1

INTRODUCTION

1.1  Research Background

Oil contaminated wastewater has been recognizedeasf the most concerned
pollution sources. This kind of wastewater comesfrariety of sources such as crude
oil production, oil refinery, petrochemical industmetal processing, compressor
condensates, car washing, lubricant and coolingtag@ccording to statistics, every
year at least 500 to 1000 million tons of oil isatiarged into the water through a
variety of ways (USEPA, 2015). The oily wastewaterconsidered as hazardous
industrial wastewater because it contains toxisguires such as phenols, petroleum
hydrocarbons, polyaromatic hydrocarbons which ahgbitory to plant and animal
growth and possess mutagenic and carcinogenid¢aifkman being. In this regard,
considerable efforts have been focused on the rahadwil from effluent using many
kinds of technologies, such as electrocoagula@gaisorption, cyclone, evaporation,

membrane technologies as well as other chemicabihoical treatment methods.

Nevertheless, most of these conventional methods fanergy and
environmental barriers when dealing with finely dsified oily wastewater streams
because oil in these stable emulsions is stabilizeslrfactants and its droplet size is
normally less than 20 um in diameter (Chakrabetrty., 2010; Liet al., 2014; Miller
et al., 2013). Therefore, advanced separation techna@oygiest be employed in order
to enhance the oil and water separation efficiemog maximize the water reuse.
Ultrafiltration (UF) membranes with pore sizes beén 0.002 and 0.05 pm have been



used to remove stable oil particles from wastewaterng to its high water oll
separation efficiency and permeability under loveraping pressure (Bevis, 1992;
Chakrabartyet al., 2010; Liet al., 2014; Milleret al., 2013; Ohyaet al., 1998; Scott
et al., 1994; Umet al., 2001). However, the filtration performance wasrfd to vary
with pore diameter of the membranes, and decreadingjection was observed as the
pore size was enlarged (Ohghal., 1998). In addition, typical oil rejection of UF
ranges from 80% to less than 99%, hence, the UFlraema surface is tended to be
easily fouled at high oil concentration and addigibsurface modification procedures
must be conducted to decrease the fouling tendefct al., 1999; Juet al., 2008;

Li et al., 2006b).

Submerged membrane photocatalytic reactor (SMPRy Isybrid system
coupling photocatalysis and membrane process imgéesunit. Photocatalysis allows
the organic pollutants to be decomposed and miredhlito water (KO), carbon
dioxide (CQ) and mineral salts. Additionally, the membraneld@erve as a barrier
for the molecules present in the solution, botliahcompounds and products or by-
products formed during the decomposition. Howethex traditional SMPR is limited
by the large amount of residual pollutants and dhtalyst retained in the process
requires additional treatments to eliminate thema(foet al., 2006; Painmanakug
al., 2013; Seat al., 2007).

Therefore, this study aims to enhance the membjiitna¢ion performance and
provide a better understanding on the effects fiérdint SMPR operating parameters
such as TiQcatalyst loadings, feed concentration, air bulilole rate (ABFR), fiber
packing density in order to achieve desired sejmarand degradation performance.
Although great deals of studies have been repsaddr in fundamental and practical
manners, material development of UF separationgs®oand detailed discussion in
maximizing SMPR operating condition are still ingdate. In addition, the impacts of
long term exposure of UV irradiation on polymer nieeme is also needed to be

investigated to facilitate the development of SMBRwastewater treatment process.



1.2 Problem Statements

The presence of various recalcitrant, toxic and-niodegradable constituents
in the oily wastewater has led to the searchingef and innovative methods to
produce quality-complied and safely dischargealyenastewater. UF membrane has
been widely applied in various separation procedsewever, high fouling tendency
remains one of the most challenging issues in mangseparation processes which
hinders wider applications of UF in wastewater tireent system.

Polyvinylidene fluoride (PVDF) is one of the populaembrane materials due
to its outstanding properties including thermalbgiy, chemical resistance and
excellent mechanical strength. Due to the easyoldissn of PVDF in common
organic solvents such as N,N-dimethylacetamide (BMA,N-dimethylformamide
(DMF) and N-methyl-2-pyrrolidone (NMP), porous PVDFembranes can be
produced via a simple phase inversion method. Hewets hydrophobic nature,
which often results in severe membrane fouling dedine of permeability, has been
a barrier to its application in water treatmentr(@&t al., 2007). Many studies have
attempted to improve the hydrophilicity of PVDF mi@aines using various techniques,
including physical blending, chemical grafting, esudface modifications (Let al.,
2006). Among these methods, blending with inorgan@terials is the simplest
modification method, yet efficient, to enhance ambheane morphological properties
as well as its filtration performance (#ial., 2009).

Titanium dioxide (TiQ) is the most common anti-fouling material and
photocatalyst that used to enhance the membraxeditiormance and providing high
degradation rate in mineralizing organic pollutaréas well as to enhance the
biodegradability of oily wastewater for further dastream treatments (Chong and Jin,
2012). When the Ti@surfaces are photon-activated, the reactive hydnadicals
will react, degrade or even mineralize the orggmutlutants without creating a
secondary pollution (Chong al., 2010). However, when higher amount of Ti®
presented in the membrane matrix, it will inhidietphotocatalytic activity and

membrane performance, due to the agglomerationi©bt Hianoparticles on the
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membrane surface. Thus, it is necessary to stuayrtpact of the different amount of

TiO2 nanoparticles in order to optimize the membralafion performance.

Polyvinylpyrrolidone (PVP) is a hydrophilic polymerommonly used in
membrane fabrication. It possesses excellent pom@ifg ability, and is highly
miscible with polymer material as well as solubl@rganic solvent (Jurg al., 2004,
Basriet al., 2011, Xuet al., 1999). However, considering the importance othbot
thermodynamic and kinetic effects during phasersiea process, it is necessary to
fully understand the impact of different PVPyMn UF membrane properties and

filtration performance.

Despite the excellent oil separation efficiencyU# membranes, there are
several persistent problems that ravage this syBtamgaining complete reliance to
substitute conventional treatment methods, pa#rtyplin dealing with those
recalcitrant and non-biodegradable contaminante. pidtential advantages of SMPR
has been utilized to further improve the limitat@hUF membrane, however, an in-
depth understanding of the theory behind the comraaator operational parameters
and their interactions is inadequate and preseqtiffieult task for maximizing the
treatment performance. Other technical challengeslao required to be considered
such as possible deterioration of the polymeric brame material when membrane is
directly exposed to UV light for a long period ahe during treatment process. This
is because the immobilized photocatalysts (in mamdmatrix) might absorb UV
light energy, causing membrane ageing and furtherirzg its surface morphology

and separation performance.

Thus, the ultimate goal is to understand the perémrce of the UF membranes
and also the oil separation efficiency under lowsgure submerged condition. It is
also essential to understand the correlation betwiee membrane properties (i.e.
morphological structure, surface roughness, anddmydlicity) and system operating
conditions towards the filtration performance arttbfpodegradation efficiency. In
addition, present study is to provide greater ustdeding and highlight underlying
problems associated with photocatalytic membrarstegy which will contribute



important insight towards the development of effecsolution for oily wastewater

treatment.

1.3  Objectivesof the Study

Based on the aforementioned problem statementshibetives of the current

study are outlined as follows:

(i) To study the effect of titanium dioxide (TiDconcentration on the
properties and performance of PVDF based holloerflnembrane.

(i)  Toinvestigate the effect of molecular weight)\f polyvinylpyrrolidone
(PVP) on the properties and performance of PVDFethd®ollow fiber
membrane.

(i)  To evaluate performances of SMPR in oily wastewg@t@rcess under
various operating conditions.

(iv) To evaluate the long term effect of UV irradiation polymer-based

membrane in SMPR for oily wastewater treatment.

14  Scopesof the Study

In order to achieve the listed objectives, theolwlhg scopes of studies have

been identified as follows:

() Formulating dope solution of hollow fiber UF memtea using different
concentrations of Ti®(0-4 wt.%) at fixed PVDF polymer weight of 18

wt.%.



(i)  Formulating dope solution of hollow fiber UF memtea using different
Mw of polyvinylpyrrolidone (PVP) (10, 24, 40 and 36D& at fixed PVDF
polymer weight (18 wt.%) and T&Zoncentration (2 wt.%)

(i)  Fabricating hollow fiber UF membranes by dry-weinspg process at

fixed spinning conditions.

(iv)  Characterizing the surface morphological structanel its properties,
thermal stability, membrane chemical compositiamfaze hydrophilicity
and charge properties using techniques/methodsagiscanning electron
microscopy (SEM), field emission scanning electraaroscopy (FESEM),
atomic force microscopy (AFM), X-ray diffraction RD), thermal
gravimetric analysis (TGA), attenuated total refl@e-fourier transform
infrared spectroscopy (ATR-FTIR), contact angleschranical strength,

Zeta potential, porosity and viscosity measurement.

(v) Preparing the oily solution by mixing distilled veatwith commercial

cutting oil.

(vi)  Evaluating performance of the prepared membrandés (arious TiQ
concentrations) in terms of water permeation faikseparation efficiency,
protein rejection (i.e. Bovine serum albumin (BSégg albumin (EA) and
trypsin) and also anti-fouling properties by vagmil concentration from
250 to 1000 ppm.

(vii)  Setting up submerged membrane photocatalytic red@MPR) with
single 8W UVA lamp immersed in the middle of theka

(viii)  Comparing the photocatalytic degradation of dipguitolysis, neat PVDF
UF membrane and PVDF-T¥QJF membrane under UV irradiation.

(ix)  Evaluating the performance of SMPR in terms of waermeation flux,
oil separation efficiency and TOC degradation byywey operating
parameters such as Ti€atalyst loadings (0-4 wt.%), feed concentration



(250, 1,000, 5,000 and 10,000 ppm), air bubble flate (ABFR) (0, 1, 3
and 5 L/min) and module packing density (17.6, 3,8 52.9 %).

(x) Investigating the intrinsic properties and perfonce stability of prepared
membrane by exposing the membrane to UV light fotau250 h.

15 Limitation of the Study

In order to accomplish the listed objectives amapss, some constraints of this
study must be clearly defined and identified atofes: 1) The resulting membrane
performance and photocatalytic degradation are apjicable for SMPR system with
that specific dimension, operating condition, téede pollutants, membrane
configuration, UV wavelength and its intensity @ed in this study. 2) The outcomes
of the polymer degradation study are only appledhiat specifically designed UV

exposure chamber as used in this study.

1.6 Rationaleand Significance of the Study

This study aims to optimize the membrane perforraaacd operation of
SMPR to treat oily wastewater. It is acknowleddeat the membrane properties (i.e.
surface roughness, hydrophilicity and pore str@tare fundamentally responsible
for membrane performance. In order to improve tlemiorane properties, blending
with hydrophilic additives could offer a possibleute to produce highly effective
membranes with high water permeation flux and denelseparation performance.
Thus, efforts have been made to investigate thaatspof direct blending of Tiand

PVP on UF membrane properties and performance.



Additionally, heterogeneous photocatalysis hastgoe&ential to be used in
degrading those hazardous and non-biodegradablparords from oily wastewater,
mainly due to generation of hydroxyl radicals tbam act as strong oxidizing agent to
react with the targeted pollutants and eventuallyemalize them to innocuous carbon
dioxide and water. Therefore, efforts have alsmisedicated to identify the impact
of different operating conditions on the separatp@rformance and degradation
efficiency. To date, no relevant study has beendooted to investigate the
performance of SMPR in treating oily wastewaterhwttombination of various

operating parameters.

Realizing the important roles of heterogeneous qutadtlyst integrated with
membrane process as hybrid process, particularlydstewater treatment, efforts are
made to investigate how the long-term exposure ¥uf itdadiation on polymer
membrane would affect membrane structural morphesognd further its separation
performance. It is then expected that outcomes frosnstudy would be beneficial to
further understand the suitability and sustaingbihf polymeric membrane that is
widely considered as the host for photocatalytsyiping useful information for the
research of simultaneous separation and degradaitioity wastewater and facilitate
the development of hybrid SMPR.

1.7 Organization of the Thesis

The thesis consists of 8 chapters. Chapter 1 gavegeneral and brief
introduction of the research undertaken. The prob&atements of this study are
defined and the objectives as well as the scopesualy are further elaborated to
provide the research direction of this study. Thynificance of the study is also

provided.

Chapter 2 provides a general information of thaesroil demand and its

severe impact to the receiving water bodies systecomparison of the maximum oil



discharged standard among different countries identa give a clear understanding
of the urgent need to deal with the increasing arhofi oily wastewater. A general
overview of conventional treatment process for wigstewater treatment is provided
by comparing each different method with its ownspamd cons. After that, detailed
discussion on UF membranes and its modificationhodg followed by the UF
limitation for treating the oily wastewater are lmdaated. A brief information on
SMPR and a summary on recent SMPR studies is prdviéifter that, a comparison
of catalyst suspended and immobilized reactor islanf@llowed by the selection
criteria of photocatalyst and the photocatalysiscima@ism. Then, review on the
impacts of various operating parameters on theopednce of SMPR is provided
followed by some challenges facing in the developmef current SMPR are
highlighted in the end of the chapter. ChapterlBfagus on the experimental methods
and characterizations that were used in this stude analytical methods of

membrane properties and SMPR performance are mlsasded in detail.

Chapter 4 discusses the characterization and peafozes of PVDF-based UF
membrane incorporated with different concentratdiO,. The fabricated hollow
fiber membranes were investigated in terms of thiirphological structure, surface
properties and filtration performance. The strugtumorphologies and surface
properties of the membranes were characterizedB8EM/SEM, AFM and contact
angle analyzer. The filtration performance by meaingater permeation flux and oil
rejection are presented and discussed in detaalddiition, detailed discussion on the
anti-fouling performance of the membranes by vayyoil concentration is also

addressed.

Chapter 5 discusses on the fabrication, charaeatesiz and anti-fouling
performance of PVDF hollow fiber membranes incogped with various M of PVP.
The properties of the membranes are characterigeasing FESEM/SEM, AFM,
contact angle and mechanical strength analysien,Tthe hollow fiber membranes are
discussed in great detail in terms of water perioedtux, oil rejection and anti-
fouling performance. Additionally, separation penfiances of protein (BSA, EA and
trypsin) and PVP are also included. Discussiont@nimpact of different pH and

cleaning efficiency are also presented in this tdra®©n the other hand, the impacts
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of various operating parameters, i.e. Jt@talyst loadings, feed concentration, ABFR
and module packing density, on the SMPR filtratoil degradation performance are

elaborated in detail in Chapter 6.

Chapter 7 presents the long-term effect of UV iadn on the optimized
membrane with respect to its structural morpholegied separation performance. The
impacts of UV irradiation on membrane structuralrpimlogies were characterized
using FESEM and EDX. In addition, the UV impactsobiemical composition of the
membrane was investigated using FTIR. The filtraperformances of both pristine
and irradiated membranes were also compared iretkdeof chapter. Finally, the
general conclusions of this study and recommenaistior future research works in
this field are drawn in Chapter 8.



REFERENCES

Araujo, A. B., Amarante Junior, O. P., Vieira, E.,Malente, J. P. S., Padilha, P. M.
and Florentino, A. O. (2006). Photodegradatiorodiilsle and emulsive cutting
fluids using TiQ as catalyst). Braz. Chem. Soc., 17: 737-740.

Ahmed, S., Rasul, M. G., Martens, W. N., Brown,dRd Hashib, M. A. (2010).
Heterogeneous photocatalytic degradation of pheanalastewater: A review
on current status and developmeitssalination, 261: 3-18.

Arthur, J. D., Langhus., B. G. and Patel, C. (200®chnical Summary of Oil & Gas
Produced Water Treatment Technologies USA: All Gttimgy, LLC.

Awanis Hashim, N., Liu, Y. and Li, K. (2011). Statyy Of PVDF Hollow Fibre
Membranes In Sodium Hydroxide Aqueous SolutiGhem. Eng. Si., 66:
1565-1575.

Abbasi, M., Salahi, A., Mirfendereski, M., Mohammad. and Pak, A. (2010).
Dimensional analysis of permeation flux for michoéition of oily wastewaters
using mullite ceramic membrand3esalination, 252(1-3): 113-119.

Alzahrani, S. and Mohammad, A.W. (2014). Challenged trends in membrane
technology implementation for produced water treatmA review.J. Water
Process Eng., 4: 107-33.

Braak, E., Alliet, M., Schetrite, S., and Albasi,(@011). Aeration and hydrodynamics
in submerged membrane bioreactdrdviembr. Sci., 379: 1-18.

Bunturngpratoomrat, A., Pornsunthorntawee, O.viaitananon, S., Chavadej, J., and
Chavadej, S. (2013). Cutting oil removal by continsl froth flotation with
packing media under low interfacial tension comahis. Sep. Purif. Technol.,
107: 118-128.

Bai, H., Liu, Z. and Sun, D. D. (2010). HierarcHiganultifunctional TiG; nano-thorn

membrane for water purificatio@hem. Commun., 46: 6542-6544.



139

Baker, R.W. (2004)Membrane Technology and Applications. (2" ed.) England, John
Wiley and Sons, Ltd.

Basri, H., Ismail, A. F. and Aziz, M. (2011). Pallgersulfone (PES)-silver composite
UF membrane: Effect of silver loading and PVP molac weight on
membrane morphology and antibacterial activitgsalination., 273: 72-80.

Bianco Prevot, A., Vincenti, M., Bianciotto, A. anBramauro, E. (1999).
Photocatalytic and photolytic transformation of athimben in aqueous
solutions. Appl. Catal. B: Environ., 22: 149-158.

Boom, R. M., Wienk, I. M., Van Den Boomgaard, TndaSmolders, C. A. (1992).
Microstructures in phase inversion membranes. Rarhe role of a polymeric
additive.J. Membr. Sci., 73: 277-292.

Cassie A. and Baxter S. (1944). Wettability of paraeurfaceslrans. Faraday Soc.
40: 546-551.

Chakrabarty, B., Ghoshal, A.K. and Purkait, M.KD1R). Cross-flow ultrafiltration of
stable oil-in-water emulsion using polysulfone meamgs Chem. Eng. J., 165:
447-456.

Chakrabarty, B., Ghoshal, A.K. and Purkait M.K.@8D Preparation, characterization
and performance studies of polysulfone membranieg /P as an additive.
J. Membr. &ci., 315: 36-47.

Chakrabarty, B., Ghoshal, A.K. and Purkait, M.KO@8). Ultrafiltration of stable oil-
in-water emulsion by polysulfone membradeMembr. Sci., 325: 427-437.

Chong, M.N., Jin, B., Chow, C.W.K. and Saint, C0XQ). Recent developments in
photocatalytic water treatment technology: A reviéVater Res., 44: 2997-
3027.

Carp, O., Huisman, C. L. and Reller, A. (2004). ®®hwluced reactivity of titanium
dioxide.Prog. Solid Sate Chem., 32: 33-177.

Chang, S. and Fane, A. G. (2001). The Effect akfithameter on filtration and flux
distribution - relevance to submerged hollow filmedules.J. Membr. i,
184: 221-231.

Chadwick, M.D., Goodwin, J.W., Lawson, E.J., MiEsD.A. and Vincent, B. (2002).
Surface charge properties of colloidal titaniumxdie in ethylene glycol and
water.Colloids Surf. A., 203(1-3): 229-236.

Chen, N. and Hong, L. (2002). Surface Phase Moggyand Composition of The
Casting Films of PVDF-PVP Blen&olym., 43: 1429-1436.



140

Cheng, Y., Sun, H., Jin, W. and Xu, N. (2007). Bkatalytic Degradation of 4-
Chlorophenol With Combustion Synthesized Ti@nder Visible Light
Irradiation.Chem. Eng. J., 128: 127-133.

Chin, S. S, Chiang, K. and Fane, A. G. (2006). tadility of polymeric membranes
in a TiG; photocatalysis process.Membr. Sci., 275: 202-211.

Chin, S. S., Lim, T. M., Chiang, K. and Fane, A.(@007a). Factors affecting the
performance of a low-pressure submerged membrao®qgdtalytic reactor.
Chem. Eng. J., 130: 53-63.

Chin, S. S., Lim, T. M., Chiang, K. and Fane, A.(@007b). Hybrid low-pressure
submerged membrane photoreactor for the removalBigphenol A.
Desalination., 202: 253-261.

Chiou, C.H., Wu, C.Y. and Juang, R.S. (2008). lerffice of operating parameters on
photocatalytic degradation of phenol in UV/BifrocessChem. Eng. J., 139:
322-329.

Choi, H., Sofranko, A. C. and Dionysiou, D. D. (Ba). Nanocrystalline Ti©
photocatalytic membranes with a hierarchical mesmpomultilayer structure:
synthesis, characterization, and multifunctiédv. Funct. Mater., 16: 1067-
1074.

Choi, H., Stathatos, E. and Dionysiou, D. D. (20068ol-gel preparation of
mesoporous photocatalytic TA@Ims and TiQ/Al.Os composite membranes
for environmental applicationgppl. Catal. B: Environ., 63: 60-67.

Choo, K.H., Tao, R. and Kim, M.J. (2008). Use gifetocatalytic membrane reactor
for the removal of natural organic matter in wateifect of photoinduced
desorption and ferrihydrite adsorptiahMembr. <ci., 322: 368-374.

Cui H., Hanus R. and Kessler M.R. (2013). Degradatof ROMP-based bio-
renewable polymers by UV radiatidPolym. Degrad. Stab., 98: 2357-2365.

Damodar, R. A. and You, S.J. (2010). Performancerofintegrated membrane
photocatalytic reactor for the removal of ReacBla&ck 5.Sep. Purif. Technol.,
71: 44-49.

Duong, P.H.H.; Chung, T.S. (2014) Application ointfilm composite membranes
with forward osmosis technology for the separatbemulsified oil-waterJ.
Membr. Sci., 452: 117-126.



141

Damodar, R. A., You, S.J. and Chou, H.H. (2009)ud$t the self cleaning,
antibacterial and photocatalytic properties of Ji@ntrapped PVDF
membranes]. Hazard. Mater., 172: 1321-1328.

Diya’'uddeen, B.H., Daud, W.M.A.W. and Abdul Aziz,.A (2011). Treatment
technologies for petroleum refinery effluents: Aiesv. Process Saf. Environ.,
89: 95-105.

Duong, P. H. H. and Chung, T.S. (2014). Applicat@nThin Film Composite
Membranes with Forward Osmosis Technology for Trepasation of
Emulsified Oil-WaterJ. Membr. Sci., 452: 117-126.

Ebert, K., Fritsch, D., Koll, J., Tjahjawiguna, 2004). Influence of inorganic fillers
on the compaction behaviour of porous polymer basechbranesl. Membr.
Sci., 233: 71-8.

El-Naas, M. H., Al-Zuhair, S., Al-Lobaney, A. andakhlouf, S. (2009). Assessment
of Electrocoagulation for The Treatment of Petraldrefinery Wastewated.
Environ. Manage., 91: 180-185.

El-Naas, M. H., Al-Zuhair, S. and Alhaija, M. A.q20). Reduction of COD in refinery
wastewater through adsorption on date-pit activeseldon.J. Hazard. Mater .,
173: 750-757.

Environmental Quality Act. (EQA) (1974)The Malaysia Environmental Quality
(Sewage and Industrial Effluents) Regulations.

Erdei, L., Arecrachakul, N. and Vigneswaran, S.080 A combined photocatalytic
slurry reactor-immersed membrane module systenadeanced wastewater
treatmentSep. Purif. Technol., 62: 382-388.

Ebrahimi, M., Ashaghi, K.S., Engel, L., WillershaasD., Mund, P., Bolduan P. and
Czermak, P. (2009). Characterization and applinatd different ceramic
membranes for the oil-field produced water treatin@esalination, 245: 533-
540.

Emadzadeh, D., Lau, W.J., Matsuura, T., Rahbaa®it, M. and Ismail. A.F.
(2014) . A novel thin film composite forward osmosnembrane prepared
from PSf-TiQ nanocomposite substrate for water desalina@biem. Eng. J.,
237: 70-80.

Fakhrul-Razi, A., Pendashteh, A., Abdullah, L. Bigk, D. R. A., Madaeni, S. S. and
Abidin, Z. Z. (2009). Review of technologies fot and gas produced water
treatmentJ. Hazard. Mater., 170: 530-551.



142

Fica-Piras, P. (2000). Refinery Effluent Nitrificat Studies in Triphasic Bioreactors.
D<c Thesis (in Portuguese), Federal University of Rio de Janeiro.

Fernandez, R. L., Mcdonald, J. A., Khan, S. J. laexClech, P. (2014). Removal of
pharmaceuticals and endocrine disrupting chemidals a submerged
membrane photocatalysis reactor (MP®%p. Purif. Technol., 127: 131-139.

Fu, J., Ji, M., Wang, Z., Jin, L. and An, D. (2008) new submerged membrane
photocatalysis reactor (SMPR) for fulvic acid reralbwsing a nano-structured
photocatalyst]. Hazard. Mater., 131: 238-242.

Fujishima, A., Rao, T. N. and Tryk, D. A. (2000jtahium Dioxide Photocatalysid.
Photochem. Photobiol. C: Photochem. Rev., 1: 1-21.

Fang, Y., Pham, V. A., Matsuura, T., Santerre, &nid Narbaitz, R. M. (1994). Effect
of surface-modifying macromolecules and solventpevation time on the
performance of polyethersulfone membranes for thepamation of
chloroform/water mixtures by pervaporatiah.Appl. Polym. Sci., 54: 1937-
1943.

Feng, C.Y., Khulbe, K.C., Chowdhury, G., Matsuufa,and Sapkal, V.C. (2001).
Structural and performance study of microporouyetblerimide hollow fiber
membranes made by solvent-spinning metloembr. Sci., 189: 193-203.

Fujishima, A. and Zhang, X. (2006). Titanium dioxiohotocatalysis: present situation
and future approacheS. R. Chim., 9: 750-760.

Firman, L.R., Ochoa, N.A., Marchese, J. and Pagli€x.L. (2013). Deacidification
and solvent recovery of soybean oil by nanofilomtmembranesl. Membr.
ci., 431: 187-196.

Feng, H.L., Liang, X.Z., Yun, Y.L., Ming, W.Y. andue, C. (2010). Performance of
PVDF/multi-nanoparticles composite hollow fibreraftltration membranes.
Iran. Polym. J., 19: 553-565.

Fernandez-lbafiez, P., Blanco, J., Malato, S., NieWel.D.L. (2003) Application of
the colloidal stability of TiQ@ particles for recovery and reuse in solar
photocatalysiswater Res., 37(13): 3180-3188.

Gao, P., Ng, K. and Sun, D. (2013). Sulfonated lyggap Oxide—ZnO-Ag
photocatalyst for fast photodegradation and distide under visible lightJ.
Hazard. Mater., 262: 826-835.



143

Gao, Y.L., Chen, Q.Y., Tong, H.X., Hu, H.P., Qidh, Yang, Y.H. and Zhou, J.L.
(2009). Preparation of Tiphotocatalyst loaded with2@s for O, evolution.
J. Cent. South Univ. T., 16: 919-925.

Giannouri, M., Kalampaliki, T., Todorova, N., Giakopoulou, T., Boukos, N.,
Petrakis, D., Vaimakis, T. and Trapalis, C. (201Q3ne-step synthesis of
TiO2/perlite composites by flame spray pyrolysis andirttphotocatalytic
behavior.nt. J. Photoenergy, 2013: 8.

Goei, R., Dong, Z. and Lim, T.T. (2013). High-peabdity pluronic-based Ti@
hybrid photocatalytic membrane with hierarchicalrgsity: fabrication,
characterizations and performandgsem. Eng. J., 228: 1030-1039.

Goei, R. and Lim, T.T. (2014). Asymmetric TiGybrid photocatalytic ceramic
membrane with porosity gradient: effect of struetdiirecting agent on the
resulting membranes architecture and performarCesm. Int., 40: 6747-
6757.

Gunther, J., Hobbs, D., Albasi, C., Lafforgue, Cockx, A. and Schmitz, P. (2012).
Modeling the effect of packing density on filtratiperformances in hollow
fiber microfiltration module: a spatial study ofkeagrowth.J. Membr. Sci.,
389: 126-136.

Gunther, J., Schmitz, P., Albasi, C. and LafforgDe(2010). A numerical approach
to study the impact of packing density on fluiddldistribution in hollow fiber
module.J. Membr. <ci., 348: 277-286.

Gryta, M., Karakulski, K. and Morawski, A.W. (200Purification of oily wastewater
by hybrid UF/MD.Water Res., 35: 3665-3669.

Gu, X., Sung, L., Ho, D.L., Michaels, C.A. and Ngay T. (2002). Surface and
interface properties of PVDF/Acrylic copolymer bllsnbefore and after UV
exposure.Proceedings of the 80th Annual Meeting Technical Program of the
Federation of Societies for Coatings Technology (FSCT). Ernest N. Morial
Convention Center, New Orleans, L.A.: FSCT.

Ho, D. P., Vigneswaran, S. and Ngo, H. H. (200®ptBcatalysis-membrane hybrid
system for organic removal from biologically trehteewage effluentSep.
Purif. Technol., 68: 145-152.

Hoffmann, M. R., Martin, S. T., Choi, W. and Bahream, D. W. (1995).
Environmental Applications Of Semiconductor Photalysis.Chem. Rev., 95:
69-96.



144

Horng, R.Y., Huang, C., Chang, M.C., Shao, H., 8hB.L. and Hu, Y.J. (2009).
Application of TiG photocatalytic oxidation and non-woven membrane
filtration hybrid system for degradation of 4-ctdphenol.Desalination, 245:
169-182.

Hu, G., Li, J. and Zeng, G. (2013). Recent develepnm the treatment of oily sludge
from petroleum industry: a review. Hazard. Mater., 261: 470-490.

Hua, F. L., Tsang, Y. F., Wang, Y. J., Chan, S.Chua, H. and Sin, S. N. (2007).
Performance study of ceramic microfiltration menmardor oily wastewater
treatmentChem. Eng. J., 128: 169-175.

Hamid, N.A.A., Ismail, A.F., Matsuura, T., ZularmaA.W., Lau, W.J., Yuliwati, E.
and Abdullah, M.S. (2011). Morphological and separaperformance study
of polysulfone/titanium dioxide (PSf/TKp ultrafiltration membranes for
humic acid removaDesalination, 273(1): 85-92.

Huang, H.M., Ray, P.C., Yu, H. and He, X. (2013)ater 8: toxicology of designer/
engineered metallic nanoparticleSustainable Preparation of Metal
Nanoparticles: Methods and Applications (pp. 190-212). Cambridge: Roy. Soc.
Chem.

Ismail, A. F., Kusworo, T. D. and Mustafa, A. (200&nhanced gas permeation
performance of polyethersulfone mixed matrix hollidlwer membranes using
novel dynasylan ameo silane agehiMembr. Sci., 319: 306-312.

Ju, H., Mccloskey, B. D., Sagle, A. C., Wu, Y.Hysima, V. A. and Freeman, B. D.
(2008). Crosslinked poly(ethylene oxide) foulingistant coating materials for
oil/water separationl. Membr. Sci., 307: 260-267.

Jung, B., Yoon, J. K., Kim, B. and Rhee, H.W. (20@ffect of molecular weight of
polymeric additives on formation, permeation proisr and hypochlorite
treatment of asymmetric polyacrylonitrile membradeMembr. Sci., 243: 45-
57.

Jian, P., Yahui, H., Yang, W. & Linlin, L. (200&reparation of polysulfone—§@4
composite ultrafiltration membrane and its behaviormagnetic field.J.
Membr. Sci., 284: 9-16.

Jin, B., Chong, M.N., Saint, C. and Vimonses, \Q1@). Chapter 1: A novel titania
impregnated kaolinite photocatalyst: from catalgsigineering to reactor
development and modelling, inHandbook of Photocatalysts: Preparation,
Sructure and Applications (pp. 1-52). New York: Nova Science Publisher.



145

Jyothi, M. S., Nayak, V., Padaki, M., Geetha Baklkna, R. and Ismail, A. F. (2014).
The effect of uv irradiation on PSf/T#®nixed matrix membrane for chromium
rejection.Desalination, 354: 189-199.

Jamshidi Gohari, R., Lau W.J., Matsuura T., IsmaiF. (2013). Effect of surface
pattern formation on membrane fouling and its aanin phase inversion
processJ. Membr. <ci., 446: 326-331.

Jung, B., Yoon, J.K., Kim, B., Rhee, H.W. (2004jfelet of molecular weight of
polymeric additives on formation, permeation prdoiesr and hypochlorite
treatment of asymmetric polyacrylonitrile membradeMembr. Sci., 243(1-
2): 45-57.

Jamshidi Gohari, R., Halakoo, E., Lau, W.J., Kas®A., Matsuura, T. and Ismail,
A.F. (2014). Novel polyethersulfone (PES)/hydrowsganese dioxide (HMO)
mixed matrix membranes with improved anti-foulingoerties for oily
wastewater treatment proceRSC Adv., 4: 17587-17596.

Jyothi, M.S., Nayak, V., Padaki, M., Geetha Balslnia, R. and Ismail, A.F. (2014).
The effect of UV irradiation on PSf/TEOmixed matrix membrane for
chromium rejectionDesalination, 354:189-199.

Jaleh, B., Jabbari, A. (2014). Evaluation of redligeaphene oxide/ZnO effect on
properties of PVDF nanocomposite filmagopl. Surf. Sci. 320: 339-347.
Khayet, M., Feng, C.Y., Khulbe, K.C. and Matsuura,(2002). Preparation and
characterization of polyvinylidene fluoride hollober membranes for

ultrafiltration. Polym., 43(14): 3879-3890.

Karhu, M., Kuokkanen, V., Kuokkanen, T. and Ramg,(2012). Bench scale
electrocoagulation studies of bio oil-in-water asgnthetic oil-in-water
emulsionsSep. Purif. Technol. 96: 296-305.

Kiat, W.Y., Yamamoto, K. and Ohgaki, S. (1992). oyl fiber spacing in externally
pressurized hollow fiber module for solid liquigpsgation Water Sci. Technal.,
26: 1245-1254.

Kertesz, S, Cakl, J and Jirankov4, H. (2014). Subetkthollow fiber microfiltration
as a part of hybrid photocatalytic process for dyastewater treatment.
Desalination, 343:106-12.

Kim, M.J., Choo, K.H. and Park, H.S. (2010). Phatatytic degradation of seawater
organic matter using a submerged membrane redcRitotochem. Photobiol.

A: Chem. 216: 215-20.



146

Kang, J.S. and Lee, Y.M. (2002). Effects of molacweight of polyvinylpyrrolidone
on precipitation kinetics during the formation sfyenmetric polyacrylonitrile
membraned. Appl. Polym. Sci., 85(1): 57-68.

King, S. M., Leaf, P. A., Olson, A. C., Ray, P.ahd Tarr, M. A. (2014). Photolytic
and photocatalytic degradation of surface oil ftbenDeepwater Horizon spill.
Chemosphere, 95, 415-422.

Karakulski, K., Kozlowski, A. & Morawski, A. W. (13b). Purification of oily
wastewater by ultrafiltratiorSep. Technol., 5: 197-205.

Kerkez, O. and Bo4, (2014). Photodegradation of methylene blue witaQXTiO2
under visible light: operational paramete@hem. Eng. Commun., 202, 534-
541.

Kertesz, S., Cakl, J. & Jirankova, H. (2014). Sukged hollow fiber microfiltration
as a part of hybrid photocatalytic process for dyastewater treatment.
Desalination, 343, 106-112.

Khan, S., Kim, J., Sotto, A. and Van Der Bruggen(Z15). Humic acid fouling in a
submerged photocatalytic membrane reactor withrpimaD,-ZrO, particles.
J. Ind. Eng. Chem., 21: 779-786.

Kiat, W. Y., Yamamoto, K. and Ohgaki, S. (1992).t@yal fiber spacing in externally
pressurized hollow fiber module for solid liquidhseation Water Sci.Technal.,
26: 1245-1254,

Kim, M.J., Choo, K.H. and Park, H.S. (2010). Phatatytic degradation of seawater
organic matter using a submerged membrane redcRitotochem. Photobiol.
A: Chem,, 216: 215-220.

King, S.M., Leaf, P.A., Olson, A.C., Ray, P.Z. afdrr, M.A. (2014). Photolytic and
photocatalytic degradation of surface oil from theepwater Horizon spill.
Chemosphere, 95: 415-422.

Kochkodan, V.M., Rolya, E.A. and Goncharuk, V.V.0(®). Photocatalytic
membrane reactors for water treatment from orgaoliatants,J. Water Chem.
Technol., 31: 227-237.

Kushwaha, O.S., Avadhani C.V. and Singh R.P. (20Edfect of UV rays on
degradation and stability of high performance paymembrane#dv. Mater.
Lett., 5: 272-279.

Knudsen, B.L., Hjelsvold, M., Frost, T.K., SvarstdiB.E., Grini, P.G., Willumsen,
C.F., Torvik, H. and Asa, S. (2004). Meeting theozdischarge challenge for



147

produced water.SPE International Conference on Health, Safety, and
Environment in Oil and Gas Exploration and Production. Canada: Society of
Petroleum Engineers.

Lang, W.Z., Shen, J.P., Wei, Y.T., Wu, Q.Y., Wang, and Guo, Y.J. (2013)
Precipitation kinetics, morphologies, and propsert@ poly(vinyl butyral)
hollow fiber ultrafiltration membranes with respéot polyvinylpyrrolidone
molecular weightChem. Eng. J., 225: 25-33.

Li, Y.S., Yan, L., Xiang, C.B. and Hong, L.J. (2Q0&reatment of oily wastewater by
organic-inorganic composite tubular ultrafiltratiofUF) membranes.
Desalination, 196: 76-83.

Lasa, H. D., Serrano-Rosales, B. and Salaices-Andnl M. (2005)Photocatalytic
Reaction Engineering, New York: Springer.

Lau, W.J. and Ismail, A.F. (2009). Theoretical stgdon the morphological and
electrical properties of blended PES/SPEEK namafiin membranes using
different sulfonation degree of SPEEXIChE J., 55(8): 2081-2093.

Lau, W.J., Ismail, A.F., Goh, P.S., Hilal, N. an@i0OB.S. (2015). Characterization
Methods of Thin Film Composite Nanofiltration Membes Sep. Purif. Rev.,
44: 135-156.

Linsebigler, A.L., Lu, G. and Yates, J.T. (1995hokcatalysis on Ti@surfaces:
principles, mechanisms, and selected resGhem. Rev., 95: 735-758.

Lasa, H. de, Serrano-Rosales, B. and Salaices-@mosg M. (2005)Photocatalytic
reaction engineering. New York: Springer.

Li, G., An, T., Chen, J., Sheng, G., Fu, J., ChenZhang, S. and Zhao, H. (2006).
Photoelectrocatalytic decontamination of oilfieldroguced wastewater
containing refractory organic pollutants in thegaece of high concentration
of chloride ionsJ. Hazard. Mater., 138: 392-400.

Li, Q., Xu, Z.L. and Yu, L.Y. (2010). Effects of med solvents and PVDF types on
performances of PVDF microporous membrardeppl. Polym. <., 115:
2277-2287.

Li, X., Chen, Y., Hu, X., Zhang, Y. and Hu, L. (®9. Desalination of dye solution
utilizing PVA/PVDF hollow fiber composite membrangodified with TiG
nanoparticles). Membr. Sci., 471: 118-129.



148

Matsuyama, H., Maki, T., Teramoto, M. and Kobayashi(2003). Effect of PVP
additive on porous polysulfone membrane formatiog immmersion
precipitation methodSep. Sci. Technol., 38(14): 3449-3458.

Majeed, S., Fierro, D., Buhr, K., Wind, J., Du, Boschetti-de-Fierro, A. and Abetz,
V. (2012). Multi-walled carbon nanotubes (MWCNTsked polyacrylonitrile
(PAN) ultrafiltration membranes, Membr. <ci., 403-404: 101-1009.

Ma, H., Cheng, X., Ma, C., Dong, X., Zhang, X., X, Zhang, X. and Fu, Y. (2013).
Synthesis, characterization, and photocatalytivigtof N-doped ZnO/ZnS
compositesint. J. Photoenergy, 2013: 8.

Ma, N., Zhang, Y., Quan, X., Fan, X. and Zhao, R010). Performing a
microfiltration integrated with photocatalysis ugian Ag-TiQ/HAP/AI>Os3
composite membrane for water treatment: evaluaffertiveness for humic
acid removal and anti-fouling properti&ater Res., 44: 6104-6114.

Matsuyama, H., Maki, T., Teramoto, M. and Kobayashi(2003). Effect of PVP
additive on porous polysulfone membrane formatiog immersion
precipitation methodSep. Sci. Technol., 38: 3449-3458.

Molinari, R., Palmisano, L., Loddo, V., Mozia, Sada Morawski, A.W. (2013).
Chapter 21 - Photocatalytic membrane reactors:igardtions, performance
and applications in water treatment and chemiacadycetion. In: Basile, A. (Ed.)
Handbook of Membrane Reactors (pp. 808-845). Woodhead Publishing.

Mozia, S., Morawski, A\W., Molinari, R., Palmisanb, and Loddo, V. (2013).
Chapter 6 - Photocatalytic membrane reactors: foneddals, membrane
materials and operational issues. In: Basile, Al.YHandbook of Membrane
Reactors (pp. 236-295). Woodhead Publishing.

Mokhtar, N.M., Lau, W.J., Ismail, A.F. and Ng, B.@2014). Physicochemical study
of polyvinylidene fluoride-Cloisite15A composite meranes for membrane
distillation applicationRSC Adv., 4: 63367-63379.

Molinari, R., Palmisano, L., Drioli, E., SchiavellM. (2002). Studies on various
reactor configurations for coupling photocatalysmsl membrane processes in
water purificationJ. Membr. Sci., 206:399-415.

Molinari, R., Caruso, A., Argurio, P. and Poerio,(Z008). Degradation of the drugs
gemfibrozil and tamoxifen in pressurized and despueized membrane
photoreactors using suspended polycrystalline @catalyst). Membr. i,
319: 54-63.



149

Molinari, R., Mungari, M., Drioli, E., Di Paola, ALoddo, V., Palmisano, L. and
Schiavello, M. (2000). Study on a photocatalyticnmbeane reactor for water
purification.Catal. Today., 55: 71-78.

Mozia, S. (2010). Photocatalytic membrane read®k4Rs) in water and wastewater
treatment. A reviewSep. Purif. Technol., 73: 71-91.

Molinari, R., Borgese, M., Drioli, E., Palmisana,dnd Schiavello, M. (2002). Hybrid
processes coupling photocatalysis and membranegefpradation of organic
pollutants in waterCatal. Today., 75: 77-85.

Ong, C.S., Lau, W.J., Goh, P.S., Ng, B.C. and IsndakF. (2015). Preparation and
characterization of PVDF-PVP-Tgaromposite hollow fiber membranes for
oily wastewater treatment using submerged memisgstem Desalin. Water
Treat., 53: 1213-1223.

Ong, C.S,, Lau, W.J., Goh, P.S., Ng, B.C. and IkmakF. (2014). Investigation of
submerged membrane photocatalytic reactor (SMPRyatipg parameters
during oily wastewater treatment procd3ssalination, 353: 48-56.

Ong, C.S., Lau, W.J., Goh, P.S., Ng, B.C., Matsulirand Ismail, A.F. (2014). Effect
of PVP molecular weights on the properties of PVDB» composite
membrane for oily wastewater treatment procggs.Sci. Technol., 49: 2303-
2314.

Ochiai, T. and Fujishima, A. (2012). Photoelectmmical properties of tio
photocatalyst and its applications for environmiptaification.J. Photochem.
Photobiol. C: Photochem. Rev., 13: 247-262.

Ochoa, N. A., Pradanos, P., Palacio, L., Pagl€rpMarchese, J. and Hernandez, A.
(2001). Pore size distributions based on afm inmgamd retention of
multidisperse polymer solutes: characterisation paflyethersulfone uf
membranes with dopes containing different P¥Rlembr. Sci., 187: 227-237.

Oh, S.J., Kim, N. and Lee, Y.T. (2009). Preparatand characterization of
PVDF/TiO. organic—kinorganic composite membranes for foulesjstance
improvementJ. Membr. Sci., 345: 13-20.

Ohya, H., Kim, J. J., Chinen, A., Aihara, M., Semes, S. I., Negishi, Y., Mori, O.
and Yasuda, M. (1998). Effects of pore size on imm mechanisms of
microfiltration of oily water, using porous glasstilar membranel. Membr.
., 145: 1-14.



150

Parra, S., Sarria, V., Malato, S., Péringer, P.Rnigarin, C. (2000). Photochemical
Versus Coupled Photochemical-Biological Flow Systesn The Treatment
Of Two Biorecalcitrant Herbicides: Metobromuron Amgbproturon.Appl.
Catal. B: Environ., 27: 153-168.

Pavasupree, S., Suzuki, Y., Pivsa-Art, S. and Yastad, S. (2005). Preparation and
characterization of mesoporous p#0OeQ nanopowders respond to visible
wavelengthJ. Solid State Chem., 178: 128-134.

Painmanakul, P, Sastaravet, P, LersjintanakariKh@pdhiar, S. (2010). Effect of
bubble hydrodynamic and chemical dosage on tredtafenly wastewater by
Induced Air Flotation (IAF) proces€hem. Eng. Res. Des., 88: 693-702.

Pan, Y.; Wang, T.; Sun, H.; Wang, W. (2012). Prapan and application of titanium
dioxide dynamic membranes in microfiltration of-mitwater emulsionsSep.
Purif. Technol., 89: 78-83.

Painmanakul, P., Chintateerachai, T., Lertlapwasi8,, Rojvilavan, N.,
Chalermsinsuwan, T., Chawaloesphonsiya, N. andpaaigudthi, O. (2013).
Treatment of cutting oily-wastewater by sono fenfocess: experimental
approach and combined procdss. J. Environ. Earth Sci. Eng., 84: 128-132.

Qiu, Y.R., Zhong, H. and Zhang, Q.X. (2009). Treattof stable oil/water emulsion
by novel felt-metal supported PVA composite hydibphmembrane using
cross flow ultrafiltrationT. Nonferr. Metal. Soc., 19: 773-777.

Risse, G., Matys, S. and Bdttcher, H. (2008). stigation into the photo-induced
change in wettability of hydrophobized Ti@ims. Appl. Surf. Sci., 254: 5994-
6001.

Rabek, J.F. (1995)Polymer Photodegradation-Mechanisms And Experimental
Methods, Cambridge, Chapman Hall.

Rahimpour, A., Jahanshahi, M., Mollahosseini, Ad ajaeian, B. (2012). Structural
and performance properties of UV-assisted >Td@posited nano-composite
PVDF/SPES membraneBesalination, 285: 31-38.

Rahimpour, A., Jahanshahi, M., Rajaeian, B. andirRa¢jad, M. (2011). TiQ®
entrapped nano-composite pvdf/spes membranes:rptepa characterization,
antifouling and antibacterial properti€esalination, 278: 343-353.

Reddy, V., Hwang, D. and Lee, J. (2003). PhotogatalWater Splitting over Zr@
prepared by precipitation methd€orean J. Chem. Eng., 20: 1026-1029.



151

Ren, Z., Yang, Y., Zhang, W., Liu, J. & Wang, HO{3). Modeling Study On The
Mass Transfer Of Hollow Fiber Renewal Liquid Menmma Effect Of The
Hollow Fiber Module Scalel. Membr. Sci., 439: 28-35.

Ran, J, Liu, J, Zhang, C, Wang, D. and Li, X. (20EXxperimental investigation and
modeling of flotation column for treatment of oiyastewaterint. J. Mining
i. Technol., 23: 665-668.

Ren, Z., Yang, Y., Zhang, W., Liu, J. and Wang,(2013). Modeling study on the
mass transfer of hollow fiber renewal liquid memm@aEffect of the hollow
fiber module scalel. Membr. Sci., 439: 28-35.

Rabek, J.F. (1995)Polymer photodegradation-mechanisms and experimental
methods. Cambridge: Chapman Hall.

Rupiasih, N. N., Suyanto, H., Sumadiyasa, M., Wemir(2013). Study of effects of
low doses UV radiation on microporous polysulforenmbranes in sterilization
processOpen J. Org. Polym. Mater., 3:12-8.

Sarasidis, V. C., Patsios, S. |. and Karabelas]. A2011). A hybrid photocatalysis-
ultrafiltration continuous process: the case ofy/patcharide degradatiagep.
Purif. Technol., 80: 73-80.

Sarasidis, V.C., Plakas, K.V., Patsios, S.l. anthKalas, A.J. (2014). Investigation of
diclofenac degradation in a continuous photo-c#talgnembrane reactor.
Influence of operating paramete@hem.Eng. J., 239: 299-311.

Sadrzadeh, M. and Bhattacharjee, S. (2013). Radtidesign of phase inversion
membranes by tailoring thermodynamics and kineticsasting solution using
polymer additives). Membr. Sci., 441: 31-44.

Sayama, K., Hayashi, H., Arai, T., Yanagida, M.,n{guT. & Sugihara, H. (2010).
Highly active WQ semiconductor photocatalyst prepared from amorphou
peroxo-tungstic acid for the degradation of variotganic compound#ppl.
Catal. B: Environ., 94: 150-157.

Singh S., Khulbe K.C., Matsuura T. and P. Ramamurii998). Membrane
characterization by solute transport and atomiceanicroscopyJ. Membr.
., 142: 111-127.

Scholz, M., Wessling, M. and Balster, J. (2011)aftkr 5 Design Of Membrane
Modules For Gas Separatiomdembrane Engineering For The Treatment Of
Gases: Volume 1. Gas-Separation Problems With Membranes. Cambridge:
Roy. Soc. Chem.



152

Shi, F., Ma, Y., Ma, J., Wang, P. and Sun, W. (30R2eparation and characterization
of PVDF/TiO; hybrid membranes with different dosage of nano»TiQ.
Membr. Sci., 389: 522-531.

Scott, G. (1990)Mechanisms Of Polymer Degradation And Stabilisation. New York:
Elsevier.

Scott, K., Adhamy, A., Atteck, W. and Davidson,(C994). Crossflow microfiltration
of organic/water suspensioiater Res., 28: 137-145.

Shifu, C., Wei, Z., Wei, L., Huaye, Z. and Xiaolingy. (2009). Preparation,
characterization and activity evaluation of p—ncfion photocatalyst p-
CaFe04/n-Zn0O.Chem. Eng. J., 155: 466-473.

Se&erov Sokolow, R., Sokolow, S. and Sevj S. (2009). Oily water treatment using
a new steady-state fiber-bed coalesddfazard. Mater., 162(1): 410-415.

Shokrollahzadeh, S., Golmohammad, F., Naseri, hbk&uhi, H. and Arman-Mehr,
M. (2012). Chemical oxidation for removal of hydaocons from gas-field
produced wateProc. Eng., 42: 1029-1034.

Sales, W.F., Diniz, A.E. and Machado, A.R.. (200¥)plication of cutting fluids in
machining processed. Braz. Soc. Mech. Si., 23: 227-240.

Song, H., Shao, J., He, Y., Liu, B. and Zhong, 20122). Natural organic matter
removal and flux decline with PEG-Ti@oped PVDF membranes by
integration of ultrafiltration with photocatalysi&. Membr. Sci., 405-406: 48-
56.

Shahrezaei, F., Mansouri, Y., Zinatizadeh, A.A.bd&khbari, A. (2012). Process
modeling and kinetic evaluation of petroleum refin@astewater treatment in
a photocatalytic reactor using Ti@anoparticlesPowder Technol., 221: 203-
212.

Seerov Sokolow, R., Sokolow, S. and Sevj S. (2009). Oily water treatment using
a new steady-state fiber-bed coalesddfazard. Mater., 162: 410-415.

Sun, Y., Zhang, Y. and Quan, X. (2008). Treatmerit Retroleum Refinery
Wastewater By Microwave-Assisted Catalytic Wet @ixidation Under Low
Temperature And Low Pressufp. Purif. Technol., 62: 565-570.

Soltani, N., Saion, E., Erfani, M., Rezaee, K., Bainrokh, G. and Drummen, G.P.C.
(2012). Influence of the polyvinyl pyrrolidone camtration on particle size
and dispersion of ZnS nanoparticles synthesizadibyowave irradiationlnt.

J. Mol. i, 13: 12412-12427.



153

Su, P.G. and Chiou, C.F. (2014). Electrical andidityrsensing properties of reduced
graphene oxide thin film fabricated by layer-bydayvith covalent anchoring
on flexible substrateSensor Actuat B: Chem., 200: 9-18.

Seo, D. C,, Lee, H. J., Hwang, H. N., Park, M.Rwak, N. W., Cho, I. J., Cho, J. S,,
Seo, J. Y., Joo, W. H., Park, K. H. and Heo, J2807). Treatment of non-
biodegradable cutting oil wastewater by ultrasdimeaFenton oxidation
processWater Sci. Technol., 55: 251-259.

Suttiponparnit K., Jiang, J., Sahu, M., Suvaehiint, S., Charinpanitkul, T. and
Biswas, P. (2011). Role of surface area, primartiga size, and crystal phase
on titanium dioxide nanoparticle dispersion projestiNanoscale Res. Lett., 6:
27.

Saien J. and Nejati H. (2007). Enhanced photodatadiggradation of pollutants in
petroleum refinery wastewater under mild conditiah$lazard. Mater., 148:
491-495.

Teli, S.B., Molina, S., Sotto, A., Calvo, E.G. alldajob, J.D. (2013). Fouling resistant
Polysulfone-PANI/TiQ ultrafiltration nanocomposite membrandsd. Eng.
Chem. Res., 52: 9470-9479.

Tasaki, T., Wada, T., Fujimoto, K., Kai, S., Ohe, Oshima, T., Baba, Y. and
Kukizaki, M. (2009). Degradation of methyl orangeing short-wavelength
UV irradiation with oxygen microbubbled.Hazard. Mater., 162: 1103-1110.

UV Properties of Plastics: Transmission and Resistance. Retrieved on December 28,
2014, from http://www.coleparmer.com

Ultrafiltration: Specific advantages and disadvantages. Retrieved on December 28,
2014, from http://emis.vito.be/techniekfiche/ultlaftion?language=en

Veil, J.A. (2006). Why are produced water dischastgadards different throughout
the world. 19 October 200&3th International Professionalsin Energy
Conference (IPEC). San Antonio, Texas.

Vernardou, D., Kalogerakis, G., Stratakis, E., &®akis, G., Koudoumas, E., and
Katsarakis, N. (2009). Photoinduced hydrophilid @hotocatalytic response
of hydrothermally grown Ti@nanostructured thin fiimssolid State <ci., 11:
1499-1502.

Viero, A. F., De Melo, T. M., Torres, A. P. R., Fara, N. R., Sant'anna Jr, G. L.,
Borges, C. P. and Santiago, V. M. J. (2008). Tieces of long-term feeding



154

of high organic loading in a submerged membraneebidor treating oil
refinery wastewaterl. Membr. Sci., 319: 223-230.

Wang, P., Fane, A. G. and Lim, T.T. (2013). Evatrabf a submerged membrane
vis-led photoreactor (SMPR) for carbamazepine dgran and TiQ
separationChem. Eng. J., 215-216: 240-251.

Wenzel, R.N. (1936). Resistance of solid surfdoegetting by waterindust. Eng.
Chem. 28: 988—994.

Wei, Y., Chu, H., Dong, B. and Li, X. (2011). Evation of humic acid removal by a
flat submerged membrane photoreac@hin. Sci. Bull., 56: 3437-3444.

Wabhi, R., Chuah, L.A., Choong, T.S.Y., Ngaini, AdaNourouzi, M.M. (2013). Oil
removal from aqueous state by natural fibrous sdrl#e overview Sep. Purif.
Technol., 113: 51-63.

World Energy Outlook 2014nternational Energy Agency (IEA). Retrieved March 12,
2015, from http://www.worldenergyoutlook.org/pulaimns/weo-2014/

Wu, C.; Li, A,; Li, L.; Zhang, L.; Wang, H.; Qi, XZhang, Q. (2008). Treatment of
oily water by a poly(vinyl alcohol) ultrafiltratiommembraneDesalination,
225(1-3): 312-321.

Wu, J. and Chen, V. (2000). Shell-Side Mass TranBerformance Of Randomly
Packed Hollow Fiber Modules. Membr. Sci., 172: 59-74.

Xu, Z.L., Chung, T.S. and Huang, Y. (1999a). Effadt polyvinylpyrrolidone
molecular weights on morphology, oil/water separgtimechanical and
thermal properties of polyetherimide/polyvinylpyiidmne hollow fiber
membranes). Appl. Polym. i, 74: 2220-2233.

Xu, Z.L., Chung, T.S., Loh, K.C. & Lim, B.C. (1999bPolymeric asymmetric
membranes made from polyetherimide/polybenzimidapoly(ethylene
glycol) (PEI/PBI/PEG) for oil-surfactant—water seggéon. J. Membr. i,
158: 41-53.

Yeh, T.F., Cihl& J., Chang, C.Y., Cheng, C. and Teng, H. (2018)e&of graphene
oxide in photocatalytic water splittiniylater. Today., 16: 78-84.

Yeo, A.P. S, Law, A. W. K. and Fane, A. G. (2Qd&ctors affecting the performance
of a submerged hollow fiber bundlE&.Membr. Sci., 280: 969-982.

Yi, X. S., Yu, S. L., Shi, W. X., Sun, N., Jin, M., Wang, S., Zhang, B., Ma, C. and

Sun, L. P. (2011). The influence of important faston ultrafiltration of



155

oil/water emulsion using pvdf membrane modifiednlayo-sized TIQAI20:s.
Desalination, 281: 179-184.

Yigit, Z. and Inan, H. (2009). A study of the phcaalytic oxidation of humic acid on
anatase and mixed-phase anatase-rutile> Ti@hoparticlesWater Air Soil
Poll., 9: 237-243.

Yoo, S. H., Kim, J. H., Jho, J. Y., Won, J. and gaM. S. (2004). Influence of the
addition of PVP on the morphology of asymmetricypuide phase inversion
membranes: effect of PVP molecular weightViembr. Sci., 236: 203-207.

Yoon, S.H., Kim, H.S. and Yeom, I.T. (2004). optmaion model of submerged
hollow fiber membrane modules.Membr. Sci., 234: 147-156.

Yousif, E. and Haddad, R. (2013). Photodegradatod photostabilization of
polymers, especially polystyrene: revieSoringer Plus, 2:398.

Yu, L., Han, M., Sarasidis, V.C., Plakas, K.V.,$tas$, S.l. and Karabelas, A.J. (2014).
Investigation of diclofenac degradation in a combns photo-catalytic
membrane reactor. Influence of operating parametesn. Eng. J., 239: 299-
311.

Yu, J. C.,, Wu, L., Lin, J.,, Li, P. and Li, Q. (2003Microemulsion-mediated
solvothermal synthesis of nanosized cds-sensitiZE@. crystalline
photocatalystChem. Commun., 9: 1552-1553.

Yu L, Han M, He F. (2013). A review of treating pivastewaterArabian Journal of
Chemistry, DOI:10.1016/j.arabjc.2013.07.020 (In press).

Yang Y., Zhang H., Wang P., Zheng, Q. and Li, 00{@. The influence of nano-sized
TiO> fillers on the morphologies and properties of R#F membrane,].
Membr. Sci., 288: 231-238.

Yi, X.S.; Yu, S.L.; Shi, W.X.; Wang, S.; Sun, N.nJL.M. and Ma, C. (2013)
Estimation of fouling stages in separation of cdfer emulsion using nano-
particles AbOs/TiO2 modified PVDF UF membraneBesalination, 319: 38-
46.

Yu L.Y., Shen, H.M. and Xu, Z.L. (2009). PVDF-Ti@omposite hollow fiber
ultrafiltration membranes prepared by ?%iGol-gel method and blending
method.J. Appl. Polym. Sci., 113: 1763-1772.

Yuliwati, E., Ismail, A.F., Matsuura, T., Kassim,.M and Abdullah, M.S. (2011).
Effect of modified PVDF hollow fiber submerged alffiitration membrane for
refinery wastewater treatmeiiesalination, 283: 214-220.



156

Yuan, G.L., Xu, Z.L. and Wei, Y.M. (2009). Charatation of PVDF—PFSA hollow
fiber UF blend membrane with low-molecular weighit-off. Sep. Purif.
Technol., 69: 141-148.

Yuan, Z. and Dan-Li, X. (2008). Porous PVDF/TPUrale asymmetric hollow fiber
membranes prepared with the use of hydrophilic taddiPVP (K30).
Desalination, 223: 438-447.

You, S.H. and Wu, C.T. (2013). Fouling removal d¢f thembrane with coated TiO
nanoparticles under UV Irradiation for effluent egery during TFT-LCD
manufacturinglnt. J. Photoenergy, 2013:8.

Yuliwati, E., Ismail, A.F., Matsuura, T., Kassii,A. and Abdullah, M.S. (2011).
Characterization of surface-modified porous PVDHRdwofibers for refinery
wastewater treatment using microscopic observabesalination, 283: 206-
213.

Zielinska, B., Borowiak-Palen E. and Kalenczuk R.J. (20AGtudy on the synthesis,
characterization and photocatalytic activity of Zi@erived nanostructures,
Mater. Sci., 28: 625-637.

Zhang, M.S., Zhu, Y.H., Xiao, Y., Wang, Z.Y., J@.L. and Meng, F.W. (2007).
Research Advance in Treatment of Oily Wastewat@hina Resources
Comprehensive Utilization, 25 (8): 22-24.

Zhang, H., Quan, X., Chen, S. & Zhao, H. (2006hrkeation and characterization of
silica/titania nanotubes composite membrane witbtqdatalytic capability.
Environ. ci. Technol., 40: 6104-61009.

Zhang, X., Du, A. J., Lee, P., Sun, D. D. and Lecki. O. (2008a). Grafted
multifunctional titanium dioxide nanotube membranseparation and
photodegradation of aquatic pollutaAppl. Catal. B: Environ., 84: 262-267.

Zhang, X., Du, A. J., Lee, P., Sun, D. D. and Lecki. O. (2008b). Ti©nanowire
membrane for concurrent filtration and photocatalgkidation of humic acid
in water.J. Membr. Sci., 313: 44-51.

Zhang, X., Wang, D. K. and Diniz Da Costa, J. Q1#a). Recent progresses on
fabrication of photocatalytic membranes for wateatment.Catal. Today,
230: 47-54.

Zhang, X., Wang, D. K., Lopez, D. R. S. and Diniz Qosta, J. C. (2014b). Fabrication
of nanostructured Tighollow fiber photocatalytic membrane and applizati
for wastewater treatmer@hem. Eng. J., 236: 314-322.



157

Zhang, Z., An, Q., Ji, Y., Qian, J. and Gao, C1(@0Effect of zero shear viscosity of
the casting solution on the morphology and perniigalof polysulfone
membrane prepared via the phase-inversion probesalination, 260: 43-50.

Zhao, S., Wang, Z., Wei, X., Tian, X., Wang, J.,ngaS. and Wang, S. (2011)
Comparison study of the effect of PVP and PANI ridmeos additives on
membrane formation mechanism, structure and pedoceJ. Membr. <ci.,
385-386: 110-122.

Zhidong, L., Na, L., Honglin, Z. and Dan, L. (200®tudy of an A/O submerged
membrane bioreactor for oil refinery wastewateratiment. Petrol. Sci.
Technol., 27: 1274-1285.

Zhong, J., Sun, X. and Wang, C. (2003). Treatméntlp wastewater produced from
refinery processes using flocculation and ceraménivrane filtration Sep.
Purif. Technol., 32: 93-98.

Zhou, W., Zhong, X., Wu, X., Yuan, L., Shu, Q., MJ. and Xia, Y. (2007). Low
temperature deposition of nanocrystalline Fi@ms: enhancement of
nanocrystal formation by energetic particle bombaedt. J. Phys. D: Appl.
Phys., 40: 219-226.

Zirehpour, A., Jahanshahi, M. and Rahimpour, M1@0Unique membrane process
integration for olive oil mill wastewater purifigah. Sep. Purif. Technol., 96:
124-131.

Zhu, Y., Wang, D., Jiang, L. and Jin, J. (2014)c&e progress in developing
advanced membranes for emulsified oil/water sejgparaNPG Asia Mater .,
6:101.



	OngChiSiangPFPREE2015ABS
	OngChiSiangPFPREE2015TOC
	OngChiSiangPFPREE2015CHAP1
	OngChiSiangPFPREE2015REF



