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ABSTRACT

Polysulfone (PSf) is an important class polymet ties been most widely used
in the manufacture of synthetic asymmetric ulttetion membranes. However, the
main disadvantage of PSf membrane is due to itsopyabbic characteristic which in
turn fouled the membranes. In practical applicatiblF systems, membrane fouling is
a serious problem that causes high cost energyatipe, and maintenance. Polymer
blend is a simple and an efficient method for deisig new materials to improve
performance of the hydrophobic membranes. The palybfend is a proven tool to
obtain new types of UF membrane, which has betyerdphilicity compared to the
original membranes. Cellulose acetate phthalate P)ICA one of the potential
hydrophilic organic polymers that can be used axploged in PSf polymer blend
technique to improve hydrophilicity and performanaie PSf membranes. PSfICAP
blend membranes with blend composition of 95/510085/15 and 80/20 wt% of total
polymer concentration in the membrane casting goistwere developed via wet phase
inversion process. The effect of CAP compositioncbaracteristics, morphology and
performance of PSf/CAP blend membranes were irgestd. The hydrophilicity of the
PSf/ICAP blend membranes were improved evidentlplbpding with CAP. Based on
BSA protein separation performance study, the P&?/Glend ultrafiltration membrane
which contains 10 wt% of CAP shows the best peréoroe membrane due to its high
productivity and separation performance as well iashas good membrane
characteristics in terms of high hydrophilicity pesties, pore properties and membrane
morphological structure. The effect of polyvinylpglidone (PVP) additives in the
range of 1 to 5 wt% on the best PSf/CAP blend mamds was studied. The results
revealed that an addition of 1 to 3 wt% of PVP &deiformed membrane with small
average pore size and low MWCO due to the strotegpenetrating network between
PSf-CAP-PVP and consequently increased proteirtiejes. Further increment of PVP
additive promoted PVP leached out during wet phasersion process and formed
membranes with big pore size and high MWCO. Thesmhbranes had high permeate
flux but low rejection of proteins. The PSf/CAP/PWRNd membrane that contains 3
wt% of PVP was selected as the best high performamembrane. Further, there were
five different shear rates (42.0, 52.5, 70.0, 10&r@ 210.0 & applied during
fabrication process of PSf/ICAP/PVP blend membrdoyessing the best PSf/CAP/PVP
dope formulation. The experimental results showed an increase in shear rate from
42.0 to 105.0 § decreased the water content, porosity and pertitgabf the
membranes. Further increment of shear rate to 2dbificreased the water content,
porosity and permeability of the membranes dueemsed in porous structure of
PSf/CAP/PVP membrane and a decrease in membraciendiss. In terms of BSA
separation performance, the PSf/CAP/PVP blend mandsrfabricated at the shear rate
of 105.0 & showed the best performance due to high rejeaifoBSA at favorable
permeation flux of BSA protein solution. In an ewgggtion time study, the
PSf/ICAP/PVP blend membranes fabricated at sheaofat05.0 $ were introduced to
evaporation time of 5, 10, 15 and 20 s before inseerin a coagulation bath. The
results showed that the effects of evaporation sigaificantly changed the properties
and morphological structures of the PSf/CAP/PVmthimmembranes. In this experiment
study, PSf/ICAP/PVP blend membrane which was fataitat evaporation time of 10 s
exhibited the best performance membrane due to higinbrane productivity and
separation ability.
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ABSTRAK

Polisulfon (PSf) adalah polimer yang penting didgwara dalam pengeluaran
membran ultraturasan (UF) asimetrik sintetik. Whkgaimanapun, kelemahan utama
membran PSf adalah ciri hidrofobiknya yang meny&bakkotoran membran. Secara
praktiknya, kotoran membran adalah satu masalaly ysangat serius kerana ia
menyebabkan kos tenaga, operasi dan penyelengggaagntinggi. Adunan polimer
adalah kaedah paling mudah dan cekap untuk merndapaiahan baharu bagi
mempertingkatkan prestasi membran hidrofobik. Adupolimer terbukti sebagai satu
cara untuk menghasilkan membran UF baharu yang maeyap sifat hidrofilik lebih
baik berbanding membran asal. Selulosa asetat |ptegh@CAP) adalah salah satu
polimer organik hidrofilik berpontensi yang boleliguhakan dalam teknik adunan
dengan PSf bagi meningkatkan sifat hidrofilik daegtasi membran PSf. Membran
adun PSf/ICAP dengan komposisi adunan 95/5, 90/50158dan 80/20 wt% dari
kepekatan keseluruhan polimer dalam larutan tuaegilmman dibangunkan melalui
proses penyongsangan fasa basah. Kesan kompog$tsk€atas ciri-ciri, morfologi dan
prestasi membran adun PSf/CAP dikaji. Sifat hidikiofmembran adun ini terbukti
meningkat dengan mengadunkan CAP. Berdasarkamkaj&stasi pemisahan protein
BSA, membran adun PSf/CAP yang mengandungi 10 wa¥dkngan CAP dipilih
sebagai membran yang terbaik kerana menunjukarukiigdi dan pemisahan yang
tinggi di samping ciri yang baik bagi sifat hidildj sifat liang dan struktur morfologi.
Kesan bahan tambah polivinilpirolidon (PVP) dalantaj 1 hingga 5 bt% ke atas
membran adun PSf/CAP terbaik dikaji. Keputusan mgrkan penambahan 1 hingga
3 wt% bahan tambah PVP membentuk membran berseatapiang dan MWCO yang
kecil kerana rangkaian saling jalinan yang kuatentSf-CAP-PVP dan seterusnya
meningkatkan pemisahan protein. Penambahan seyardsahan tambah PVP akan
menyebabkan PVP melarut resap semasa proses pesaypgag fasa basah dan
membentuk membran bersaiz purata liang dan MWCQg ylaesar. Membran ini
mempunyai aliran telapan yang tinggi tetapi penasaprotein yang rendah. Membran
adun PSf/CAP/PVP yang mengandungi 3 wt% PVP digébagai membran prestasi
terbaik. Selanjutnya, lima kadar ricih yang berbg#20, 52.5, 70.0, 105.0 and 210.0
s1) digunakan dalam proses pembikinan membran adurCRBIPVP menggunakan
formulasi dop PSf/CAP/PVP yang terbaik. Keputusghkaii menunjukkan peningkatan
kadar ricih dari 42.0 ke 105.0" snenurunkan kandungan air, keporosan dan ketelapan
membran. Peningkatan kadar ricih ke 210" éneningkatkan kandungan air, keporosan
dan ketelapan membran kerana peningkatan keporasarmktur membran dan
penurunan ketebalan membran. Membran adun PSf/GAPYRNg dibikin pada kadar
ricih 105.0 & menunjukkan prestasi terbaik dengan pemisahan &®# tinggi pada
aliran yang sesuai. Dalam kajian masa penyejatambrane adun PSf/CAP/PVP yang
dibikin pada kadar ricih 105.0'slidedahkan dengan masa penyejatan selama 5, 10, 15
dan 20 s sebelum direndamkan ke dalam sebuah randaemggumpalan. Keputusan
menunjukkan kesan masa penyejatan secara signifilaaobah sifat-sifat dan struktur
morfologi membran adun PSf/CAP/PVP. Dalam ujikaji, i membran adun
PSf/ICAP/PVP yang dibikin pada masa penyejatan setidns menunjukkan membran
prestasi terbaik dengan produktiviti dan pemisafearg tinggi.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW

Filter medium is the most important component of fltration process. Filter
medium is permeable to one or more componentsnaiikture, solution, or suspension,
and is impermeable to the retaining component. pereneable component (permeate or
filtrate) is normally consists of suspending fladsolvents or the mixture solvent and
other components. While, solid, or colloidal makror molecular, or ionic species in
solution is the retaining component (retentatahatsurface side of the filter medium in
filtration process (Cheryan, 1998: Mulder, 1996 &utherland, 2005).

Filters media are manufactured using several msthad variety materials such
as natural fibers, synthetic fibers, synthetic simeaterials, and/or inorganic materials.
The common materials used in the fabrication of thiter media include cotton,
polymers, fiberglass, asbestos, sintered metatbona ceramic, and natural minerals
(Sutherland, 2005). The filters can be classifigh two categories: depth filter or
screen filter. In depth filtration, the componeatlie separated can be filtered on its
upstream surface or be penetrated through thecgugare and moves along the pore,
and then trapped within the thickness of the filteedium due to size exclusion or

adhered on the filter medium wall.



The screen filter operates in the same manner avileve where the separated
component retains on the upstream of a surfaceumedihus, membrane is generally
categorized as a screen filter since its separadicimique is similar to the screen filter
(Cheryan, 1998). Filtration is the physical-mechahprocess to separate two or more
components from a fluid (gas or liquid) based prity@n size differences (Geankoplis,
2003). In view of conventional application, filtiah process generally refers to the
separation of solid immiscible particles from lidwr gaseous stream. The suspended
solids in a fluid are separated in part or totdilym fluid, by passage of the fluid
through a permeable barrier (a filter medium) (8ddnd, 2005 and Cheryan, 1998).
The particles larger than 5 to 10 um and/or abowe separated by conventional
filtration method.

Membrane separation processes are employed toasepaarticles or solutes
with size diameters lower than 5 to 10 um in adfl(Cheryan, 1998). Compare to the
conventional separation process, this membraneatiga process is also refers to the
separation of a solute from fluid by diffusion bfd¢ solute from a liquid or gas through
a semi-permeable membrane barrier to another filids is because the membrane
separation process is not only accomplished bygusiechanical-physical forces but

also involved molecular or chemical forces andudifdn (Geankoplis, 2003).

The term of membranes is primarily used for separatand membrane
processes are generally refers to separation meseklence, the core in the membrane
separation process is the membrane itself (M'Baetc., 2006)The primary role of a
membrane is to act as a selective barrier whiplritits passage of certain components
and retain certain other components of a mixtureflard. The membrane can be
considered as a permselective barrier or interphatgeen two phases and the ability
of the membrane to transport one component from fieture more readily than other

components is known as membrane separation prdesder, 1996).



The structure of a membrane is vital for the penfamce of the membrane.
There are two types of membrane structures, ixnsstric structure and asymmetric
structure. Membranes with symmetrical structurendb change throughout the cross
section of the membrane while asymmetric membramsist of a thin selective layer
and a strong support layer giving mechanical sttendgn term of membrane
productivity, asymmetric membranes are in geneuglesor compared to symmetric
membranes (Rijn, 2004).

12 ASYMMETRIC MEMBRANE

In early 1960’s, Loeb and Sourirarajan made a nalistovery of reverse
osmosis process by developing an asymmetric ceubretate membrane via phase
inversion method with high permeation rate and hégectivity for desalination of
saline water. This is due to the unique structdith@se types of membranes comprising
of a very thin, relatively dense skin layer suppdrby an open porous sub-layer. The
permeability and high selectivity of the membrasenparted by the skin layer while
the mechanical strength is provided by the poraotslayer. The fabricated asymmetric
membranes via phase inversion process can beetitor the specific application in
order to produce the desired purity of permeatenm@nipulating some membrane
parameters condition during the membrane fabrinapoocess applications (Baker,
2004 and Mulder, 1996).

The characteristics and morphological structura dense top layer and porous
sub-layer can be optimized by adjusting the menrareparation conditions. The
optimization usually requires time consuming andteegive trial and error
experimentation. Nowadays, most asymmetric memisraare fabricated by phase
inversion, which can be achieved through five ggatmethods: vapor induced phase
separation, thermally induced phase separation, plrgse separation, wet phase
separation and dry wet phase separation (Hamzaih,e2012; Nguyen et al., 2010;
Peng et al., 2012; Rajabzadeh et al., 2012, anasRdheen and Sujith, 2012)



In all these techniques, an initially homogeneouslymer solution
thermodynamically becomes unstable due to differexternal effects and phase
separates into polymer rich and polymer lean phaBes former forms the matrix of
the membrane and the latter fills the pores. Thm&bon of a thin dense skin layer and
a porous sub-layer of a membrane is a typical &tracof an asymmetric membrane
(Ismail et al., 2011)

1.3 MEMBRANE TECHNOLOGY

The invention of the asymmetric membranes by Laeb3ourirajan has made a
great impact on the growth of membrane sciencetacithology. Their breakthrough
has put a milestone in the history of membraneneldyy progress. This remarkable
finding has opened the door to commercialize thenbrane technology from lab-scale
membrane application turn to large-scale commerSiakce that, membrane technology
has been found to be an alternative and attracimeroach for separation. This

technology has been widely adopted by differentigtides over 50 years.

Large-scale commercial industries have been emgloyembrane separations
processes to displace conventional separation ggesesuch as in the water treatment,
water purification, waste water treatment, pharm#cal, biotechnology, chemicals and
paper industries as well as petrochemical-relatedustries. This is due to the
membrane separation processes are compact, fastérmore capital and energy
efficient compare to conventional separation meth@shadao et al., 2010). Most of the
membrane technology applied in commercial industrmployed pressure-driven
membrane separation processes. The membrane sapamaicess based on pressure-
driven can be classified into four categories,.inmgcrofiltration (MF), ultrafiltration

(UF), nanofiltration (NF) and reverse osmosis (RO).

MF membrane is designed to retain particles in‘rttieron’ range of about 0.10
to 5 um while UF used to separate macromoleculgmuicles larger than about 0.001
to 0.02 um (10 to 200 A) (Cheryan, 1998). Both membs can be considered as
porous membrane where rejection is determined mainkhe size and shape of solutes

relative to the membrane pore size. The transgasblvent is directly proportional to



the applied pressure (Mulder, 1996). NanofiltratiddF) membrane is a membrane
filtration process using membrane with a pore sigying from 1 to 10 nm (5 to 10 A).

It lied between ultrafiltration and reverse osmokisgeneral, NF membrane employed
to separate organic compounds and (multivaleng foom a solvent (Baker, 2004 and
Schafer et al., 2005).

RO is mainly employed in the desalination of brabkand seawater to produce
portable water. It also applied to produce ultrapwater in an electronic industry. The
RO membrane shows different transport rates of cutds as small as 2 to 5 A. The
separation principle of NF and RO are based ortisohdiffusion mechanisms. Among
these membrane processes, ultrafiltration (UF) thas largest potential membrane
process employed in various industries applicatieldls (Baker, 2004; Kubota et al.,
2008; Mulder, 1996 and M'Bareck et al., 2006). bfittration (UF) process uses a
finely porous membrane to filter and separate wated microsolutes from
macromolecules and colloids. The UF membrane hasterage pore diameter in the
10 - 1000 A range (Baker, 2004).

Nowadays, UF is a well-developed membrane separatsezhnology and
recently, its application is growing up rapidlyarwide range of applications, including
water/wastewater treatment, reverse osmosis pretesd, and separations in the food,
dairy, paper, textile, pharmaceuticals, chemical biochemical industries (Celik et al.,
2011 and Guo et al., 2010). It is also one of tlenpsing separation tools in drinking
water and wastewater reuse because of its effeetbge to remove waterborne
pathogens (such as bacteria, viruses, and protogsta). In this respect, particulate
matter and small pore size provide an absoluteidrato particles, bacteria, high
molecular weight organic molecules, emulsified @ited colloids (Adout et al., 2010;
Shen et al., 2011 and Shong et al., 2011).

Some of the major profits of the application of tb& membrane process
include low energy cost; the ability to operaterrmabient conditions; ease of use and
the quality of permeate produced. As a consequehts, increasing demand efforts
to improve UF process performance are gaining namek more attention. In general,

those efforts are focusing mainly on feed pretreatimadvanced membrane module



design and process condition optimization. Howewermany cases, the membrane
itself is the main key material for the performamdehe UF process and most of the
commercial polymeric UF membranes are preparedhage inversion technique (Teli
et al., 2012).

Phase inversion technique is a common techniqueaamell-known method in
producing asymmetric UF membranes in nowadays.m&@ important component in
membrane preparation via phase inversion procefiseipolymeric materials, which
determine the characteristics and properties optbhduced membranes. Some of these
polymeric materials such as cellulosic’'s (e.g. Wlele acetate, cellulose nitrate),
polyacrylonitrile (and related block-copolymers),olysulfone/polyetehersulfone/
sulfonated polysulfone/sulfonated poly(ether-ethiéosie), polyvinylidene flouride,
polyimide/poly ether imide, aliphatic polyamidesplyetherketone and ulfonated
poly(ether—ether-ketone) are used as a back-bounérafiltration membrane (Mulder,
1996 and Nady et al., 2011). The selection of pelymaterial as a polymer back-bone
to prepare an UF membrane via phase inversion gsoievery crucial due to the
physical, chemical and mechanical properties &f témbrane is strongly related to the
selected polymer and this in turn affects the sspar performance of the respective

UF membrane.

14 PROBLEM STATEMENT

Cellulose acetate (CA) and polysulfone (PSf) ae niost common polymers
employed as polymer back-bone in the fabricationashmercial UF membranes. These
polymers are selected due to their fairly importeimaracteristics for UF applications
(Cho, et al., 2011). CA is the classic membraneenad$ and still being successfully
used especially in water treatment. The membrabeckted from this polymer is
relatively easy to manufacture and low manufactudost. Another several advantages,
CA membrane posses a good fouling resistance, a stable performance, high flux,
and has moderate chlorine resistance. Howeverdigavantages of CA membranes
are poor mechanical strength, less stable in otgeoivents, narrow pH range (pH 3-7),
a narrow temperature range (lower than’6) and less resistance to biological attack
(Cheryan, 1998; Nunes and Peinemann, 2006, ands#ayvat al, 2010)



PSf is an attractive and important class polymeickviis more stable and high
performance in harsh operating conditions compai@A membrane. It has been most
widely used in the manufacture of synthetic asymimé&tF membranes. Besides it used
as a basic material for synthetic UF membranes, plolymer also used as support
material for composite membrane (Mulder, 1996).f ®8mbrane has been employed
in various application in UF processes due to #gsoan excellent mechanical property,
a very good chemical and thermal stability as vasl its high rigidity and creep
resistance (Arthanareeswaran et al., 2007a; Boweal.,e2001; Mulder, 1996, and
Rahimpour and Madaeni, 2007)

However, the main disadvantages of PSf membranéweeo its hydrophobic
characteristic. The hydrophobicity of polysulfoneembrane has restricted the
application of the commercial PSf membranes inoweriaqueous applications. This is
due to the nature of the membrane surface leads tasy deposition of hydrophobic
macromolecular solutes or particles (such as iteprdiltration) on/at the membrane
surface. This phenomenon is known as membranenfpuln this circumstance, the
larger pressure is required to induce the solvearsport through the membrane to
increase water flux through membrane pore due d¢cease in the membrane surface

resistance (Blanco et al., 2006).

In practical application of UF systems, membrandifg is a serious problem.
In the drinking water production, even though UR igery promising process due to its
compactness, easy automation and high performamicéhé main obstacle for wider
application of UF in this industry is the membrdoeling. Pore blocking, pore stricting
and cake formation are the major factors that daunied to the membrane fouling and
these factors usually cause high cost energy, tperaand maintenance (Gao et al.,
2011).

Therefore nowadays, many research groups haveddaus enhancing property
and anti-fouling capability of PSf membrane in arde prolong the lifetime and
therefore widen the application of PSf membrandm(g et al., 2011). It is well-known
and generally accepted among membranologist thatasing the hydrophilicity of

membrane will improve antifouling of the membrare.is also recognized that



modification of hydrophobicity of polysulfones merabhe is helpful to reduce
membrane fouling and prevent the flux-decreagiviget al., 2010).Recently, many
membranologist has attempted to improve the hydliofth of hydrophobic UF
membrane via several methods such as surface watthfa, plasma treatment, grafting

and blending (Rahimpour et al., 2008)

Polymer blend is a simple and efficient methoddesigning new materials to
improve performance of the hydrophobic membrane$ynker blend is a process, in
which two organic polymers are blend in a homogesemembrane casting solution,
which generally contains a solvent or/and an aeklitTfhe polymer blend is a proven
tool to obtain new types of UF membrane, which ietser hydrophilicity compared to
the original membranes (Sivakumar et al.,, 2006 &uiven et al.,, 2001). The
hydrophilization of hydrophobic UF membrane matesnaill improve permeability and
permselectivity of membrane towards producing dfigh performance of UF blend
membranes. Recently, many researchers had reptrwd study on blending of

hydrophobic membranes with hydrophilic polymers.

Cellulose acetate phthalate (CAP) is one of theemi@l hydrophilic organic
polymers that can be used and explored in PSf paiyilend technique. CAP has a
superior characteristics compared to cellulose tduthe presence of numerous acidic
and carbonyl functional groups on its structure ag added to PSf casting solutions
to improve hydrophilicity and performance of PSfmianes. Rahimpour and Madaeni
(2007) claimed that CAP plays a role as a remagkahtifouling agent due to addition
of small amount of CAP in polyethersulfone (PES)nmbeane casting solution
significantly improved the performance and antifiogl property of PES membrane.
Even though, PES has similar chemical and thernmaitsl to PSf, however, its
performance when in contact with the process flads be markedly different (Scott
and Hughes, 1996). In view of this, an attemptheen made to investigate the effect of
using different composition of CAP in casting s@at in terms of hydrophilicity

properties, morphology and performance of PSf basehbranes.



The production of asymmetric UF membrane is noy arfluenced by polymers
used but three other components, which are solwentsolvent and additive, and these
factors have significant effects on membrane charstics. The presence of additive in
membrane casting solutions plays a crucial roladjusting the membrane properties.
Generally, additives create spongy membrane steidiy preventing the macrovoids
formation, enhance pore formation, improve poreercannectivity and introduce
hydrophilicity (Rahimpour et al.,, 2007 and Liu dt, 003). Usually, a hydrophilic
additive such as polyvinylpyrrolidone (PVP) or petlyylene glycol (PEG) is mixed in
casting solution to obtain hydrophilic membrane HiRgour et al., 2008). These
additives were employed in polymer blend membramesorder to improve
hydrophilicity and performance of the blend memlesan Investigation on the
rheological factors (such as shear rate) and tfeztebf convective evaporation time
(dry phase) during membranes fabrication processiges a potential platform for
developing high performance membrane. It is betletrat these two factors play an
important role in the membrane fabrication prodegsaltering molecular orientation

during formation of the high performance membranes.

In this study PSf is considered as the main polyfoerPSf/ICAP blend UF
membranes. The effects of different polymers cortipos of PSf/ICAP blend were
studied in terms of membrane morphology, pore ptase hydrophilicities properties
and performance of PSf/ICAP blend membranes. Theltsesf the PSf/ICAP blend
membranes were compared to the original membragefémbrane. Then, the best
PSfICAP blend membrane was selected to study teeofan organic additive, PVP in
the blend membrane. PSf/ICAP/PVP blend membranes pmpared by varying the
concentrations of PVP in the best PSf/CAP blend brame. The effects of PVP were
studied to find the best PSf/CAP/PVP blend membparéormance.

Next, two membrane fabrication condition parametéshear rate and
evaporation time) were used to produce PSf/ICAP/BN&hd membrane with high
rejection performance. First, the best PSf/ICAP/RM&d membranes were cast at
different shear rate and then, the best blend memetwas determined based on protein
separation performance test. Finally, the PSf/CAMP/Pblend membranes were

fabricated at different evaporation time at thet lsbgar rate condition. It were tested to
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find the best high performance of PSfICAP/PVP blenembrane in terms of high
permeate flux and high rejection of protein solutet the best membrane fabrication

condition parameters (shear rate and evaporatiog) ti

1.5 OBJECTIVES

The objectives of this study are as follows:

i. To study the effects of CAP in PSf/CAP blend membgsaon hydrophilicity
properties, pore properties, morphological striesuand performance of
PSf/CAP blend membranes.

il. To investigate the role of organic additive, PVRmproving the membrane
properties and performance of PSf/CAP/PVP blend brares.

iii. To study the effects of fabrication condition, seear rate during membrane
fabrication on the characteristics, performance amdrphology of
PSfICAP/PVP blend UF membranes.

iv. To investigate the influence of convective evaporatime (dry phase) on
PSfICAP/PVP blend membranes in order to find thet bgreparation
condition for high performance membrane.

V. To determine the best dope formulation and the fadsication condition of
dry/wet phase inversion process for producing lpigiformance asymmetric
PSfICAP/PVP blend ultrafiltration membranes.

16 SCOPES

In order to achieve the above mentioned objectites, following scopes of
works have been drawn:
i. Preparing PSf dope solution and PSf/CAP blend dspletions which
containing different polymer composition of PSf/CAP
il. Fabricating PSf and PSf/CAP blend UF membranesveiaphase inversion
technique by using an electrically-automatic castimachine.
iii. Characterizing PSf and PSf/ICAP blend UF membranerims of water

content, contact angle, pore characteristics anghimadogy.
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iv. Determining the best PSf/CAP blend UF membranesims of pure water
permeation and performance test of proteins.

V. Preparing and fabricating PSf/CAP/PVP blend UF mamés containing
different concentrations of PVP additive.

Vi. Characterizing PSf/CAP/PVP blend UF membranes atefiohining the best
PSfICAP/PVP blend UF membrane.

Vii. Preparing the blend UF membrane by varying fakoogtrocess parameters
such shear rate and evaporation time.

viii.  Determining the best fabrication process parameteesder to produce the
best PSf/CAP/PVP blend UF membrane performance.

1.7 OVERVIEW OF THE THESIS

This thesis is organized in five chapters inclgdimtroductory chapter in
Chapter 1, literature review in Chapter 2, materiahd methodology in Chapter 3,
Chapter 4 about results and discussion and finatlgclusion and recommendations in
Chapter 5. Firstly in Chapterl, the information @tbiiiter media and types of filtration
is briefly discussed. Then, the difference betweerconventional separation and
membrane separation process is explained. The niafiton about asymmetric
membranes and membrane technology processes aredederibed. The problem
statement, objectives and scope of study in preg&B5f/CAP and PSf/CAP/PVP blend

membranes are included in this chapter.

Chapter 2 covers detail explanations about menebasd membrane separation
processes. A historical literature about chronaalydevelopment of ultrafiltration (UF)
membranes and UF membrane materials are coverezkgi@and on formation of
asymmetric UF membranes via dry phase, wet phadedgiwet phase method well
explained. The fundamental knowledge and theofiesitatransport mechanisms in UF
membranes are also explained. The role of materadklitive, shear rate and
evaporation time effects on membrane structureggrties and separation performance
is discussed. This chapter also described aboutictesization of UF membranes in
terms of water content, contact angle, MWCO ance gmoperties as well as SEM.

Explanations about membrane fouling was also iredud
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Materials and methodology of this study were désdr in Chapter 3. In this
chapter, all the materials employed in this studghsas PSf, CAP, NMP, PVP and
proteins are discussed. The details about the @tpa of PSf/CAP and PSf/ICAP/PVP
membrane casting solutions and membrane fabricatimtem are well explained.
Chapter 3 also describes the details of membraeacterizations and membrane
performance tests. There are two types of memlsaparation performance tests, i.e.

pure water permeation test and protein separagsin t

All the characterization and performance test lteswf PSf/ICAP and
PSfICAP/PVP blend membranes are discussed in det@hapter 4. In this chapter, the
effects of CAP and PVP on PSf/CAP/PVP blend mendsare explained in terms of
water content, contact angle, membrane permealalit§ porosity. The membrane
surface properties are also described in term of @D\ average pore size and pore
density. Pure water flux, proteins rejection anotgins permeate flux are used to study
the membrane performance. SEM photographs are wgsestipport the explanation
about membrane performance. The best membranerparice is determined based on
the membrane characteristics and membrane sepamagidormance. The effects of
shear rate and evaporation time on PSf/CAP/PVPdblmembranes are also well

discussed in this chapter.

Finally, Chapter 5 deals with the conclusion ascbmmendations. This chapter
presents the conclusion derived from this reseatatly. Recommendations for future
study in order to improve fundamental knowledge uabBSf/CAP/PVP membrane
blends and to enhance separation performance stesded. The raw experimental data

and sample calculations are presented in the Appesnd



CHAPTER 2

LITERATURE REVIEW

2.1 MEMBRANE

Over the last 50 years, membrane separation teogwyas in a state of rapid
growth and innovation. Membrane science and tecgyak an expanding field and has
become a prominent part of many activities withie fprocess industries. Industrial
membrane separation with synthetic membranes hers $teongly developed since the

introduction of asymmetric polymeric membraneshia ¢arly sixties.

Membrane science and technology is interdiscipjiniéelds which involved
chemist, physical chemist, mathematicians and atedrengineers. The role of chemists
is to develop new membrane structures, while playstbemists and mathematicians
take part to describe the transport propertiesftédrdnt membranes using mathematical
models in order to predict membranes separatioractexistics. Meanwhile, chemical
engineers contribute in designing separation psmsesfor large scale industrial
utilization (Strathmann, 1990).

However, the most important element in membranense and technology is
the membrane itself. The membrane is the hearvefyemembrane processes (Scott
and Hughes, 1996). There are a number of defistairthe word “membrane” and it is
difficult to covers all of its aspects and rolesm&@mbrane can often be better described
in terms of what it does rather than what it isofPGeorge Solt, a former Director of
the School of Water Sciences, Cranfield has defmmetembrane as “a material through

which one type of substance can pass more redudity dthers, thus presenting the basis
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of a separation process” (Judd and Jefferson, 2@8@8)the purpose of this research,

Solt’s definition can be considered adequate teri®s what the membrane itself is.

Membranes can be classified according to diffewwpoints but generally it can
be divided into four categories as below (Cheni®98 and Mulder, 1996):

a) Nature of the membrane — natural (biological) artegtic membranes

b) Structure or morphology of the membrane — poroussuge nonporous
membranes, its morphological characteristics, digagd membranes

c) Applications of the membrane — gaseous phase dapargas-liquid, liquid-
liquid, etc.

d) Mechanisms of membrane action — adsorptive ver#fisside, ion-exchange,

osmotic, or nonselective (inert) membranes

2.2 MEMBRANE SEPARATION PROCESSES

Membrane technology is now well accepted as a effsttive technology and
conferring unique advantages over conventional ra¢ipa processes. The driving
expansion in environmental applications due to ithprovements of the underlying
technology, a more competitive market, a more gt regulatory environment,
broader range of membrane processes offered andvitability of new fabrication
materials make membrane processes as the bestldeaihlternative separation
technologies. Membrane technology plays an incnghsiimportant role as unit
operations for resource recovery, pollution prenent energy production,

environmental monitoring and quality control, feells and bio-separation applications.

Most of the membrane separation processes areupeedsven. In pressure-
driven membrane separation process, separatiochieveed due to a driving force, i.e.
pressure, acting on the components in the feedtaadlriving force has induced one
component to transport through the membrane re#thlly any other components in the
feed. The major pressure-driven membrane separgtiocesses which cover a wide
range of particles or molecular sizes, and apptinat are microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), reversesmosis (RO) (Cheryan, 1998). Table
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2.1 shows a classification of various membrane regipa process based on particle or

molecular size, driving force and transport modéai@cteristics of retentate and

permeate in different membrane processes is pext@niTable 2.2.

Table 2.1:Characteristics of membranes used in different brane

separation processes

Process Structure Pore size Driving force,  Transport
(um) bar mode

MF Symmetric, 0.05to Pressure AP) Sievinc
asymmetric  10.0 Oto1l

UF Asymmetric 0.001to  PressureAP) Sieving

0.1 1to 10

NF Thin film < 0.002 Pressure AP) Solution
asymmetric 10 to 25 diffusion

RO Thin film < 0.002 Pressure AP) Solution
asymmetric 10 to 100 diffusion

Dialysis ~ Symmetric, 0.001to Concentration Sieving +
asymmetric 0.1 (AC) diffusivity

PV Asymmteric, nonporous Partial pressure Solution
homogeneous diffusion

ED Cations and nonporous Electrical lon
anions potential migration
exchange (current/voltage)

Gas Asymmetric, nonporous Pressure AP) Solution

Separation composite,  (or porous 10 to 100 diffusion

(GS)

homogeneous < 1.0 um)

Source: Baker (2004), Porter (1990), Scott (199%) Mulder (1996)
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Table 2.2:Characteristics of retentate and permeate in diffemembrane processes

Process Retentate Permeate

MF Suspended patrticles, water Dissolved solutes, water

UF Large molecules, water Small molecules, water

NF Small molecules, divalent salts, Monovalent ions, undissociated
dissociated acids, water acids, water

RO Solute, water Water

Dialysis Large molecules, water Small molecules, water

PVP Non-volatile molecules, water Volatile small molecules, water

ED Non-ionic solutes, water lonized solutes, water

Source: Cheryan (1998)

MF is widely used for the separation, purificatiand clarification of protein-
containing solutions including the recovery of exgllular proteins produced via
fermentation and for the removal of bacteria andisgs in the final formulation of
therapeutic proteins. In all these processes taeromolecules and proteins involved
are much smaller in size than the pores of the Mifnbrane and should not normally
be retained by the membranes (Kelly and Zydney519%he basic operational concept
of MF leads to a solute concentration that is higired close to the membrane surface
than it is in the bulk feed stream (Wakeman andiaviis, 2002). Module configuration
of MF include hollow-fiber, tubular, flat plate, ispl-wound and rotating devices. The

two standard modes of operation are dead-end asd-fiow configurations.

UF membranes process is between MF and NF membranesJF membranes
were discussed in the next sub-chapter. NF membraséwo extraordinary characters.
First, they have intermediate molecular weight ffubtween pure RO with a salt
rejection higher than 90 %, and pure UF with a sajiection of less than 5%. The
MWCO of NF membranes ranged from 0.2 to 10 kDa; gbee diameters estimated
from the Stokes-Einstein relationship range fronmito a few nm (Wang, et al., 1995).
NF membranes pore sizes are in the ionic and mialecange, multivalent ions and
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larger organic molecules are well rejected, whilenovalent ions are unsuccessfully
rejected. In NF membrane, solutes having sizegtahan the pore size of membranes
cannot pass through the membrane and retainedeaméimbrane surface (Mohammad,
1998).

Reverse osmosis membrane acts as a barrier to dltowing selective passage
of a particular species (solvent) while other seedisolutes) are retained partially or
completely. Solute separation and permeate solvemter in most cases) flux depend
on the material selection, the preparation procesjuand the structure of the membrane
barrier layer (Lloyd, 1985, and Sourirajan and Mats, 1985). Cellulose acetate (CA)
is the material for the first generation reversenasis membrane. Utilization of this
kind of membrane for sea water desalination triggethe applications of membrane
separation processes in many industrial sectors.gféat interest of reverse osmosis is
a high-quality of permeate, and often even too gdde limitation of this membrane is

operated at high operating pressure resulted anaiderable high energy cost.

2.3 CHRONOLOGICAL OF ULTRAFILTRATION DEVELOPMENT

The beginnings of ultrafiltration (UF) are coincidevith reverse osmosis (RO)
around 1960s. In 1906, Benchhold produced collo@ino cellulose) membranes with
pore sizes below 0.01 micron. This is the firsttegtic ultrafiltration membrane that
has been fabricated and developed. He also intestitite term ‘ultrafilter’ to these
collodion membranes. The collodion membranes preduxy Benchhold were low in
the hydraulic permeability and its pores were ggsiligged (Baker, 2004 and Porter,
1990).

Other important early workers were Zsigmondy andi®aann, and Ferry and
Elford. Zsigmondy and Bachmann patented their ddlio filter in 1918 (Baker, 2004).
After a few stages of evolution and innovation irodqucing collodion membranes,
collodion ultrafiltration and microfiltration memémnes were widely used in laboratory
studies by the mid-1920s. Before 1960s, although &@ UF membranes showing

promising results in their retention properties thatre were no application of RO or UF
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processes in any industry. It is due to the botmbranes had impractical filtration
rates (flux) (Cheryan, 1998 and Porter, 1990).

At the end of World War II, the United States (J.&overnment became
concerned about shortages in water before the etiek @entury and with the proactive
action, the U.S. Government has funded substaiigincial resources for the
development of various separation processes inrwatalination for over two decades
(1950-1973). In the mid-1950s, Prof Charles E. Reich the University of Florida and
Sourirajan from University of California, Los Angsl (UCLA) has started the first
work in RO by using cellulose acetate (CA) as aigmmmeable medium towards
seawater electrolytes. They found that the saéictejn of 94% but the water fluxes

were too low to be interesting (Porter, 1990).

In 1959, Sourirajan’s partner, Sidney Loeb uncode@A membrane recipe
introduced by a French investigator, Dobry and ieoduced acetone into Dobry’s
recipe as suggested by Llyod Graham, a UCLA gradustident. He found a
remarkable results after annealed CA membrane & 80 yield a salt rejection of 99%
and the water flux was 200 times greater than &anrfs CA films and 5 times greater
than the annealed Schleicher and Schuell (S&S) mamelb(Schafer et al., 2005). This
finding was a very promising result and conseqyeméde a crucial breakthrough in
producing RO and UF asymmetric or anisotropic memeés in a large fabrication scale

especially for industrial applications.

The major reason for this significant breakthrougkided in the asymmetric
structure of the membrane. Loeb has found theree vwemo layers exists in the
asymmetric membrane, a dense skin layer which tless 1 pum in thickness and a
porous layer below the dense layer. The denselayér or thin layer is responsible to
the rejection of solutes and at the same time nimized the hydraulic permeability of
water/solvent through the membrane. The porous lag/ided mechanical strength of

the asymmetric membrane at high operating pregdutgder, 1996 and Porter, 1990).
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Prof. Alan S. Michaels from Massachusetts InstitateTechnology and the
founder of Amicon Corporation took initiative to keacollaboration between Amicon
and Dorr-Oliver in a joint development program ®velop UF membranes. In 1966,
they were succeeded in producing asymmetric UF manels from many polymers
such as polyacrylonitrile copolymers, aromatic potydes, polysulfone and
poly(vinylidene fluoride). The ten-year period beem 1965 and 1975 was a period of
intense development of chemically and thermalgistant UF membranes which were
fabricated from the above mentioned polymers ardhyp these materials are still

widely used in ultrafiltration membrane making (Bak2004 and Porter, 1990).

Hollow fibers were also developed during this decaahd followed later by
tubes, plate and frame unit, and spiral wound nmexlubecame available. First
commercially significant ceramic membrane was hiced in 1988. Even though
ceramic membranes much more expensive than polgmmembrane but ceramic
membranes can be employed in high temperature topg@ndition or require regular
cleaning with harsh solutions to control membramding (Baker, 2004). Some of the
milestones in the development of ultrafiltration mi@anes are summarized in Table
2.3.

2.4  ULTRAFILTRATION MEMBRANES

Currently, reverse osmosis (RO) and ultrafiltrati@F) are the two most
important membrane separation processes in the raiage of industrial applications.
The success of these membrane processes is dugréataextent in development of
asymmetric membranes. Asymmetric membranes canebarded as a dual-zone
system, consisting of very thin active layer (skamd a much thicker, porous support
layer (Rautenbach and Albrecht989). The schematic diagram of an asymmetric

membrane consists of two layers is shown in Figute
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Table 2.3:Milestone in the development of ultrafiltrati

Year Inventor Milestone
1906 Benchold Prepared collodion membranes of graded pore
measure bubble point points and use the
ultrafilter
1918 Zsigmondy an( Patent collodion filter
Banchman
1926 Membrane Filte Commercialized UF membranes
GmbH
1963 Loeb-Sourirajal Develop anisotropic RO membranes
1966 Amicon Market laboratoryscale UF membranes, ar
developed PSf and PVDF membre
1969 Abcor Installed commercial tubular UF plant (elec
paint)
1973 Romicon Introducedhollow fiber capillary UF plan
1980 Abcor Commercialized spiral wound UF moes
1988 Abcor First commercially significant ceramic membr:

introduced

Source: Baker (2004)

Figure 2.1: Asymmetric membrane structu

Source: Strathmann (1990)
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The active layer on the top of the asymmetric memés is the prominent
feature of these membranes and generally, it tleiskns around about 0.1 to 1.0 pum.
This thin skin permits high hydraulic permeabiliythe permeate. The second layer or
also known as a support layer is more open or gosobstructure (typically 100 to 200
pum in thickness) provides good mechanical supporsymmetric membranes. High
mass transfer rates and good mechanical stabiktytree unique properties offered by
these two layers of asymmetric membranes that éas widely used in RO, UF or gas
separation processes (Porter, 1990 and Scott agkddu1996).

Asymmetric membrane separation performance careterdined by the nature
of the skin polymer, membrane pore size and thesmassport rate, which mainly
governed by the skin thickness. Furthermore, thekmiess, porosity and pore size of the
dense skin control permeability and selectivityasfymmetric membranes at a given
operating pressure and temperature. The highlyusosub-layer reacts as a support
layer for the fragile and thin skin as well as pdes the mechanical strength or
stability. This highly porous sub-layer allows theembrane to tolerate the pressure

effects employed during membrane operations.

Ultrafiltration (UF) membranes typically refer toniaotropic (asymmetric)
membranes with porous surface layer which have giameter from 10 to 1000 A. UF
membranes covers the region between MF and NFfifidly porous surface layer (also
known as a skin layer or a top dense layer orradhtive layer or a very thin selective
skin layer) performs separation of dissolved maaiecules by discriminating them by
their sizes via sieve mechanism (Baker, 2004)héngdieve mechanism, the separation
of the dissolved macromolecules is determined lgy dize and shape of the solutes
relative to the pore size in the UF membranes (EyldL996). In industrial
applications, UF membranes are used to removeclestin the size range of 0.001 to
0.02 um as retained materials, whilst solvents saits of low molecular weight will

pass through the UF membranes as depicted in Fylre
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dissolved solid, macromolecules

\ B N
UF Membrane\ %8
N

water salts

Figure 2.2: Separation by ultrafiltration membrane

Source: Scott and Hughes (1996)

UF membranes, based on variety of synthetic polgmbeave high thermal
stability, chemical resistivity, and restricted thge of fairly harsh cleaning chemicals
(Reis and Zydney, 2007; Zydney and Kuriyel, 20Q05. are especially well suited for
the separation of fine particles. The choice oimbeane was usually guided by its
molecular weight cut-off (MWCO), which is defined the equivalent molecular weight
of the smallest protein that would exhibit abové&Bfejection. Although this choice is
arbitrary, but it has been adopted by most of tReniémbrane user community (Saxena
et al, 2009). Hollow fiber, flat-sheet cassettgs;ad wound cartridges, tubular modules,
and enhanced mass transfer devices have been pedefor UF. These modules
provide physical separation of the retentate altihté streams, mechanical support for
the membrane (if needed), high membrane packingitiies(membrane area per device
volume), easy access for cleaning and replacemant good mass-transfer
characteristics (Reis and Zydney, 2007; Zydneykaniyel, 2000).
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2.4.1 Materials of Ultrafiltration Membranes

Ultrafiltration (UF) membranes can be categorizedoading to the material
composition which is either organic (polymeric) ioorganic (ceramic or metallic).
Polymeric UF membranes such as polysulfone/polgeteiifone/sulfonated
polysulfone, polyvinylidene flouride, polyacrylonié (and related block-copolymers),
cellulosics (e.g. cellulose acetate), poly(phenglenlfide) and polyimide/ poly(ether
imide) are prepared by phase inversion procescamunercially used in these days in
various applications (Mulder, 1996 and Nunes andhdPeann, 2006). Synthetic
polymeric membranes can also be divided into hydobg and hydrophilic
classifications. Table 2.4 shows the various hydilapand hydrophobic polymers used
for membrane production.

Table 2.4Commercial available hydrophilic and hydrophobatymers
for membrane production

Hydrophilic polymers Hydrophobic polymers
Cellulose acetate (CA) Polysulfone (PSf)

Cellulose acetate butyrate (CAB) Polyethersulfone (PES)
Cellulose acetate propionate (CAP) Poly(vinyidenel flouride) (PVDF)
Cellulose nitrate (CN) Polycarbonate (PC)

Cellulose propionate (CP) Polypropylene (PP)

Ethyl cellulose (EC) Poly(methyl methacrylate) (PMMA)
Polyamide (PA) Poly tetrafluoro ethylene (PTFE)
Poly(acryl acid) (PAA) Polyethylene (PE)

Poly(vinyl alcohol) (PVA) Polystyrene (PS)

Poly(vinyl acetate) (PVAC) Polyphenylene oxide (PSO)
Poly(vinyl butyral) (PVB) Polyphenylene sulfide (PS)

Source: Kesting (1985), Lloyd (1988 avulder (1996)
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Alumina (ALOs) and zircornia (Zr@) have been used as inorganic materials for
developing ceramic UF membranes. These ceramic Bifabranes were employed to
replace polymeric UF membranes especially for hap#rating condition such as high
operating temperature and various pH range (Muld®86). Although membrane
materials vary vastly according to chemical comipmss, the principal objectives in
manufacturing of commercial membranes are to predutembrane with high
selectivity, high flux and less fouling as well laighly resistant to chemical and heat.
The common commercial available polymeric membraioesMF, UF, NF and RO
membranes in water industries with their advantagesl disadvantages are
demonstrated in Table 2.5.

Table 2.5: Advantages and disadvantages of phase inversigmpac
membranes in water indast

Polymer* Advantages Disadvantages Proces$
CA Chlorine resistal Susceptible to alkalin UF, NF,RO
Inexpensive hydrolisis at pH > 6
More fouling resistance Susceptible to biodegradation
than PA Limited thermal and chemical
stability
PA More all-around stability ~ Very limited chlorine tolerance NF, RO
than CA (<0.1 ppm)
PAN High resistance to hydrolisisHydrophobic UF, RO
High resistance to oxidation Requires copolymers to make
less brittle
PSH, Very good all-round Hydrophobic UF, RO
PES stability
Mechanically strong
PVDF, Extremely high chemical  Highly hydrophobic MF, UF
PTFE stability Limited intrinsic permeability
High thermal stability Expensive
PEI High chemical stability Hydrophobic UF, RO
Very high thermal stability Less solvent resistant than
Mechanically strong PVDF
Poorer alkaline stability than
PSf or PAN
PP Inexpensive Hydrophobic MF, UF

& CA, cellulose acetate; PA, polyamide; PAN, polytamitrile; PSf, polysulfone; PES,
polyether sulfone; PVDF, polyvinylidene fluoride; TFE, polytetrafluoroethane; PEI,
polyetherimide; PP, ponproperHbMost usual application ibold type

Source: Judd and Jefferson (2003)



25

2.4.2 Formation of Ultrafiltration (UF) Membranes: Phase Inversion Process

Membranes can be formed by using one of severahadst The integrally
skinned asymmetric membrane via the phase inverpimeess can be fabricated
through three different precipitation processesesehprecipitation processes are wet
phase inversion, dry phase inversion, and dry/Mmtsp inversion. Pinnau and Koros
(1991a) has explained and discussed the differdretegeen wet, dry and dry/wet in the

phase inversion processes as shown in Figure 2.3.

Casting Evaporation

v

Casting Quench

Casting Evaporation Quench

Figure 2.3Schematic representation of phase inversion pseses
(a) dry-phase inversion, (b) wet-phase inversion,
and (c) dry/wet-phase inversion

Source: Pinnau and Koros (1991a)

Barth et al., (2000) has described that these tigpas of phase inversion can be
distinguished during the formation processes of emisrane. The evaporation of
volatile solvent in the casting solution film and/by absorption of a non-solvent
(water) from the air moisture in the atmospherd uitimately produce a critical non-
solvent concentration that causes the cast memheoabe transformed from a single-

phase to a two-phase structure. This techniquen@vk as a dry phase inversion
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process. The phase instability and structure faonatan be also be achieved by the
exchange of solvent and non-solvent by immersirgg gblymer solution film into a
coagulation bath or a quench medium which cont@ngson-solvent. This phase

inversion process is often referred as a wet pim¥sgsion process.

The dry/wet phase inversion process is the prookssaking a membrane by
combination of the dry phase inversion process thedwet phase inversion process.
This process takes two stages of processes. Thiestiage is the polymer casting
solution is exposed to the atmosphere for a cepaiiod of time. The outermost region
of the polymer film undergoes phase separationdadiwby solvent evaporation. This
micro-phase separation process formed the memistamneure of the polymer solution
film. Then for the second stage, the polymer sotufilm immersed in a coagulation
bath. The bulk of the membrane structure is forrbgdsolvent/non-solvent exchange
process during this stage (Pinnau and Koros, 188dlaBarth et al., 2000).

In the phase inversion process, precipitation dfrper solution is generally
well explained by using of a ternary mixing figuuring immersion of polymer
casting solution into a coagulation bath or a ghenedium, the exchange process takes
place between non-solvent and solvent at the sufiam of polymer casting solution.

In this process, solvent in the polymer solutiomes out into the bulk of coagulation
bath and replaced by non-solvent from the coaguidtiath. A non-solvent plays a role
as a precipitation agent in precipitation procass a gel is formed which is known as

membrane (Nunes and Peinemann, 2006).

Figure 2.4 shows a precipitation process of thaatgr system of polymer
casting solution which contains polymer, solvendl aon-solvent. Point A represents
polymer casting solution before immerse in a coatjuh bath. Then, this cast solution
is immersed in the bath and a solvent-non-solverth@ge occurs. The triple
component mixture (polymer-solvent-non-solvent)cress a solubility gap at point B.
Further exchange between these two components leagdase separation which
results in a rigid polymer phase. Finally, all g@vent is replaced by non-solvent and
precipitation process is finished at point C. Timalf precipitation process has resulted a

polymer-rich phase (solid phase) which forms thenm&ne matrix at point D and a
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polymer-poor phase at point L which representgtire volume filled with non-solvent
(Rautenbach and Albrecht, 1989).

Polymer

Single phase area

C Polymer composition
Polyme Solutior

Dual phase area

Solven L nor-solven

Figure 2.4: Triple component-dual phase separation for mengpaaduction

Source: Rautenbach and Albrecht (1989)

2.5 TRANSPORT MECHANISMS OF ULTRAFILTRATION MEMBRAN E

The transport of MF and UF membranes has been explained by Mulder
(1996). MF and UF membranes separate or remové&lparor macromolecules from
colloid or dissolved macromolecules by sieve memnPressure is employed as a
driving force to make these membrane separatioosrecSolvent is forced to transport
through pores distributed across these membranestise and this transport

mechanism is known as convective flow.

UF and MF membranes are porous membranes consaspolfymeric matrix in
which a large variety of pore geometries may pdssas shown in Figure 2.5. Different
transports models have been developed to descrévesport of permeate due to
different pore geometries exist in these two membdrprocesses. Generally, the
transport of permeate or the volume flow or theflij through MF and UF membranes

can be described by Darcy’s law:
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] =A.AP (2.1)

where A is the permeability constant an® is the pressure difference across the
thickness of the membranes. In this equation, thleime flow (flux) through the

membrane is directly proportional to the applieelssure.

Figure 2.5Some characteristic pore geometries found in meneisra
(a) Parallel cylindrical pores (b) close packed spheres
(c) a sponge-like structures

Source: Mulder (1996)

Figure 2.5(a) represents a number of parallel dyieal pores perpendicular or
oblique to the membrane surface. The Hagen-Poisergluation (Eq. (2.2)) is used to
explain the volume fluxJ) through these pores by assuming that all thespoase the

same radius.

er? AP

J= 81t Ax (2.2)

where AP is the pressure difference acroas, is the membrane thickness,is the
surface porosityy is the pore radiusy is the solvent viscosity and is the pore

tortuosity.
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The ratio between the pressure differenad?®) @cross thickness of a membrane
(AX) is known as the driving force. This equation alibes that the solvent flux is
proportional to the driving force and inversely podional to the solvent viscosity. The
hydraulic permeabilityl , in terms of the porosity), pore radiusr{, pore tortuosity)

and viscosity £) has been introduced to the this equation.

p = ;Lni (2.3)
So Eg. (2.3) substitute into Eq. (2.2)
J =Ly, (2.4)
Which means
Flux,] = Hydraulic Permeability, L, X Driving Force, AP/Ax (2.5)

In organic and inorganic sintered membranes orhasp inversion membranes
with a nodular top layer structure which consistipgre geometry of close packed
spheres system (Figure 2.5(b)), the performandeeomembrane is represented by the

Kozeny-Carman relationship as shown in Eqg. (2.6).

_ &3 AP
T KnS2(1-¢)2 Ax

] (2.6)

wheree is the volume fraction of the poreSjs the internal surface area akds the

Kozeny-Carman constant, which depends on the sbiae pores and the tortuosity.

A sponge-like structure as depicted in Figure 3.p(esented the characteristic
pore geometry found in phase inversion membrané® HMagen-Poiseulle or the
Kozeny-Carman relation can be used to explain @&sdribe the volume flux permeates
through these asymmetric phase inversion membrdnhsbould be realized that the
convective flow as described by these equationy amolves membrane-related

parameters and none which apply to the solutes.
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2.5.1 Measurement of Pore Size by the Hagen-PoiskaiEquation

The principle of the water permeability method he tcapillary pore diffusion
model and the Hagen-Poiseuille equation, and thennpere size can be calculated by

the Hagen-Poiseuille equation (Hayama et al., 20@DZhao et al., 2000):

_ Agd?AP

J =5 2.7)

32tnlAx

Where J is the water fluxAP is the transmembrane pressubg,is the membrane
surface porosityAx is the thickness of membrane skin laygis the viscosity of water,

1 is the tortuosity of pore, and d is the mean plaeneter.

Rearrange the Eq. (2.7), the mean pore diametebeabtained as below:
__ |32]tnAx
d= /—ApAk (2.8)

2.6 FOULING OF ULTRAFILTRATION MEMBRANES

It is well known that membrane materials which hiaydrophobic property are easy
to foul during process operation. When all opemparameters are kept constant such
as pressure, temperature, flow rate and feed ctiatiem, a decline in flux with time in
membrane process operation is known as membratiegodhe flux decline is very
severe especially in porous membranes such asfitireteon and ultrafiltration due to
a concentration polarization, adsorption, gel ladpemation (cake layer) and the pores

plugging. Roughly there are three types of foul@ats be distinguished (Mulder, 1996):

a. Organic precipitates (macromolecules, biologicéissance, etc.)
b. Inorganic precipitates (metal hydroxide, calciurtssatc.)

c. Particulates
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Fouling will depend on physical and chemical par@rgesuch as concentration,
temperature, pH, ionic strength and specific irdeoas (hydrogen bonding, dipole-
dipole interactions). Hence, fouling phenomenonvésy complex and difficult to
describe theoretically. Generally, the membransystem performance which involves

fouling phenomenon can be written in terms of thevective flux as below:

flux = _ c.lriving forc.e (2.9)
viscosity.total resistence
AP
= 2.10
J NRtot ( )
Riot =Ry +Rep + Ry + Ry + R, (2.11)

WhereRy is total resistance comprises®$, membrane resistandgs,, concentration
polarization resistancéyg, resistance of gel layer formatioR,, adsorption resistance
andR,, pore blocking resistance. Figure 2.6 depictedwarview of various types of

resistance towards mass transport across a memhbraressure driven process.



32

porous
feed membrane

Various resistances

R : pore-blocking
P

R g adsorption
Rm : membrane
R : gellayer formation

R ¢ : concentration polarization

Figure 2.6: Overview of various types of resistance towardssiieansport
across a membrane in pressiverdprocesses

Sourbtulder (1996)

Membrane fouling is the major limiting step in memaie technology. This
limiting factor reduces productivity as a resultlofv performance of membrane (Fersi
et al.,, 2009) Fouling has a negative influence on the economic& membrane
operation process. It increases the operationdl dus to usage of high energy, high
maintenance and cleaning cost. This problem hasensdow acceptance in early

introduction of ultrafiltration membrane technologyindustrial area applications.

There are several methods are employed to overaymeduce fouling problems
include (Sutherland, 2005);
a. The choice of a membrane material as little sudgleptio fouling as possible
b. Pretreatment of the feed solution such as addibbreomplexing agents, pH
adjustment and adsorption process (activated carbon
The dosing of the surface of the membrane withtamogs than inhibit fouling
d. The increase of shear close to the membrane sur&ter by increasing

suspension flow rates, or by moving the membranelation to this flow (by
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rotation or vibration), or by mounting moving swés near to the membrane

(stirrer).

2.7  ULTRAFILTRATION BLEND MEMBRANES

In order to achieve a particular separation viaeanforane process, the first step
is to select a suitable membrane material. An idegterial have reasonable mechanical
strength, maintain a high output and be selectivetie desired permeate constituent
(Judds and Jefferson, 200&enerally, polymer materials used in membrane dakion
such as cellulose acetate has good fouling resistdngh flux and stable performance
but the drawbacks of this membrane material are pwhanical strength, less stable
in organic solvents and less resistance to biokgttack. Due to that, the alternative
polymers such as PSf, PVDF and PEI are offere@bptbperties with high mechanical
strength, thermostable and chemical-resistant.maer disadvantages employed these
polymers in membrane fabrication that they areegbydrophobic and it is not always

possible to prepare these membranes for specibiecagions.

The polymer such as CA has good surface propédatieaot good in mechanical
property and the other hand, the materials thoseg® good mechanical and chemical
resistant properties are hydrophobic materials. Dae this dilemma, the UF
manufacturers are still looking for the productiohinexpensive membranes which
have good mechanical, thermal and chemical pragseds well as high performance
that can be successfully used in specific UF appbos. Almost 50% of the
commercial marketed MF and UF membranes are sunfexckfied membranes in order
to change their membrane chemistry properties tporone performance in targeted
applications. There are four common surface maaifim used by membrane
manufacturer which involve: (1) addition of a coriple modifier (such as a
hydrophilic or charged polymer) into the castindusion; (2) adsorption of a modifier
onto the membrane surface; (3) chemical or phykiemical post-treatments of the
surface (e.g., hydrolysis or gas plasma treatmangfor (4) grafting or cross-linking a

modifier on the surface (Zeman and Zydney, 1996).
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In surface modification, addition of hydrophilic Ipmer into casting solution
which contains hydrophobic polymer (main polymen) groduce better membrane
chemistry properties of the resultant membrane e@vetgpto the original membrane is
known as polymer blend. Polymer blend has beengrézed as the cheapest, easiest
and versatile method in improving and modified pody surface properties (Nady, et
al.,, 2011, andran and Wang, 2011). Polymer blend was also emgdldgedevelop a
new polymer membrane material which has high pevémce and low fouling as well
as has adequate mechanical, thermal and chemaaénies which can be tailored for

many applications

Polymer blend is a physical process of blendingotiiginal polymer

with one or more polymers to produce a blend polytmat having more suitable
properties for membranes developmeiMady et al., 2011, anBeng and Sui, 2006).
While, a material that is produced from two or maraterials with different physical
and chemical properties which remain separate astthet on a macroscopic level
within the finished structured is known as a conieasiembrane material (Nady et al.,
2011) such as polymer with chitosan (Mathew et28I08), polymer with ceramic
materials (Maximous et al., 2009, and Zhang et211) and polymer with metals
oxide (Wang et al., 2009 Table 2.6 shows a summary of investigated asymnet
blend membranes that have been developed and d&tumie many researchers.
Generally, membranes prepared by blending hydraphgolymers mixed with
hydrophilic polymers show higher membrane fluxesl &etter fouling tolerance in
comparing to the original membrane (Cho et al., 1301
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Table 2.6: Polymer blend membranes

Year Polymer blend mTeyr?E?a%fe Researchers

1981 CN/PVP UF Tamura et al.

1981  PMMA/CAB pe?;ﬁg%ﬂity Yang et al.

1985 PAN/PVP PV Nguyen et al.

1992 PVDF/PMMA UF Nunes and Peinemann

1993 PESA/PEI UF Blicke et al.

1993 PS/PU UF Nguyen and Solomon

1995 PAN/PS UF Ai-lian and Qing

1996 PST/PI Gas Separation Kapantaidakis et al.

1997  PSU/PEEK perizgteeg:piﬂgﬂon van zyl et al.

1999 CA/PU UF Sivakumar, et al.
1999a, b  PSf/IMPC Hemodialyis Ishihara et al.

2000 PSf/Span-80 Pervaporation Tsai et al.

2000 CA/PU UF Sivakumar et al.

2001 PSf/IMPC Hemodialyis Hasegawa et al.

2002 CA/CPSU UF Sajitha et al.

2002 PU/SPS UF Malaisamy et al.

2004 g%gg; anc UF Mahendran et al.

2004 CA/SPEEK UF Arthanareeswaran et al.

2005 PSf/IPV(P-AN) UF Kim et al.

2005 PES/P(VP-S) UF Kim and Kim.

2006 PSfIPAA lon-exchange UF  M’Bareck et al.

2006 CA/PST UF Sivakumar et al.

2006 PVDF/PES UF Wu et al.

2006 PVC/PVB UF Peng and Sui

2007a PSf/SPEEK UF Arthanareeswaran et al.

2007b CA/SPEEK UF Arthanareeswaran et al.

2007 PVDF/PFSA UF Lang et al.
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Table 2.6: Continued

Types of

Year Polymer blend membrane Researchers
2007 PES/CAP UF Rahimpour and Madaeni
2008 CA/SPEI UF Nagendran et al.

200¢  ca/pc UF Vijayalakshmi et al.

2008 pgs/PAN UF Reddy and Patel.

2008 PES/PAI UF Rahimpour et al.

2009 PS/IPAA UF M’bareck et al.

2009 PMMA/SPEEK UF Arthanareeswaran et al.
2009 CA/PSF MF Sikder et al.

2009 CA/PVP UF Saljoughi and Mohammadi
2009 PVDF/PFSA UF Yuan et al.

2010 PES/P hél;sgg%%s (I\E/Jltaar;.sourpanah et al., and Han
2010 \P/E)S/ PIAMAA- UF Li et al.

2010 PSP g"oi‘;ﬁjsam”gtggs Ding and Bikson

2010 PVDF/PVA UF Li et al.

2010 CA/PU UF Zavastin et al.

2011 CA/PAI UF Rajesh et al.

2011 PVB/PVDF UF Yan and Wang

2011 SPSEBS/PSU Fuel Cell Bhavani and Sangeetha
2012 CAP/PVDF UF Tseng et al.

2012 CA/EPES UF Jayalakshmi et al.

2012  PVC/PSR UF Alsalhy

2013 CMCA/CA UF Han et al.
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CA based membranes have been blended with othgmpod to increase
chemical resistance, fouling resistance, thernadlikty and mechanical strength. Many
studies have been conducted by blended CA with doydeophilic polymers such as
epoxy functionalized poly(ether-sulfone) (EPES) y&lakshmi et al, 2012),
polycarbonate (PC) (Vijayalakshmi et al., 2008)lfanated poly(ether imide) (SPEI)
(Nagendran et al, 2008), sulfonated poly(ether erethketone) (SPEEK)
(Arthanareeswaran et al., 2007b), polysulfone (PSiRder et al., 2009, and Sivakumar
et al, 2006), sulfonated polysulfone (SPS) (Mahendet al., 2004), carboxylated
polysulfone (Sajitha et al., 2002) and polyurethdR¥&)) (Zavastin et al, 2010, and
Sivakumar et al., 2000).

Poly(vinylidene fluoride), PVDF is a popular choioeterial for fabrication of
commercial UF and MF membranes. PVDF membranesxaessively employed in the
clarification of fruit juices especially in the ciication of lime juice due to PVDF can
resist exposure to limonene, which is present tirugifruits and which will attack the
membranes such as CA, PSf and PES (Scott and Huy®86). Even though this
polymer offered better performance in harsh opegationdition compare to CA and
PSf membranes, but this polymer is classified gbliihydrophobic material (Nunes
and Peinemann, 2006).

Several attempts to make PVDF polar, more hydraphihd less hydrophobic
have been described and investigated in the literatvia blending technique. Li et al.,
(2010) prepared poly(vinylidene fluoride)/poly(vinglcohol) (PVDF/PVA) hollow
fiber membranes while Yuan et al., (2009) and Lahgal., (2007) fabricated and
characterized poly(vinylidene fluoride)/perfuordsumic acid (PVDF/PFSA) hollow
fiber UF blend membranes with low-molecular weight off around 10,000 to 20, 000
Da. Wu et al., (2006) investigated the effects @tent sorts, polyethersulfone (PES)
and polyvinylpyrrolidone (PVP) concentration on pecies and morphology
PVDF/PES blend membranes. Poly(vinylidene fluorpely(methyl methacrylate)
(PVDF/PMMMA) blend UF membranes were prepared byné&and Peinemann
(1992) in attempts to turn hydrophobic PVDF to mabsarophilic characteristic. In
these studies revealed that the addition hydrapholiganic polymers in PVDF
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membranes improve the hydrophilicity and the aotiihg property of the original
membrane.

PSf or PES is the most widely used polymers foparation of UF membranes
(Nunes and Peinemann, 2006). PES is a quite initegematerial for UF and MF
membrane manufacture but unfortunately, PES is edgegorized as a hydrophobic
material (Nady et al., 2011). Recently, few resears have been investigated the blend
of PES with hydrophilic polymers in order to deymelanti-fouling PES blend
membranes such as polyethersulfone/polyimide (PE@#Ransourpanah et al., 2010),
polyethersulfone/polysulfone-graft-poly(ethyleneyagll) methyl ether methacrylate
(PES/PSf-g-POEM) (Yi et al., 2010), polyethersuéitsulfonated polyethersulfone
(PES/SPES) (Rahimpour et al., 2010), polyetherseliwoly (ether ether ketone)
(PES/SPEEK) (Lau and Ismail, 2009), polyethersdfpoly (amide-imide) (PES/PAI)
(Rahimpour et al.,, 2008), polyethersulfone/cellaloacetate phthalate (PES/CAP)
(Rahimpour and Madaeni, 2007) and polyethersulfdnssnic polymers (Wang et al.,
2006). These studies shown a promising performamce anti-fouling of PES blend

ultrafiltration membranes compare to the virgin RB&mbrane via blending method.

2.8 POLYSULFONE BLEND MEMBRANES

Polysulfone is an excellent polymer for membranéri€ation with high
mechanical, electrical and chemical resistant pt@g®e This polymer remained
relatively constant over a broad temperature rdraye -150°F to 300°F. Polysulfone is
exceptional in steam up to 300°F. The chemicdikha of PSf is much higher than
cellulose polymer. The preparation of ultrafiltcati membranes from PSf solutions
leads to a large variety of porous asymmetric stines, which can be controlled by

changing the composition of the solvent mixturerfPmann and Nunes, 2001).

In membrane manufacturing, PSf allows reprodudibienation of high quality
membranes and forms membranes with different paes.sMoreover, it is generally
ease to prepare asymmetric membranes by the inongsbase inversion method using
water as a coagulant. Porous PSf membranes wittnaedand thin top layer were
initially prepared from a solution in a proper nus¢. The addition of volatile non-

solvents to the casting solution leads to the foionaof even thinner top layers. A non-
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solvent slightly increases the solution viscositgl davors a sponge-like structure with

finger-like cavities (Peinemann and Nunes, 2001).

More open asymmetric PSf supports have been usedlti@filtration or as
support for composite membranes. PSf is selectédeasiembrane material because of
its commercial availability, ease of processing &adborable selectivity-permeability
characteristics. It possesses good mechanicam#ieand chemical properties. PSf is
stable to wide pH levels (from 2 to 13) and therefoan withstand many types of
cleaning methods. It has fairly good chemical tesise and shows a hydrolytic and

oxidative stability.

In spite of its good characteristics as membrandemad for polymeric
membrane, the hydrophobic surface of polysulfors® drings obstacles with severe
fouling during ultrafiltration process, in partiemlduring protein or enzyme separation.
This fouling phenomenon contributes mainly from tpho deposited onto membrane
surface and the permeate flux of fouled membrareedses up to less than 5% of
initial flux with the increase of permeation timél{lder, 1996). Another factors
contributing to fouling are surface properties (oistry, morphology, etc.),
hydrodynamic conditions, physical-chemical envir@minof feed solution, and solute

concentration (Kim et al., 1992).

The extent of protein deposition onto membrane aserf depends on the
interactions between foulants and membranes, artenfpulants and between foulants
and cleaning chemicals. Hydrophobic interactioesveen the membrane surface and
protein molecules however become one of the domifetors for this complicated
mechanism (Marshall et al., 1993). Therefore, déjposof protein molecules on the
membrane surface can be reduced by modifying hyardoip membrane surface to
hydrophilic membrane surface. And it is also easglean the hydrophilic surface of
membranes because adsorbed protein molecules awe easily removed from the

surface of membranes (Kim et al., 2002).
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Although the modification of PSf has been widelyplexed using a few
techniques such as use of additive and oxygen plassatment (Kim et al., 2002), such
problem still remain to be unsolved which consetlyemeduce the membrane
performance and increases the process complexiynaanufacturing costs. Thus,
research efforts have been continued to find owxaellent technique such as polymer

blend technique to counter this problem duringgrotltrafiltration.

It is well known that polysulfones (PSf) are thefprred polymer materials for
many types of membrane processes from microfittratio gas permeation but this
hydrophobic polymer needs to be modified to obfaigh fluxes, less fouling, low
maintenance cost and widen application in variamgie of industries. Some researchers
such as Nguyen and Solomon (1993), Ai-Lian and @h@mg (1995), Tsai et al.,
(2000), Kim et al., (2005), M’bareck et al., (200B)bareck et al, (2009), Sikder et al.,
(2009), Ding and Bikson (2010), and Bhavani amaddeetha (2011) had fabricated
PSf membranes via blending PSf with hydrophilic ypmérs in order to improve
hydrophilicity properties and performance of thegn PSf membranes in various

membrane applications.

Nguyen and Solomon (1993) developed microporous pogsite
polysulfone/polyurethane (PSf/PU) hollow fiber meares via hew one-step process.
They used low reactivity polyurethane prepolymeichiwas blended with polysulfone
in casting solutions. A polymerization catalyst was®d in coagulation bath in order to
promote the polymerization of prepolymer at the rheme/precipitation solution
interface. This catalyst has polymerized polyure¢hgrepolymer by cross-linking
reaction at polysulfone/polyurethane membranesasarfThe more polyurethane cross-
linked on the blend membrane surface will produtbedmicroporous blend membranes
which possessed excellent flux and very low prosgleorption due to increase in their

hydrophilicity properties.

Ai-Lian and Qing prepared a partly miscible castieglution containing
polyacrylonitrillic/polysulfone (PAN/PS) blend atlde PAN/PS blend membranes were
prepared according to the Loeb-Sourirajan methodtheir investigation, they were

found that PAN/PS blend UF membrane has good pa#nce with an especially high



41

flux compared to PAN membrane (Ai-Lian and Qing,98P In pervaporation
performance studies, asymmetric PSf membranes bleneled with a surfactant (Span-
80) in the casting solutions and the blend memizravere prepared via the wet-phase
inversion method (Tsai et al., 2000). The effectsoffactant content on the surface
morphology and pervaporation performance of the P®&Mmbranes were observed.
Addition of surfactant suppressed macrovoids sizéhe asymmetric PSf membranes
and consequently increases the separation factite décrease the permeation rate. PSf
membranes blended with 15 wt.% Span-80 contentysexlthe optimum pervaporation

results.

Kim et al, (2005) synthesized poly(1-vinylpyrradite-co-acrylontrile)
copolymers, P(VP-AN) via radical copolymerizatiamdathis copolymers was used as a
blended polymer with the hydrophobic polymer, paljene. The casting solutions
containing 2 wt% to 16 wt% of P(VP-AN) were formedscible blend with PSf to
obtain hydrophilic blend ultrafiltration membrantst developed by phase inversion
process. The resultant membranes, PSf/P(VP-AN)béerdi better performance in

solute rejection and flux than membrane prepareeh f?Sf or PSf/PVP.

Generally, a soluble polymer, polyacrylic acRA@) is used as a complexing
agent in assisting ultrafiltration process to remtweavy metals from waste water via
complexation-ultafiltration or also known as polymenhanced ultrafiltration.
Unfortunately, this technique decreased the hydliofifi of membrane and fouling
problem become severe. Mbareck et al., (2006) abdrétk et al., (2009) introduced
an efficient and economical method for fabricatifmn-exchange ultrafiltration

membranes for heavy metals removal.

In this new technique, PSf anf PAA were separatiedgolved in DMF solvent
and then these two solution were blended to forrmbrane casting solutions. PSf/PAA
membranes were fabricated according to the wetepihagersion method. They had
made PSf/PAA blend membranes with semi-interpetietyaSf and PAA network.
The high efficiency in rejection of lead, chromiuamd cadmium from water was

attributed to the complexation metal ions and ceylade groups (-COO-) on the inner
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surface of pores and membrane matrix. These higiorpgance membranes make this

new method attractive for metals separation in nael waste water treatment.

Sikder et al., (2009) focused on synthesized amaradherized of cellulose
acetate-polysufone blend microfiltration membraoerhicrobial cells separation from
lactic acid fermentation broth in a continuous msx The PSf/CA blend membrane
was successful 100% retention of microbial celtarfrthe broth at reasonably high
permeation broth flux in a continuous cross-flownmbeane module integrated with the
fermenter. The promising results in this integraggstem pave the way for scale up for
other similar systems as well. Ding and Bikson (®Mas prepared a novel macro and
meso porous polymeric membrane materials from isci blend of
polysulfone/polyimide (PSF/PI) by chemical decomfpos of polyimides. Macro and
meso porous films with uniform pore sizes were ttgwed via this novel approach.
This blend films is potential to apply as membraimesanoseparations, bioseparations,

scaffoldings and substrates.

The potential polymer blend of SPSEBS/PSU in theqer exchange membrane
for fuel cell application has been fabricated bya#mi and Sangeetha (2011). In their
investigation, they revealed that SPSEBS very wkdhded with PSU. The blended
polymer has improved mechanical property and therstability of SPSEBS
membrane. The introduction PSU into SPSEBS polyswution has produced a
promising SPSEBS/PSU blend membranes for the usad@ect methanol fuel cell
(DMFC) and electrolyte membrane fuel cell (PEMFC).
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2.9 ADDITIVES IN BLEND MEMBRANES

Many researchers have been investigated the effatifferent types of organic
and inorganic additives on membrane performancenamghology of polymer blend
membranes. The role of organic and inorganic additiis to create a spongy like
membrane structure by interruption of macrovoidrfation, enhance pore formation,
improve pore interconnectivity and/or introduce ioyhilicity. Polyvinylpyrrolidone
(PVP) and polyethylene glycol (PEG) are two poputeganic additives used in
membrane fabrication due to these additives styomgfluenced on the membrane
characteristics in terms of pore size, permeate dlnd the solute rejection rates (Ani
and Lee, 2006). Others additive such as glycertdphals, dialcohols, water,
formamide, mineral fillers or the mixture of themeamployed in membrane research

studies which affect the properties of the finahmbeanes (Ani et al., 2010).

In fabrication of polymeric ultrafiltration (UF) mebranes, various organic and
inorganic additives were tested for polyacrylohifpolysulfone (PAN/PS) blend UF
membranegAi-lian and Qing, 1995). The results showed th@ane effective additive
for PAN and PSf did not suit for PAN/PSf blend meares and the addition 95%
acetic acid as additive gave the best performamdgogine Serum Albumin (BSA)
rejection. Sivakumar et al., (1999) studied thedfof different concentration of non-
soluble swelling additive, PVP on the performandeultrafiltration application of
cellulose acetate-polyurethane (CA/PU) blend memdsaAn increase in addition of
PVP concentration from 0 to 2.5 wt% reduced theatépn of proteins while water flux
and solute flux increased respectively due to mseeof membrane pore size and

hydrophilicity of blend membranes.

Sivakumar et al., (2000) further employed PVP adelitvith concentration from
0 to 7.5 wt% in CA/PU blend membranes to study mmamd compaction, pure water
flux, water content, membrane hydraulic resistaawog morphology of the membranes.
In their study showed that PVP plays a key rolecamtrolling the pore size and
miscibility of the blends, and these blends memésamwere effectively better

performance for separation of proteins and meta than pure membrane.
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Sivakumar et al., (2006) prepared CA/PSf blend nramds by using PVP K30
as an additive at various concentration of 0 wt%.®wt%. The results showed that an
increase in flux and Molecular Weight Cut-Off (MWEOf blend membranes with
increasing PVP concentration may be due to fagt ohtleachability of PVP during
precipitation process, which in turn produce adapgre on membrane surface. Wu et
al., (2006) reported the same observation that Bigentration in PVDF/PES blend
has much influence on properties and morphologtheée blend membranes. Small
amount of PVP concentration (2 wt.%) in PES/CAPnblenembrane improved the
morphology, mechanical strength, permeability anatgin rejection of the PES/CAP

blend membrane (Rahimpour and Madaeni, 2007).

Malaisamy et al., (2002) investigated the effeditaee concentration, PEG 600
on polyurethane and sulfonated polysulfone (PU/$BIehd ultrafiltration membrane.
The morphology of the resultant membrane extengignged which in turn altering
the structural properties and then improving the fberformance. PEG 600 additive
was claimed play major influence on characterist€xellulose acetate/epoxy resin
(CA/ER) blend ultrafiltration membranes such asepwater flux, membrane resistance
and water content (Mahendran et al., 2004).

The effect of different molecular weights of PEGmady as PEG 200, PEG 400
and PEG 600 which represent their molecular weighpectively, in PES membranes
has been studied by Ani et al. (2007). The presehtégher molecular weight of PEG
has increased pure water permeation, pore sizédM@O of PES membranes due to
increase the number and the size of macrovoidseisa® the surface roughness of the
membranes. Vijayalakshmi et al., (2008) reporteat tihe presence of PEG 600 in
cellulose acetate/polycarbonate (CA/PC) blend rgssiolutions had a considerable
impact on the rejections and permeate flux of tleégins and metal ion complexes. An
increase in additive concentration had increasathg@ate flux but solutes rejection

were decreased due to increase in pore size di¢nel membranes.
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Vijayalakshmi et al., (2008) and Nagendran, et &008) explained that
increasing PEG 600 concentration in cellulose aegiolycarbonate (CA/PC) and
cellulose acetate/sulfonated poly(ether imide) @&P¥I) blend membranes
respectively, tends to increase formation of pamd hence subsequently, the rejection
of metal ions was decreased while the permeaterltnreased. Arthanareeswaran et al.,
(2010) investigated the effects of PEG 600 on FE#K blend membranes and the
results revealed that increased in the concentrasfoPEG 600 in casting solutions
resulted in improving performance and hydroph#iaif these membranes. PEG 600
also plays important role in organic-inorganic casife membranes by enhancing flux

recovery ratio and decreased the total foulingstasce (Arthanareeswaran et al., 2009).

2.10 SHEAR RATE

In the last 30 years of membrane technology devedopt, many efforts has
been done in aspects of membrane materials, dgpamtion, fabrication technology,
and fundamental mechanisms for developing highopeidnce membranes (Kusworo et
al., 2008 and Ismail et al., 2006). In that peritnd, effect of rheological factors such as
shear rate on membrane development has justditéation on the membrane research
study. However recently, this fundamental reseashrecognized as one of the
important parameters in membrane fabrication paesrder to improve fundamental
knowledge of membrane manufacture and performamagtrafiltration, nanofiltration

and gas separation processes (Idris et al., 20@3sanail et al., 2006).

The effect of low and high shear rate on seldgtiof CO,/CH, of asymmetric
polysulfone and polyacrylonitile flat sheet memlwdras been tested by Shilton et al.,
(1997). Polarized reflection i.r. dichroism was cessfully used to determine molecular
orientation occurred in the membranes at low armyh lshear rate. The experimental
results showed that the degree of molecular oriemtavas enhanced with high shear
rate which in turn exhibited more selectivity. Th#ect of shear rate on molecular
orientation was more pronounced in the polyacryidei compare to polysulfone

membrane.
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Sharpe et al., (1999) conducted a study of extrusiar and forced convection
residence time in the spinning of polysulfone hwelldiber membranes for gas
separation. They found that membranes should ba& spuhigh shear rate and at
optimized residence time to minimize surface defecid hence subsequently enhanced
selectivity and high flux. Chung et al., (2000ayedstigated the effect of shear rate
within spinneret on polyethersulfone hollow fibeembranes and for the first time, it
was found the existing of a certain critical vabfeshear rate. When the shear rate was
increased, the separation performance increabkéd the flux decreased dramatically
but further increment of shear rate resulted inrglsed in separation performance
while the flux did not change. Chung et al., (208Bp have demonstrated there was a
certain critical value of shear rate by characegtithe outer surface morphology of
polethersulfone hollow fiber ultrafiltration memies via an atomic force microscope
(AFM).

Idris et al., (2003) has studied the pure influenteshear rate that induced
molecular orientation in reverse osmosis hollovefilellulose acetate membranes by
using Fourier transform attenuated total reflecti@TR-FTIR). Their experiments
revealed that ATR-FTIR can be used to determineléggee of molecular orientation in
the sheared membranes. As Chung'’s finding, theyalggested an optimum shear rate
induced a certain degree of molecular orientatogi¢ld membrane morphology with
optimum separation performance. Then, Ng et alQ042 examined molecular
orientation induced by rheological parameter on shdace of Polysulfone flat sheet
membranes by using ATR-FTIR. The gas selectivit@fs O./N, and CQ/CH
significantly increased with increased in sheag e to greater molecular orientation

in the skin layer of the PSf membranes.

The effect of dope extrusion rate (DER) on morpggl®f hollow fibers
membrane for ultrafiltration process was invesggdby Ismail et al., (2006). The DER
was varied from 2.0 to 4.0 é&min with 0.5 cn/min increments in order to study the
fibers performance and morphology. In their invgetion, they found that an increase
in DER decreased flux but increased solute rejactithe rejection increased with
increasing DER until it reached maximum separapenformance and then, further

increment of DER decreased the solute rejectionhigistudy, they suggested that the
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increasing in rejection was due to the outer sayet becomes apparently thicker and
denser, and further increased DER after criticafopmance possibly made the outer

skin structure are less tighten.

All these phenomena are related to molecular atent occurs at membrane
surface at different DER during fabrication proceBse higher molecular orientation
was responsible for higher separation performariodt@filtration membrane. Ismail
and Hassan (2006) employed the combination of énslle thermodynamic model,
solution-diffusion model (Spiegler-Kedem equatiostgric-hindrance pore (SHP) and
Teorell-Meyers (TMS) model to study transport medhans and to determine the
membrane structural properties of PSf nanofiltratieembranes fabricated at different

polymer concentrations and at different shear rates

Based on the electrolytes transport performance @aed modeling data, the
results showed that increased in shear rate anygnpolconcentration has increased salt
rejection until it achieved the optimum or the icat shear rate. An orientation of
molecular polymer chains at the membrane skin layearcertain extent during different
shear rate affected the performance and membramactsl properties.
Polyimide/polyethersulfone (PI/PES)-zeolite 4A mixematrix membranes were
prepared and cast at different shear rates by Kusebal., (2008). These flat sheet
membranes were tested via/l, gas separation performance and their molecular

orientation has viewed through the Infrared (IRgs@ption spectra study.

In the gas separation study, Kusworo et al., (2008hd that molecular chains
become more aligned at 581 sf shear rate as shown via normalized of diffeféRiR
spectrum.  An optimum shear rate for PI/PES-zedlifh mixed matrix membranes
existed at this shear rate and it was proved bymoph selectivity of Q/N, and
permeability of Q. Nora'aini et al., (2010) studied the effect okahrate on the flat
sheet of Polyethersulfone nanofiltration membraf@sammonia-nitrogen removal.
They used casting speed at5 s, 10 s, 15 s, 2D s,and 30 s, which in turn the shear
rate of membrane casting process decreased bysgiogethe casting speed of a casting
knife. Their experimental works revealed that gere size was reduced while the

membrane thickness increased by increasing ther shém and hence subsequently
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increased the membrane selectivity. A casting of b shear rate at 200 was found
the most recommended parameter condition due to faigrable separation

performance.

2.11 EVAPORATION TIME

Nowadays, most commercial available membrane ddaby phase inversion.

It is a process whereby a polymer is transformeal dontrolled manner from a liquid to
a solid state. The simplest technique for prepamhgse inversion membrane is
precipitation by solvent evaporation. In this mett@opolymer is dissolved in a solvent
and the polymeric solution is cast on a suitablppsu. The solvent is allowed to
evaporate in an inert atmosphere in order to exchadvent from the polymeric solution
to form a dense homogeneous membrane (Mulder, 1996$ inversion method is

known as dry phase inversion. The time requiredevaporate solvent from the

polymeric solution during membrane fabrication @& is known as evaporation time.

There are many researchers studied on the efiéetgaporation time during dry
phase inversion process on membranes characteratid performance. It is due to
different membrane morphology and properties canob&ined for tailor-made
membranes by varies the evaporation time. The raligg skinned asymmetric
membrane can be developed by introducing dry piasersion for polymer casting
solution before wet phase inversion take place nduriabrication of asymmetric
membranes. The combination of these two techniouas reported successful in

producing membrane with high productivity and stety.

The combination of ultrathin and defect-free skaydrs are generally not
achieved for membranes made by the wet phase iomepsocess. The membranes
were fabricated by wet phase inversion processesyal contains defects due to
incomplete coalescence of the skin layer. Integistinned asymmetric membranes can
be formed by dry/wet phase inversion process.duss to phase separation is induced in
the outermost region of the cast membrane duringwaporation step, while liquid-
liquid phase separation in the bulk films occurbsaquently during a quench step
(Ahmed, 2009).
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Pinniau et al., (1990) demonstrated that essentfgfect-free membranes with
skin layer thickness as thin as 500 A can be forfinech a variety of polymers by
dry/wet phase inversion process using forced-cdiwee@vaporation. Pinnaiu (1991)
presented a physically meaningful mechanism forfdhmation of ultrathin and defect-
free skin layers of membranes made by dry/wet pliagersion. Pinnau and Koros
(1991a) have summarized the empirically developgesrfor the formation optimized
asymmetric membranes by dry/wet phase inversioogs® Pinnau and Koros (1991b)
demonstrated clearly that the physical processésthwdtcurred during the evaporation
step were of utmost importance for the skin layemiation of asymmetric membranes
made by dry/wet phase inversion.

Pesek and Koros (1993) investigated the effectsaqfieous quenched
asymmetric polysulfone membranes prepared by diyfrase separation and they
found that this technique produced the polysulforembranes with ultrathin selective
layer, which can be made as thin as 200 to 800e8ePand Koros (1994) also reported
that a dry/wet spinning process produced very ttefect free and small diameter of
hollow fiber membranes for gas separations. Funtbeg, the defect-free selective skins
of these hollow fibers were performed prior coagatain less 0.5 s compared to 10 to

15 s that allowed for flat sheet membranes prepaydtlis same dry/wet process.

Ohya et al., (1997) studied on molecular weightaftiperformance of aromatic
polyimide membrane and they revealed that shortémedvaporation time decrease the
thickness of the active layer and consequentlyea®ed the molecular weight cut-off of
the membrane surface which in turn decreased membesistance. In other words, an
increase in evaporation time formed membrane whilckt active layer and small
molecular weight cut-off and hence, reduced thengate flux. Chung and Hu (1997)
and Tsai, et al., (2002) investigated on the edfexdtthe air gap during hollow fiber
fabrication process and they found that the inéngaasir gap length enhanced a greater
extent of molecular orientation. Ren et al., (20@®served that the hollow fiber
membranes fabricated with air gap not less thanmil strongly influenced the
performance and a relatively low permeation flud amall MWCO were obtained due
to the accumulated stress was released greatheimit gap and some big pores were

suppressed.
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Hasbullah et al., (2011) also studied the effet&irogap on the preparation and
performance of polyaniline (PAni) asymmetric holldiber membranes towards gas
separation. They discovered a substantial impromenmethe gas performance of the
PAni hollow fiber membranes as the air gap wasedarlt was observed that the gas
flux was significantly decreased while the seldgtiwas increased with an increase in
air gap from 2.5 to 50 cm. SEM and the mechanicapgrties results proved that
molecular orientation and skin layer thickness eéased with an increase in air gap

which in turn enhanced the gas separation performan

Recently, Ismail et al., (2011) successful devedopgperthin-skinned and high
performance asymmetric polyethersulfone membraoegds separation. Evaporation
time and casting shear have been identified asidhenant fabrication parameters in
controlling skin layer thickness and skin integritfhese combination effects improved
membrane performance in terms of @nd N separation. The optimum range was
found to be in the range of 149 to 447 and 10 to 14 s for the shear rate and the

evaporation time respectively. The thinnest skjefahickness was 538+95.6 A.

2.12 CHARACTERIZATION OF ULTRAFILTRATION MEMBRANE

Generally, membrangrocesses cover a wide range of separation probigths
a specific membrane structures. Thus, membrane difégr significantly in their
structures and consequently in their functiotdence, membrane characterization is
important in order to determine the structural amafphological properties of a given
membrane. Many attempts have been made to reletebrane structures to transport
phenomenon in a membrane process in order to eahfamcdamental knowledge of

separation performance.
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2.12.1 Water Content and Contact Angle

Water content and contact angle are two physicasmmements of membranes
property in order to know quantitatively hydropbity of the membranes. In water
content measurement, membranes are soaked in Weatesvernight and then the
difference of weight between dry and wet membraisesised to determine the
percentage of water content. This measurementdiserrtly describes the hydrophilic
nature of the corresponding membranes and thevpater flux can be predicted based

on this information.

The importance of contact angle information is usedstudy hydrophilicity
property of polymeric membranes. The terms of watentact anglef, presented
hydrophilicity of solid surfaces (Zeman and Zydné@96). The contact angle of
polymeric membranes can be measured based on theipfg of the degree of
wettability of water droplets on the membrane stefarhe interaction between water
and polymeric materials is known as wettability.dfoplet of water is placed upon a
surface of polymeric membrane and then, the cordagte @) of liquid droplet is
measured (Mulder, 1996).

Figure 2.7 is schematically shown the effect ofeheilibrium contact anglé),
on the pore intrusion phenomenon. Hydrophilic stefahave the contact angbe close
to @ (i.e., cos §) = 1), while for low affinity of membrane surfadbge contact anglé,
will have a value greater than 9(i.e., cos §) < 0). For hydrophilic materials, the
liquid will penetrate spontaneously into the poogsthe membrane while no liquid
intrusion occurs on hydrophobic membrane surfaceldkt, 1996 and Zeman and
Zydney, 1996).
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'"Philic 'Phobic
Non-Wetting: §>90°

Wetting: 8<90°

Figure 2.7The effect of the equilibrium contact ange on
the pamrusion phenomenon

SourZeman and Zydney (1996)

2.12.2 Molecular Weight Cut-Off and Pore Propertis

Many manufacturers used the concept of ‘cut-off dbaracterize their
ultrafiltration membranes. Generally, the moleculaeight cut-off (MWCO) is
determined by identifying the solute of the lowastlecular weight that has a solute
rejection up to 90% in steady state condition (Caareet al., 2009). Sarbolouki (1982)
stated that MWCO of RO or UF membrane in a stedalfesexperiment can be
determined as more than 80% but definitely les® th@0% rejection of the lowest
molecular weight of an inert solute from feed solut Based on this MWCO, cut-off is
defined as the molecular weight of solute whicB@%o rejected by the membrane. The

solute rejection or solute retention (%) of RO df bhembrane is represented by Eg.

(2.12):
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Rejection (%) = ( - g_;;) x 100 (2.12)
f

WhereC, andC; are the solute concentrations in the permeate famdeed solutions,

respectively.

Sarbolouki developed figures and mathematical madhéth correlates between
the molecular weight cut-off and the membrane gaze. In this correlation, the sieving
effects at the entrance are only to be consideres she molecular weight of the inert
solute retained depends only on the structure efupstream of the membrane. Eq.

(2.13) represents the entrance sieve models fecRen (%) values greater than 80%.
Lo _ a
Rejection (%) = 100( /ﬁ) @1
WhereR anda are the average pore size and the solute radissectively.

Figure 2.8 shows a general correlation betweeratieeage membrane pore size
and the solute molecular weight at Rejection (%305 85, and 95%. By using this
figure, the average pore size of the correspondiegnbrane can be directly read off
once the solute molecular weight of Rejection (%)86; 85, and 95% has been
determined. The pore properties of the RO or UF brames can be determined by
calculation of surface porosity and pore densityttid membrane, respectively. The

surface porosity of the membramejs calculated based on the following equation.

3
= (2.14)
RAP

WhereR is the average membrane pore size (omjs viscosity of the permeate

(g/cm.s),J is pure solvent flux (cm/s), and® is the applied pressure (dyn/Om

Since knowinge and R, the pore density of the corresponding membrane,
(pore/cn?), can be calculated by Eq. (2.14)

n=— (2.15)

TR?2
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AVFRAGE PORE RADIUS OF UPSTREAM SURFACE OF MEMBRANE,
Source: Sarbolouki (1982)

the upstream surface of the brame at 80, 85, and 95% solute
retention levels

Figure 2.8: Relation between solute molecular weight and trexage pore radius of
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2.12.3 Surface Characterization

The membrane structures are characterized using Sitenning Electron
Microscopic (SEM). The morphological structurestioé surface skin layer, pores and
cross section of membranes can be viewed at diffenagnificent through SEM. SEM
is a very useful characterization tool in reseancti development of membrane due to it
provides direct and practical structural membranérimation, couple with fast
response and impressive analytical output. In SBMyarrow beam of high-energy
electrons hits the membrane and the secondaryr@beatith low energy are liberated
from atoms in the membrane surface produced imageembrane on the screen or the
micrograph. The pore size, the pore size distriougéind the surface porosity also can be
obtained from the micrograph. Moreover, the geoynefr the pores can be clearly
visualized via this technique (Zeman and Zydne@6l&nd Mulder, 1996).

2.13 RHEOLOGICAL PROPERTIES

In fabrication of a flat sheet asymmetric membrgr@ymer casting solution is
cast and flows with a certain thickness betweeoppart plate and a knife blade, and
then immersed into a coagulation bath for predijitaprocess. The properties study of
the flow-fluid is important in order to relate psoperties with membrane performance
and morphological structural analysis. The studyth&f deformation and flow of the
polymer casting solution is known as rheologicaldgt (Brookfield, 2004). Sharpe
(1999) and Chung et al., (2000b) explained thajpthlgmer casting solutions were cast
at certain shear rate will decreased its viscafiigy to molecular orientation occurred in
the polymer films. The decrease in viscosity tetudsreate slight imperfections in the
membrane skin layer due to deterioration of mokacatientation takes place at the skin

membrane surface layer

Viscosity is the measure of the internal frictidnaofluid. If the greater internal
friction is existed, so the greater amount of foreeequired to flow the fluid. This
phenomenon is called shear. Hence, viscosity ddid fs defined as a measure of its

resistance to shear or angular deformation (Finmerand Franzini, 2002).



56

shear stress (1)

viscosity(n) = (2.16)

shear rate (y)

Typically, polymer solutions may display as Newtomiand non-Newtonian
flow characteristics. Figure 2.9 depicted the tgpigradient curves for these fluids
behavior. The regions where the apparent viscasipproximately constant are known
as Newtonian regions. The behavior between thegen® can usually be approximated
by a straight line on the axes. It is known aspbeer-law region and the behavior is
represented by the following equation (Brydson,1)98

T=ny (2.17)

wheret (mPa) is shear stresg(mPa.s) is apparent viscosity an¢s’) is shear rate.

Viscosity,n (mPa.s
/ Dilatant fluid (shear thickening)
Newtonian fluid

Pseudoplastic fluid (shear thinning)

Shear ratey (s?)

Figure 2.9: Apparent viscosity — shear rate curves for threiel$l
which the same appaviscosity at zero shear rate

Source: Brydson (1981)
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A non-Newtonian fluid is broadly defined as the rioiear relationship between
shear stress and shear rate. There are two typssneewtonian fluids: dilatant fluid
(shear thickening) and pseudoplastic fluid (shdanning) (Eposito, 1998). It is
described by the given equation (Brydson, 1981)

n=ky" (2.18)

Wheren is the flow behavior index (dimensionless) ands the consistency index
(Pa.s).

Upon using the relationship between the shearssteggparent viscosity, and the
shear rate, the power-law model is obtained milcalled the power-law index. Note
thatn =1 corresponds to Newtonian behavior. Typicafly) ¥ 1, a shear thinning fluid
is obtained, which characterized by a progressidelgreasing apparent viscosity with
increasing shear rate. if> 1, a shear-thickening fluid in which the apparéscosity
increases progressively with increasing shear imtebserved. Generally, polymer
casting solutions used in membrane fabrication gge@re shear thinning fluid due to
its viscosity decrease with increasing shear rdtietwin turn affects the characteristics

and performance of the respective membranes.



CHAPTER 3

MATERIALSAND METHODOLOGY

3.1 INTRODUCTION

The preparation of PSf/CAP/PVP blend membranesbeamfluenced by many
factors. Those factors include selection of maker{such as polymer, solvent and
additive), fabrication conditions and coagulatioathh composition. In this study,
polysulfone was employed as the main back-bonenpadyto produce blend membranes
which consist of different composition blend of R®Id CAP in the PSf/CAP blend UF
membranes before this blend membrane was addedPWihto produce PSf/ICAP/PVP
blend membrane. In order to produce high perfomaamsymmetric PSf/ICAP/PVP
blend membranes, the factors of polymer compositéatditives concentration, shear
rates and evaporation time which affects the rastulinembranes characteristics and

performance were investigated throughout this study

The fabricated membranes were characterized instefrwvater content, contact
angle, membrane permeability coefficient and poyasi membranes. Molecular weight
cut-off (MWCO) and pore properties of the upstreanface membranes (average pores
size and pores density) were determined to rela¢e permeation and rejection of
solutes. The membranes performance was investigatedgh pure water flux and
proteins separation tests by using a dead-end ulehfiltration unit. SEM was
employed to study morphological structures of meanbs that affected the membrane

separation performance.
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32 WORK FLOW OF RESEARCH

Figure 3.1 shows the work flow of the research ftbe beginning until the end

of this study. Detail methodology has been desdribghe sub-sections of this chapter.

Preparation of casting solutions and fabrication
of PSf and PSf/CAP blend membranes

y

Characterization and performance tests of P5f
and PSf/CAP blend membranes.

Select the best membrane performance

A 4

Modification ofthe bes PSYCAP membran by %

using different concentrations of PVP additiv

Characterization and performance tests of
PSf/ICAP/PVP blend membranes.

Select the best membrane performance

v

/Further modification of PSf/CAP/PVP blend membrafms\
ultrafiltration membrane process with varies thealbgical
factors, i.e. shear rate during membrane fabriogirocess.

Determine the best shear rate which produced tsie be
membrane performance in terms of proteins separatio
performance

%

Membrane fabrication at different evaporatio
time (dry phase inversion) in order to produc
high performance PSf/CAP/PVP blend

membran

Figure 3.1: Work flow of research
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33 MATERIALS

The basic formula to prepare and fabricate membeansists of polymer and
solvent. This membrane casting solution is knownbimsiry solution. If additive is
added into the binary solution, the membrane cgssiolution is known as ternary
solution. This ternary solution consists of threairncomponents, namely polymer,

solvent and additive.

As mentioned in the scope of study in this thgsidysulfone (PSf) was used as
the polymer backbone for ultrafiltration (UF) merabe and cellulose acetate phthalate
(CAP) was used as polymer blend material in ordeintprove hydrophilicity of the
native membrane property. N-methyl-2-pyrrolidoneM®) was chosen as solvent in
binary solution and ternary solution of polymertaas solutions. An organic additive,
polyvinylpyrrolidone (PVP) was selected as an adelitin order to improve

performance of blend UF membranes.

Distilled water was used as coagulation medium @¢oagulation bath. It plays a
key role as non-solvent in precipitation procesemhthe exchange between solvent
and non-solvent in polymer films formed asymmetslend UF membranes via wet
phase inversion methodn pure water permeation test, distilled water emaployed to
compact PSf, PSf/CAP and PSf/CAP/PVP blend UF mandgs and to study the flux
of the pure water for each UF membranes at stetdg-sondition. Proteins with
different molecular weights were used in order titcdg permeation rate and proteins
rejection as well as molecular weight cut-off anofgs properties of the blend UF

membranes.
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3.3.1 Polymers

In this study, an armophous polymer, Polysulfon8f{RUdel Polysulfone P-

1700) with molecular weight of 34,500 g/mol was igd by Amoco Chemical (USA)
S. A. PSfis the preferred polymer material for sneypes of membranes because it has
repeating phenylene rings which contribute to hdglgree of molecular immobility, and
consequently made it high rigidity, strength, creegistance and dimensional stability
as well as excellent mechanical property (Blancalet 2006; Ng et al., 2004 and
Sivakumar et al., 2006). PSf is also known as ah higrformance-engineering
thermoplastic which resists degradation, low cgsipd permeability and selectivity
values (Ng et al., 2004).

PSf posses very good chemical and thermal stal@ityndicated by Tg value
(PSf Ty = 190°C). This polymer is widely used as basic materfatsultrafiltration
membranes and as support materials for compositebmames (Mulder, 1996). The
major drawback of using this traditional polymer dsie to the fact that PSf is
categorized as hydrophobic polymer materials amllitimits its membrane application
iIn many aqueous separation processes. The polyroetwse of PSfs shown in Figure
3.2.

CH; 0
B | i
C 0 S 0—

CH; 0 n

Figure 3.2: Polysulfone polymer structure

Source: Blanco et al. (2006)
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Cellulose acetate phthalate (CAP) brand Fluka wasyped from Sigma-Adrich
Co. CAP is a white powder with molecular weight2gh34.12 g/mol. This substance is
not classified as dangerous material, tastelegist 6dor of acetic acid and low water
solubility (Bechard et al., 1995). It could be usedreceived without any purification.
In pharmaceuticals, CAP is one of the cellulosevdéves that have been commonly
used in controlled release drug delivery systemrasnteric coating material (Reshmi et
al., 2009).

In this system, a polymeric oral tablet coating,FCplays a role as a protection
material for drugs during its transit through thensach and it will release the drugs
when it reaches the small intestine (Mayhew et28l09 and Oliviera et al., 2010). The
drugs are protected from dissolved in stomach dutaé changes in pH environment.
This cellulose polymer commonly contains 21.5-26.Q9w) acetyl content and 30.0-
36.0% (w/w) phthalyl content according to USP sfie&iions (Lai et al., 2008). Its

empirical formula is &GgH116064 and Figure 3.3 shows the polymer structure of CAP.

HI 0" . 0 H[:'j R=H, EI]
0
H ar I\
R 0 0" of" 0 0
0~ rY OH

Figure 3.3: Polymer structure of cellulose acetate phthalate

Source: Rao et al. (1999)
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3.3.2 Solvent and Non-Solvent

Solvent is one of the important materials in théymer casting solution as it
will influence the final morphology of the fabrieat membrane. The solvent is also
recognized as one of the main variables that affecthermodynamic and kinetics of
the phase inversion process. The aprotic solvantk as dimethylacetamide (DMAc,
b.p. = 165°C), dimethylformamide (DMF, b.p. = 15&), dimethyl sulfoxide (DMSO)
and N-methylpyrrolidone (NMP, b.p. = 202) are generally among the best choice of

casting solution solvents (Mulder, 1996).

These aprotic solvents with high solubility paraemethave been used as
polymer solvents in preparation of blend UF membsa(Wu et al., 2006). These
solvents also are widely used in fabrication of Mie and UF membranes since it can
dissolve a wide variety of polymers. In additionrgus and anisotropic membranes will
be produced by using these solvents due to ragicigtation process in a coagulation
bath system (Baker, 2004). In this study NMP wased as the solvent to dissolve
polysulfone and cellulose acetate phthalate bletgngers in order to prepare polymer

blend casting solutions.

N-Methyl-2-Pyrrolidone (NMPYrom MERCK Schuchard OHG, Germany was
used as solvent for PSf, PSf/CAP and PSf/CAP/PMnper blend membranes in this
researchN-Methyl-2-Pyrrolidone (NMP) was selected due to high solvency, low
volatility and high chemical and thermal stabilityhe advantages of its lower volatility
may release fewer organic emissions to the atmosghan other solvents. NMP has a
stronger interaction with polymer and has the hsgin@nking for dissolution power with
polymer solution if compared to other solvents Uguased (Lau et al., 1991). Figure

3.4 shows the molecular structureNoMethyl-2-Pyrrolidone.
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CH 3

Figure 3.4: Molecular Structure dN-Methyl-2-Pyrrolidone

Source: Barth et al. (2000)

In addition, NMP is an organic solvent which is emosoluble in water.
Therefore, NMP is removed from membrane by diffosio water (Lau et al., 1991).
The solvent mixture of NMP and water is easily ntikc with water as the coagulant;
fast coagulation took place from both sides of tm&scent fiber and the fast
solidification across the overall membrane walkmeted the growth of macrovoids in
the polymer-lean phase (Wang et al., 2000a). Acngrtb Chaturvedi et al. (2001),
NMP also contributes towards tighter pore formatidhe viscosity of casting solution
with NMP as the solvent is low which indicates tiekly small size polymer aggregates
in solution because of the high solvating powerNMP. Thus, gelling process or
gelation in coagulation bath is slower, signifie®ren gradual solidification of the

polymer aggregated forming closer pores resulting narrow pore channel.

In preparation of PSf and PES membranes, watesesl s a non-solvent in
wet-phase phase inversion technique by precipgdiBS and PSf casting solutions in a
coagulation bath (Lau et al., 1991). Water is argjrnon-solvent for the polymers
solutions. It was used as non-solvent due to iigyalm producing a homogeneous and
thermodynamically stable polymer solutions (Bornameeal., 2001). Water is the best
non- solvent since it has a high boiling point & melting point. Moreover, water
can be employed to interact between polymer andjudaat to promote a faster
diffusion in order to improve the performance atrdcures of asymmetric membranes
(Xu and Qusay, 2004).
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3.3.3 Additive

Generally, in order to improve membrane permeatie, hydrophilic polymers
such as polyvinylpyrrolidone (PVP) and polyethylegigcol (PEG) are used as an
additive in polymer casting solutions. These polggnare recognized as the suitable
polymer additive to produce high performance memésa(Bowen et al., 2001). The
PVP additive is added to the mixture of base polyare solvent in order to enhance
the phase inversion process. Many research sthdis been conducted to investigate
the role of PVP additive on the membrane preparapoocess. The relationship
between PVP additive concentration on membrane opedance and structural

properties has already been studied by Ismail sasséh (2007).

Boom et al. (1992)investigated the effect of PVP on the formation of
membranes and found that addition of PVP to theatgr system suppresses the
formation of macrovoids in the sub-layer but Warigak (2009)reported that the
addition of PVP to PES membrane promoted formadfomacrovoids as a result these
membranes had higher water flux, water absorpéiod,lower water contact angle (CA)
than the pure PES membrane. In this study, polypiymyolidone (PVP) K15 was used
in preparing PSf/CAP blend casting solutions. PKES with molecular weight of

10 000 kDa was purchased from Fluka and directydwsithout any purification.

34 MEMBRANE PREPARATION

In this study, there are two types of polymer cagBolutions were prepared, a
casting solutions containing PSf/CAP blend soluteord the PSf/CAP/PVP casting
solutions containing an additive polymer, PVP. BaBl1l shows the formulation of
PSfICAP casting solutions and Table 3.2 tabuldtesbomposition of the PSf/CAP/PVP
casting solutions that were prepared in this stlithe materials used in preparing these
casting solutions were PSf and CAP as polymers, &/BRdditive and NMP employed
as solvent. Firstly, polymers (PSf and CAP) werat&e at about 68C for 24 hrs in
order to remove moisture content in a convectivenovThe presence of the moisture in
polymers affected the quality and composition ofypwr casting solutions which in

turn changed the casting solution properties.
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After that, PSf polymer was added into a round doottflask which contains
solvent, NMP that was heated by using a heatingtlmahhe mixture of polymer and
solvent heated up about 9 and stirred using WiseStit Digital Overhead Strirrer
supplied from DAIHAN Scientific, Co., Ltd. The casg solutions were stirred at 200
rpm in order to ensure the polymer and solvent wezk mixed. Then, CAP polymer
was added when PSf polymer absolutely dissolvettiensolvent. The casting solution
was kept stirred for 7 to 8 hrs to form a homogeise®Sf/CAP polymer casting
solution. Finally the prepared PSf/ICAP blend cagtsolutions were placed in an

ultrasonic bath for about 3 hours to remove thepteal air bubbles.

Table 3.1: Formulation of PSf and PSf/CAP blend casting sohsgt

PSf/CAP in
Membrane Polymer polymer
o Solvent (wt%) o

Code composition (%)? composition

(%)

PC PSf CAP NMP PSf/ICAP
PC-0 17.00 0.00 83.00 100/0
PC-5 16.15 0.85 83.00 95/5
PC-10 15.30 1.70 83.00 90/10
PC-15 14.45 2.55 83.00 85/15
PC-20 13.60 3.40 83.00 80/20

®Total polymer composition in casting solution isA¥wt%



67

Table 3.2: Formulation of PSf/CAP/PVP blend casting solutions

Membrane Polymer composition Additive Solvent
Code (%)? (Wt%) (Wt%)
PCV pPSf CAP PVP NMP

PCV-1 15.3 1.7 1.0 82.0
PCV-2 15.3 1.7 2.0 81.0
PCV-3 15.3 1.7 3.0 80.0
PCV-4 15.3 1.7 4.0 79.0
PCV-5 15.3 1.7 5.0 78.0

#Total polymer composition in casting solution isA@&t% with
PSf/CAP polymer composition of 90/10

For the preparation of PSf/CAP/PVP casting soljafter all polymers (PSf
and CAP) were dissolved then the PVP additive witked into the solutions and left
for about 8 hrs to ensure the dissolution processpieted. After the casting solution
was homogenously dissolved, it was poured intotdeband degassed for about 3 hrs
using an ultrasonic bath to remove any trappedavbcibbles of gases prior to a casting
process. Finally, the PSf/ICAP/PVP blend castingutsmhls was kept at room
temperature for membrane fabrication process. Piparatus for preparing the polymer

casting solutions is shown in Figure 3.5.
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Figure 3.5: Schematic diagram of apparatus used for preparation
of polymer casting solution

35 MEMBRANE SYNTHESIS

A flat sheet of PSf/ICAP and PSf/ICAP/PVP blend menbrwas prepared via a
simple wet phase inversion process. A high precisasting machine supplied by Kras
Instrument & Services (Malaysia) was used to fatteécthe membrane as shown in
Figure 3.6. Firstly, a casting solution poured onlean stainless steel plate at room
temperature. The stainless steel plate moved #dicerelocity (shear rate) towards a
casting knife and then, the dope solution was lopghe casting knife with a thickness

of about 200 pm.

Immediately after the casting process finished,dlage with the cast film was
immersed into a coagulation bath which contains viaper as coagulation medium.
After a few minutes, a thin polymeric film formeddiseparated out from the stainless
steel plate due to the wet-phase inversion prod&sst the precipitation process was

completed, the membrane was washed with distillatewand dipped in a container
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containing distilled water for 24 hrs to remove awcess solvent in the flat sheet
membrane. Then finally, the flat sheet blend membris ready for performance test
and characterization. All flat sheet membranes weseally inspected for defects and

only good areas were chosen for membrane evaluation

Figure 3.6: A high precision casting machine

36 SHEARRATE

Shear rate during the membrane casting processbeavaried by adjusting
velocity of a casting plate. The different shedesacan be determined by changing the
velocity of the casting plate as shown in the Bql) and Eq. (3.2) respectively. Five
different shear rates were employed, viz.: 422052.5 &, 70.0 §, 105.0 & and 210.0
s?, to fabricate membranes in order to study thecefié shear rate on the performance
of PSf/ICAP/PVP blend UF membranes. Table 3.3 sheomesmbrane code for
PSf/ICAP/PVP blend membranes fabricated at diffesbear rates.
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, . _ Membrane lenght (m)
Velocity of casting plate (ms™1) = Casting plate spoed () (3.2)

Velocity of casting plate (ms™1) (3 2)
Membrane thickness (m) ’

Shear rate (s™1) =

Table 3.3: Membrane code for PSf/ICAP/PVP blend membranes
fabricatedd#terent shear rates

Shear rate Membrane
(sh Code
42.0 PCS-1
52.5 PCS-2
70.0 PCS-3

105.0 PCS-4
210.0 PCS-5

EVAPORATION TIME

In order to optimize the membrane separation pedioce, dry-phase

inversion method was introduced before wet-phagergion process took place during
preparation of PSf/CAP/PVP blend membrane. In tlyepthase inversion method, the

cast polymer solution was introduced with a convectnert stream (nitrogen) for a

certain period of time which is known as evaporatione. During this evaporation

time, the convective stream removed the most Velatlvent from membrane surface,

which results in a region with locally elevated yookr concentration at the nascent

membrane surface. The complete phase inversioreggsowas followed by wet-phase

inversion method. In this study, the effect of ewapion time on membrane

characteristics and separation performances irrahge of 5, 10, 15 and 20 s were

studied. Table 3.4 shows membrane code for PSf/BYP/ blend membranes

fabricated at different evaporation time.
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Table 3.4: Membrane code for PSf/CAP/PVP blend membranes
fabricatedddferent evaporation time

Evaporation Time Membrane
(9 Code
5 PCE-5
10 PCE-10
15 PCE-15
20 PCE-20
25 PCE-25

38 MEMBRANE PERFORMANCE TESTS

The performance of PSf/ICAP and PSf/ICAP/PVP blencthbranes were tested
in terms of pure water flux, permeate flux and s®ltejection. These testing were
carried out using a Sterlitech HP4750 Stirred Gajpplied by Sterlitech as shown in
Figure 3.7. Ultrafiltration membrane process wasrafed in the dead-end filtration cell
with volume capacity of 300 ml and an active artas6 cnf. The Sterlitech HP4750
Stirred Cell is a chemical resistant cell with aximaum pressure rating of 69 bar (1000
psig). This cell is also suited to perform micriwéition (MF), nanofiltration (NF) and

reverse osmosis (RO) separation.
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Figure 3.7: Dead-end permeation cell

The flat sheet blend membranes were cut into @rcdisc and placed over
center o-ring with the active skin layer installiaging the cell reservoir. The porous
stainless steel support disc was placed on the dsmbrane to hold the flat sheet
membrane in place. For these performance testg #iie 3 samples of membranes were
tested for each conditions so as to ensure thedapibility of the data and the average

value was tabulated.

A Teflon-coated magnetic stir bar was used to igwagitation to reduce
concentration polarization or cake formation duritead-end filtration. A stirring plate
with variable speed was used to operate the Teft@ted magnetic stirrer. The
operating pressure for filtration test was supphbgdgressurized nitrogen gas and it was
regulated by using a pressure regulator. A presslief valve was installed between
the nitrogen gas and cell for safety purposes. 3tiematic diagram of dead end
ultrafiltration permeation rig is shown in Figure33
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Figure 3.8: Schematic diagram of dead-end UF filtration set-up

3.8.1 PureWater Permeation

Pure water flux is important in order to determiihe membrane stability and its
hydraulic properties. In this experiment, distillaciter was used to determine pure
water flux of each sample of blend membranes uaidgad-end filtration cell. Firstly,
the fresh membranes initially pressurized withillikst water at 5 bar for membrane
compaction process between 30 minutes till 1 hdiums compaction process is
important in order to get a stable and reliableaddteach membrane in terms of pure
water flux and proteins separation tests. The catigraprocess was finished when the

pure water flux attained steady-state or constanrt f
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Then, membranes were subjected to pure water déisixwith varying operating
pressure in the range 1 to 5 bar. The pure wai@rvfas measured at steady-state

conditions and it can be calculated by Eq. (3.3).

(3.3)

J,
A XAt

where;

J, = the permeate flux or water flux (Ifrh)
A = the effective area of membranerm
At = sampling time (h)

V = Volume of permeate solution collected, (l)

In the pure water flux test, the permeability atle membrane was determined
by the measurement of water permeability as a iomobf applied pressure. It was

evaluated from the slope figure of pure water flersus operating pressure.

o
1]

v (3.4)

where;
Pm = Membrane permeability (I/fh.bar),
Jv = Flux (I/nf h)

AP = Pressure (bar)

Membrane hydraulic resistancg,, (mzh.barll) can be calculated from the

inverse of the membrane permeability and the caledlequation as shown as below:

R, = i—P (3.5)



75

3.8.2 Protein Separation Performance

Different molecular weight of proteins was usedstody membrane separation
performance and to determine molecular weight 6utMWCO) of each membrane.
Four different molecular weight of proteins weredisn this separation such as trypsin
(23 kDa), pepsin (35 kDa), egg albumin, EA (44.3akland bovine serum albumin,
BSA (66 kDa). Trypsin, pepsin and EA were supphlgdSigma-Aldrich, and BSA was

procured from Fluka, USA. All the proteins were dises received.

Pottasium dihydrogen phosphate (#D;) with molecular weight of 136.08
g/mol and di-Pottasium hydrogen phosphatgHfRO,) with molecular weight of 174.18
g/mol were obtained from Merck and used for prejaneof phosphate buffer solution
in protein analysis. Distilled water was used a®lent agent in preparing phosphate
buffer solution. For protein permeation, a singiduton of protein was prepared at
concentration of 500 ppm by dissolving a pre-wetgipeotein powder in phosphate
buffer of 7.2 pH. Protein solution was preparedamger than one hour before used and
was stored at £C to ensure protein molecules were active and hadacterial

contamination.

The protein separation for the low molecular weighs first done following the
consequent increasing molecular weight of protelige separation was performed in
the order of trypsin (23 kDa), pepsin (35 kDa), 4.3 kDa) and BSA (66 kDa) to
avoid the hindrance effect of the bigger proteingtee active surface of the membrane
if the protein separation performed first by thpasation of a high molecular weight of
proteins followed by the separation of low moleculaveight of proteins

(Arthanareeswaran et al., 2007c)

For the protein separation study, protein soluti@s filled in the dead-end cell
with an effective permeation area of 14.6°cifhe protein solution was pressurized at a
constant pressure of 3 bar and the volume of paarsaution of the corresponding
membranes was measured and collected graaluated glass cylindefhe protein
solutions were stirred homogenously at 100 rpnmvtdaconcentration polarization and

fouling of proteinsThe absorbance of feed and permeate of proteins amalyzed by
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UV-Vis spectrophotometer (Hitachi U-2000) at wavgjth of 280nm. From the feed
and permeate concentrations, the percentage wmjesths calculated using Eq. 2.12.

The average data of three replicates were reported.

Finally, after each protein separation processfied, the cell was emptied and
filled with distilled water and then, stirred atG4pm for 30 minutes in order to remove
any adhered protein on the membrane surface. Thebna@me was removed and washed
gently many times with distilled water and thenggld in the dead-end cell for the next

protein separation.
39 MEMBRANE CHARACTERIZATION
3.9.1 Water Content

The water content of the PSf/CAP and PSf/ICAP/P\#hdImembranes were
evaluated by their capacity for water absorptioth ealculated by Eq. (3.6) :

A= Dwelary o 1009 (3.6)

wet

where
A = the water content (wt%),
Wiet = the wet weight of membrane (mg)

Wary = the dry weight of membrane (mg)

The water content of the membranes was determipethdking the membranes
in water for 24 h at room temperature. The weigtitthe wet blend membranes were
first measured after mopping the membranes withitibp paper, and then the
membranes were dried in oven at°@sfor 48 h (Sivakumar, et al., 2006). The weights
of the dry blend membranes were measured agaim afteooled. At least three
measurements of water content were measured anesbis were averaged to get a

reliable value.
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3.9.2 Porosity

The porosity of blend membranes were evaluatedidly tapacity of water

absorption and calculated using the expressiomb@achado, et al., 2006):
Porosity = —(Wl_WZ‘ZdW“ter) x 100% (3.7

where
W, andW, = the mass of membrane in the wet and dry staig} (
dwater = the density of water at room temperature (m)/mg

V = the volume of the membrane in the wet state (ml)

3.9.3 Contact Angle

The measurement of hydrophlicity of blend membrames contact angle
measurement was done at Malaysian Nuclear AgencNTMin Bangi, Sedang,
Selangor. Contact angles of the dry membranes megsured using a FACE Contact
Angle Meter, model CA-A. (FACE Kyowa Kaimenkagakw.Q.TD). A droplet of
ultrapure water was delivered onto the dry membmsanéace and a static image of the
droplet was taken immediately after contact wite thembrane surface. The contact
angles measurement were performed three times doh sample and the average

measurement was reported.
3.9.4 Scanning Electron Microscopy (SEM)

The Scanning Electron Microscopy (SEM) (JSM P/N AP4#nodel) at Institute
of Oceanography, Universiti Malaysia Terengganu {UMwas used to analyze
morphological structures of blend membranes as shiawigure 3.9. The membrane
morphology is one of the basic requirements to tsidad and explain relation between

morphology of membranes and the performance ofrnabranes.
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Membranes were cut into small specimens and imrderge liquid nitrogen in
a small container. The membranes were fracturesl aftmersion and the fractured
membranes were then placed in an automatic codk (600 model) to coat the
membrane samples. The samples were coated witim gatd layer for 30 minutes to
prevent charging up of the membrane surface bytreledeam which in turn damaged
or burned the samples. Cross sections of the Raetsblend UF membranes were

obtained after coating process using SEM equipment.

Figure 3.9: A full set of scanning electron microscope (SEM)
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3.95 Molecular Weight Cut-off and Pore Properties

Molecular Weight Cut-off (MWCO)

Molecular Weight Cut-off (MWCO) of the PSf/ICAP a®R&f/CAP/PVP blend
membranes were determined by the rejection stuafiefferent molecular weights of
proteins such as trypsin (23 kDa), pepsin (35 kay albumin, EA (44.3 kDa) and
bovine serum albumin, BSA (66 kDa) in an ultrafitton cell filter (Arthanareeswaran,
et al., 2010 and Sivakumar, et al., 2006). In stigly, MWCO of the blend membranes
were obtained based on the lowest molecular weifjptotein that was rejected at 80%
in the figure of protein rejection versus molecuwarights of protein. The calculation of

the solute rejection is presented by Eq. (2.12).

Por e Properties

Pore properties of the surface of blend membrares determined in terms of
the average pore size and pore density. As MWCOblehd membranes were
determined, the average pore size of blend meméreare be obtained by using Figure
2.9. The results of the ultrafiltration of diffetemolecular weights protein solutions
were used to calculate the pore density of the manas from Eq. (2.14) to Eq. (2.15)
as explained by Sarbolouki (1982).
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