CHAPTER II

LITERATURE REVIEW

2.1. Surfactant
Surfactant is defined as surface active agents were produced either cally or
biologically and have wide ranging of properties used in various ications (Al-
Araji et al., 2007). Chemical surfactants were derived from nonr able feedstock
while biosurfactants synthesis by aerobic microorganismw aqueous media
(Muthusamy et al., 2008). Generally, chemical surfacta isY;c to environments,
have low biodegradability and their manufacturing pr S an%ducts can be
environmentally hazardous (Maier and Soberon-Chavgz, 2000)f Thege cﬁa\meristics
are undesirable because of the increasing environ al concgrn§fam the public
and policy of most governments regarding pmt ‘on{ ; thu%.\f)iosurfactants
became potential candidates to replace che 'Nrfact n

various fields (Banat et al., 2000). %

r IPQ y applications in
AL
$

2.1.1. Chemical surfactants : ] '..
N
Chemical surfactants are widely I A]ind{é‘ﬁal applications industrial

purposes because of its com itig pricelo afe@ its counterpart. The usage of
chemical surfactants inclyded < 68@ ] "T{fﬁl bioavailability of hydrophobic

compounds, to desorb t&\on@surf@ or to increase the apparent water
solubility (Najafi e a ,m), lara ?{z@@} of chemical surfactants depending on
the precise chemic@re e£s?n :%ﬁropenies exerted such as emulsification,
detergency and hg. ’ﬂ‘le uflbewa d arrangement of the hydrocarbon groups
with the posi\ b the hydrophiliag?\(,)ups determine the surface-active properties of

the molec example, C12 to C20 regarded as the range that covering optimum
deter@ ilst wetting and foaming are best achieved with shorter chain lengths.
Thereforestructure-performance relationships and chemical compatibility are the key

elements in chemical surfactant formulations.

2.1.2.Biosurfactant
Pattanathu e al (2008) describes biosurfactant as amphiphilic biological compounds

synthesized extracellularly or as part of the cell membrane and were produced by a



variety of yeast, bacteria and filamentous fungi in aqueous fermentation media (Chen
et al., 2007) excreted as secondary metabolites (Georgiou et al., 1992). Biosurfactants
can be classified into several groups in terms of their chemical composition and their
microbial origin as shown in Table 1. Biosurfactants structure @g of

hydrophilic moiety and hydrophobic moiety (Desai and Banat, 1997)..\l

Hydrophilic moiety made up by amino acids, peptide zx;s or cations,
monosaccharides, disaccharides, or polysaccharides. The h lic moiety can be
carbohydrate, amino acid, cyclic, peptide, phosphate, yliq acid or alcohol
(Pattanathu er al, 2008). While, hydrophobic moietYggonsj tllfg\d‘unysgturated,
saturated, or fatty acids (Desai and Banat, 199{MHydr¢p iq .@ety is a
hydrocarbon part which is less soluble in water {Hpalﬁb th moI¥ule contains

a long chain of fatty acids, hydroxyl fatty agds, $yd ﬁy@; or a-alkyl-B-

hydroxy fatty acids. The hydrophobic m&% sud
alkyl aryl that may be linear or branchet (Varr Gidkel, I),K_\Besides, biosurfactants

demonstrate a large variety of isofo icly Wiieyb \@iation of the length and

U Q-
branching of their hydrophobic com nts %J as mino acid components in
, N

their peptide ring (Bonmatin egal.) 3).
pep g( (S
: . : s s . ,
Biosurfactants is better chagical®s ucl(%ﬁ less toxic, more biodegradable,

ol
environmentally friem& d \ﬁe icochemical properties at different
(

temperatures and pH iuﬂi ;50 . In addition biosurfactants have been

found to possess &1’ ugi p-f)n ap®Nic and biomedical properties (Singh and
Cameotra, 2004 ﬁn ere abl?to Exgri¥antiadhesive action against several pathogenic

: e) :
einemann et E&, 2000). Due to their attractive properties,

8 22 alkyl chain or

w

.

microorgani
biosurfagt e gaining significant interests for its applications in various fields
such ag in Ypod, medical, pharmaceutical, cosmetics and agriculture (Banat er al.,
2000). The interest in biosurfactants has increased considerably because of these

favorable features and it can be potential alternatives to replace chemically

synthesized surfactants.



Table 1: Major types of biosurfactants produce by microbes.

Biosurfactants class

Microbes

Glycolipids
Rhamnolipids
Trehalose lipids
Sophorolipids
Mannosylerythritol lipids

Lipopeptides
Surfactin/iturin/fengycin
Viscosin
Lichenysin

Serrawettin

Phospholipids

Fatty acids/neutral lipids

Corynomicolic acids

Pseudomonas aeruginosa \:
Rhodococcus eritropolm bacter sp.

Candida bombicola, Vﬁa’a apicola
Candida antartic

N

7] : erium insidibasseosum
&

3

Polymeric surfactants &\ Q
Emulsan \ | o)@*metobacter calcoaceticus

¢
Alasan % I s ()Acinetobacter radioresistens

Lipomana

Particu wsurfactants

~

Whole microbial cells

Candida tropicalis

Q- N3
Liposan % :b): $ Candida lipolytica

Acinetobacter calcoaceticus

Cyanobacteria

Source: (Desai and Banat, 1997; Rosenberg and Ron, 1999)



2.1.3. Surfactin

Among many classes of biosurfactants, lipopeptides group becoming great interest

among researcher because of their high surface activities and therapeutic potential

(Nitschke and Pastore, 2004; Nitschke and Pastore, 2006). Surfactin was ified

under lipopetides excreted by Bacillus sp. (Cooper et al., 1981). B%“N is 1s a
h

sporulating rod bacteria which thrive in the soil and non-pathogenic an being

(Zweers et al., 2008) permits its application in various fields and ii‘Y@e of the most
studied Gram-positive bacteria (Driks, 2002). Bacillus sub%

producer of lipopeptides (Katz and Demain, 1977). Differ

a well-known

rains of Bacillus
an also produce

lipopeptides with different peptide cores such as surfactin, in&fndwriq_(Liu et

g
al., 2009). The ability of B. subtilis to produce lip% has ppe d‘C@nted Tt
over 50 years (Xiao et al., 2008; Liu et al, of a @51 potential
application for pharmaceutical and biotechn$ E\e Kowvjt al., 1998;
Mulligan, 2005). \C—’ é«
NPT
Surfactin exhibit diverse biological Oities a%}ltimicrobial properties
(Fernandes et al., 2007), hen

produce a different lipopeptide family and a single

es, AMtifungal, antiviral and

N : .
@ve antitumor activity against

Ehrlich’s ascites carcinoma celp, and® dobipit the cyclic adenosine 3.5-

monophosphate phospho@se (bav1 et %ébm; Fernandes et al., 2007). The
diversity of surfactin mbe eﬁ?’ﬂ E)Qhe combinatorial biosynthesis and
na

precursor-directed b% esisf Thys ead@ the exploration of surfactin derivatives
with a linear stru ash e S@Chiocchini et al., 2006). Therefore, novel

[¢]

antimycoplasma (Singh et al., 200 ad,itio

surfactin deriy lipopeptides w@{nodiﬁed properties from Bacillus sp. can be

conlinuously?\)red (Yakimov et al., 1997).

Surfacti hown in Figure 1 is a heptapeptide linked to a B-hydroxy fatty acid chain
of 13-16 carbon chains. Surfactins demonstrate a variety of isoforms which differ by
variation of the length and branching of their fatty acid components as well as by
amino acid component in their peptide ring (Bonmatin et al., 2003; Kowall er al,

1998). Surfactin constitutes of a mixture of isoforms and traditional methods have not



been able to establish direct quantitative analyses for individual isoforms

concentration and chemical structure.

Figure 1: Primary structure of surfactin (Maget-Dana & Ptak, 1995).

Figure 2: Three-dimensional structure of surfactin?ept N y. Ragibone atoms

are displayed in grey. The heavy atoms of am dr 1 tQ‘ are illustrated.
Pale grey represents hydrophobic residues , 4,.6,7 thQachment of the
r&rey, respectively

lipidic chain. Acidic residues ! and %ng%d
(PCYK of

al. 995 "45;?
|7

lipidic
chain

4

Figure 2 shows the three-dimensional structure of surfactin determind by high

resolution Nuclear Magnetic Resonances (NMR) integrated with molecular imaging

techniques (Peypoux et al., 1999). On one side ol the molecule residues 2 and 6 are



facing each other in the acidic Glu-1 and Asp-5 side chains, which define a minor

polar domain (Bonmatin et al., 1995).

2.2. Kinetic Studies

Knowing how the fermentation behavior of B. subtilis provides vital kn e in
order to increase the efficiency of bioprocess. It has become one oft ssential
aspects and worth to study in depth. Bioprocess industry related.k fmentation
activities has identified the advantages of doing fermentation rtoring of the
fermentation parameters as close as possible (Danielsson, JVE:W limited

reference exists in the literature on a kinetic model gbleNoO™ describe surfactin

production. In all works previously, data were compare sifig Jrel ion between

bacterial growth and surfactant concentration (Isa ergl., 2007} HeyVever, Rrkinetic

g '\
lukom under

model must be able at least to describe substr pro

operational fermentation conditions (Rodrigues etwo%

Fermentation monitoring covers a vast al@ involv ith@merous analytical

fields (Danielsson, 1991) because of th%ectwe d?l‘mentatlon processes
demands the measurement as many canf‘par izé frequently as possible
(Bradley et al., 1991). Kinetic eq t 11be tl@growth of a microorganism
on a substrate are important fat undJ 'sta phenomena of bioprocess. A

*e ngpared using the relationship between

'S
variety of mathematical magels a]/ ‘er plO oyed to describe the dynamics of
metabolism of a microb ula o@a iproduct (Okpokwasili et al., 2008).
In all previous studies,

bacterial growth Ctl}l qloye ra (Isa et al., 2007). The Monod equation
widely used to d growth® m{e@'Bstrate utilization. However, a kinetic model

should be at t a le to explain S\}BSU rate and product evolutions under operational

fem]er% itions (Rodrigues et al., 2006).

On-line and off-line measurements are frequently used as the main source of
information about the condition state of the fermentation behavior with combination
of model-based calculations to have the estimations of fermentation condition for
monitoring purposes (Dondo, 2001). However, the qualitative and quantitative

composition of a fermentation broth is very olien ditlicult 1o determine accurately



because the raw fermentation broth itself is a complex component contain of nutrient,
cell debris, cells, waste products, and interested products. Besides the chemical and
physical properties of the broth are continuously changing with time. Therefore, it is

important to have an accurate and consistent set of approaches for measurement

purpose of each parameter considered in the fermentation process. \z

task due to limitations in the usual laboratory procedures, to Wgeasure biomass,

Vof the cells under

fenfxentation process

The determination of reliable kinetic constants of a fermentation groces! 1s a difficult

substrate concentrations and also due to the dynamic res

different environmental conditions. The measureme
parameters in fermentation technology has been well 1 tiggge l;evious study
(Danielsson, 1991) however, the technique can bei%vised it tl‘e .@Ya.ncement
of analytical tools present nowadays. Monitoringof e ferngegtagbn %'&Cess includes
a wide range of analytical methods to efficie g&a.s g \Ferme tion parameters
(Bradley et al., 1991). Therefore, the dev r‘% nt2’80 process model for
offioprocesses is another

%

important aspect of biosurfactant pro% 4Tng Pariowsmedia. Several different
9 Q'
issues need to be looked into befm\ ndardWw edu&% laid out for setting up the

process at industrial levels. T Lj I 01%\
; , F < 'y
NS ‘eé)o
The fermentation broth &8 vy ¢ lolu MY where the microorganisms grow and
reproduce makes the L%cler atioRC G0 cu'ﬂ to achieve (Oka et al., 1993; Pursell et
al., 2004). The fe %Tior} ‘0 :s p@s the microorganisms with all the nutrients

the microorganifns¥eed to grow%x. produce the various fermentation products

scale-up and bioreactor design is necesgary.
t2' n

2.2.1. Fermentation Brot

(Cooper et \ 981). Fennenta}'on broth may have wide range of compounds
contain ce main phases which are solid, liquid, gases and their possible
interadggonsPuch as raw substrates (Chen ez al., 2007), surfactin (Isa ez al., 2008, Isa et
al, 2007), microorganisms and its derivative components (Pursell er al., 2004),

chemical additives added to the fermentor (Cooper et al., 1981; Isa et al., 2007).

The qualitative and quantitative composition of a fermentation broth is very often

difficult to determine accurately because the medium itself contains a complex
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component, besides the chemical and physical properties of the broth are continuously
changing with time (Buttler et al., 1996). The composition of raw fermentation broth
was well characterized by Mulligan and Gibbs (1990) as shown in Table 2. Hence the
development method of detection of the major component in fermentation broth is
important works in order to characterize the final media composition. Y.

&

Table 2: Components classified in the raw fermentation broth *. Y’

Macromolecules Mid-molecules molecules
Surfactin micelle Surfactin monomer ls (46)
(30,000-100,000) (1036) é (80 400)
Polysaccharides ¥IC1 975}_}
Peptides e

Proteins osp &e (100)

c—) erQ 105)
\ onine (119)
é

thalic acid (150)

(—) 0
\e > i A<$ Amino acid (200)

_

N
4 The numeral in the parenthes iCates

~
ﬁﬁkiy weight in g/mol.
Source : Mulligan and G1 90 l é"
&

O
2.2.2. Detection of m%l\ iiF tr vfliltﬁm Broth

. i)

tegAzdtio d pharmacokinetics studies of surfactin,

Research on fOIm% ch}r
render and acc effective, ‘ @ and reproducible analytical method for

identificatio &quannﬁcatlon o?%urfactm Identification and quantification of

d by B. subtilis strain is complex since it produces a series of
1 slightly differ in their physiochemical properties due to (a) variations
in the chain length and branching of its hydroxy fatty acid component (Hosono and
Suzuki, 1983) as well as (b) substitutions of the amino acid components of the

peptide ring (Peypoux et al., 1991) besides the complexity of fermentation broth (Oka

etal ;1993).
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Earlier studies for surfactin identification and quantification involved measurement of
the surface of interfacial tension of fermentation culture broth or by thin-layer
chromatography (Cooper ef al, 1981). However, neither of these methods is
satisfactory for quantitative analysis of surfactin because the presence of impurities
that might influence the quantitative analysis. In contrast, High Performa R.quuld
Chromatography (HPLC) assay is specific for surfactin identifi L‘h’*x and the
quantification is highly sensitive and reproducible. HPLC is*

methods used to identify and quantify surfactin and has been Ro.rted in various

of the best

research publication however, most of previous methods &N employ gradient
elution causes base line shifting and it is time consu %ifh involved total
sampling time of more than 30 minutes (Fonseca e 007%; l., 2007; Lin
et al., 1998; Wei and Chi, 2002). Delay in total sam%ime Ilr ult i;ﬂg'increase
amount of mobile phase used which is not favorab r the &os effetszrveness The
current method should improve to obtain fast¥~an \b. the %re there is a

demand for a quicker and reliable imp o@’l} u\n hod Q“Qr qualitative and

quantitave measurement of surfactin. Eedu e_&tlon time of surfactin
analysis is important for reducing t ntn mdpile pgabe used thus make the
method more cost effective and yronm t@dly which can increase

competitiveness of the commer‘law,!,'ct ,
‘ 1 I
&
2.2.3. Detection of Glucosgwer

s
\ho Br
One compound present en lotlftsj&utlons 1s carbon feedstock (glucose,
fructose, lactose, sucrob)tc thlc afe

ét?] sources for cell growth and surfactin
synthesis. Glucos aS’l V} @ng bacterial growth and biosurfactant

production (Casas§t a., 1997, Coop nd Paddock, 1984) until the source depleted.

The carbon s N@ present in tennentatlon broth could directly impact the yield and

quality o rfactin. Hence, it 1s desirable to characterize the fermentation broth to

optimiz 1a formulation development, manufacturing process performance with

nutrient supplementation, and endpoint definition (Hanko and Rohrer, 2000).

Therefore, the measurement of carbon sources present in fermentation broth is
particular interest. Biosensor were commonly used to analyze glucose, however, this

method cannot simultaneously determine multiple compounds in raw fermentation
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broth (Schugerl er al., 1993). Hence, for any method that need to be developed for
detection of glucose must satisfy these conditions; (a) allow measurement over the
range of interest, (b) respond rapidly to changes in analyte concentration; and (c) their

signals must be easily interpretable (Bradley and Schmid, 1991).

One of the techniques suggested for glucose detection is HPLC equip metector
such as refractive index (RI) (Rodrigues et al., 2006) and light ‘M;

(LSD) (Garei'a-Ochoa and Casas, 1999). HPLC is a very pow and commonly

1ng detector

used technique in off-line analysis for determination of glw concentration on

biosurfactant works (Rodrigues et al, 2006; Garci'a and Casas, 1999; de
Oliveira et al, 2013). The obvious advantage o i apablllty for
multicomponent analysis in a complex media. This C rotpcol ngé;g' us closer

to understanding the fermentation process and fel ation kihetlfs 1t@f HPLC has

) tec $’(’)1 detection of
th 1

been always couple with RI (de Oliveira et al., M1

sugar in biosurfactant works, but is llmlted s a ecificity (Buttler
et al., 1993). Besides, the RI detection onl\ﬂ Iy be v&gthe concentration of
the analytes is high and the influenceqlc egl p‘:_,élds are small (Buttler et

al., 1996). A reliable technique f\ cos afsts @ﬁld undoubtedly improve
greatly the efficiency of felmerw .@1 allow the information for
development of new feedback%zl str .,‘

\ ‘o

G
2.3 Recovery and Purif’&h of’ tm {‘-’

.
Nowadays, more @01‘6 hi v&l@moploducts that offer advantageous
characteristic for ind g Pei pl@hced by using fermentation techniques.

However, it bIA W uhallenges recovery and purification steps due to the

complexity @nem of fennentatlon broth (Oka et al., 1993). Till now, surfactin
have nc& le to compete economically with chemical surfactants because of the

price due to downstream process contributed to the major part of the

uncompe

production cost (Keller ez al., 2001). A lot of efforts have been done to lower the cost
of downstream processing include membrane-based techniques, foam fractionation,

extraction, adsorption and liquid membrane extraction.

The conventional method for recovery and purification of surfactin involves
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precipitation at low pH followed by extraction with organic solvent such as
dichloromethane and chloroform resulted in a low purity. The impurities will co-
precipitate and further steps of chromatographic techniques need to be used to improve
the purity of the final product. Besides, the chemical extraction method is
disadvantageous due to the usage of toxic organic solvents which env entally
hazardous and can result in the loss of surfactin activity besides more%gv: stages

of process involved make this conventional techniques impractica].& ss attractive

to be practiced in industry. T

Another technique to recover and purify surfactin involv R; ?us in situ removal

of surfactin from fermentation broths by foam fractio then continue
with acid precipitation (Cooper et al., 1981) and extl jon wit 01 ents or by
blowing foam out of fermentor to be collected, cen ged ¥ trac by acetone

precipitation. This method involved with the usag of hi \amoun &"orgamc solvent
and it makes the final production cost incr \@j ctfhalig of the final product

will be doubted \
e

Chen et al., (2007) proposed a met wev equ;éﬁ' extra steps of pretreatment

of fermentation broth involvesgaci rec:1p1 atio tP r vel surfactin and redissolution
8[016 applying filtration with two-

*

of precipitate using sodlum hydrgRide

stage dead end UF tech 15@85 o s high recovery and high purity of
surfactin however the t Set l}lwqygd further add to the complexity of the
process and could h ef eqt to h géost of surfactin production.
o'
F

For all of t methods mention&h no measurement on the functionality of the
ttion was conducted which is important to evaluate the efficiency of

surfactin
the wi pPBcess. Continued efforts must therefore be redirected to improve the

downstream processing in order to optimize the yields of biosurfactants.

2.3.1 Membrane Filtration

Membrane filtration is one of the separation process and widely used in various
industrial fields around the world where the development of membrane filtration

technology begins for the bacteriological analysis of drinking water. In several years
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back, membrane filtration has been used for recovering bioprocess products (Hwang

and Wang, 2012). Membrane filtration played a major role in purification of many

byproducts in which the process has been adopted from technology developed

originally for blood fractionation, food, dairy and water industries. The surfactin

separation efficiency is the essential issue in developing commercial scalqmagacesses.

From previous scholar, membrane process has been found to be more %&tmally
n

friendly and economical (Isa et al, 2007). By times, new mem

created to meet the requirement of industries (Reis and Zydrﬁﬂ and can be

have been

classified into four major groups which are microfifgti ultrafiltraton

nanofiltration and hyperfiltration which differ in their pore, izy~

2.3.2. Principle of Membrane Filtration \d. Y‘
The first practical application of membrane filtrati ology i nlt \nalysis of
water for coliform bacteria. The principle of rage? fiudlio to separate

different molecules based on size (Nielsez@ i !‘ a lik%;ze.lective sieving

mechanism, where certain molecules wi throu ne@ﬁ'ane (Cuperus and

Nijhuis, 1993) known as permeate wgsfeed \%1 @e membrane known as

s ; . . .
ronf'a s on@ults In an increase 1n the

retentate. Permeation of certain mole;

77]

concentration of the remaining ah&e
filtration process can be divi%z diff entﬁate@' es based on the driving force
: s

which are concentration, elec{de of "1 lffer@e and pressure.
A o S

&
Under pressure driven ‘ﬂ}wit fil wln cesses, there are four types of filtration
classified which ar &o’ﬂl? y( F)Ntrafiltration (UF), nanofiltration (NF) and

J’ eta solution. The membrane

£
reverse Osmosis !3 F The clas&ﬁca’@.n depends on the basis of the size of the

molecules or N)onents passing though the membrane filtration process (Mistry,
&i‘est in this is to use the ultrafiltration (UF) membrane which the pore

2002). Ougl
size ran om 1.0 nm to 0.05 um to segregate surfactin from raw fermentation

broth.

The UF system was selected in this study because of the ability of the UF membranes

to separate surfactin components from raw fermentation broth, where small molecules
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such as water, minerals, sugars, amino acid pass through the membrane while large

molecules such as surfactin are fully or partially retained (Wagner, 2001).

2.4. Ultrafiltration

Ultrafiltration (UF)isa pressure-driven membrane separation technique tgy solved
and suspended species based on the size and molecular scale (Kellt‘ 1., 2001)

widely used in various chemical and biochemical processes.

essentially involves no phase change or chemical reagents (:}135(;1,, 2007), the
e

F process

technique became the alternatives for downstream process be 1s easy to scale-

Jvm and Roffel, 2008).

ompquhd ysing pressure
ranging between 1 bar tol0 bar as the driven force {Niel¥en, : Qz‘avm able
characteristics of UF like minimize physical daé)f bigm chc&(“hom shear
effects, minimal denaturation, high recovery ylwhea{ ce solubilization

make it excellent for downstream applicati m%fn ‘Ines £ characterized in
terms of their ability to retain proteins of a lax mol lar @1ght (MW) and thus

the terms of molecular weight cut-off O Aﬁne the size of protein
or any other molecules that would b ed ‘§ a 'm ane.

UF system has been used as a ive p, lce !) Qregate surfactin molecules from
y .‘

&
the fermentation broth as m‘rted tl v10u (sfud The effectiveness of applying

UF in recovery and pu1 use he surfactin is able to form micelles
m i

up and became economically attractive in recent years (Zgn

UF is a promising technology especially for bioact]

that big enough to b y glae(;%vlthm the critical micelle concentration
size. At concent ab(y cm;@ micelle concentration (CMC), surfactin

molecules lea 1] V4 as 001ate to tong‘[_;s plamoleculal structures such as micelles or

vesicles, w1tE inal molecular dlametels up to two to three orders of the magnitude

larger t of single unassociated molecules (Isa et al, 2007). Theoretically,
surfactimwidelles can be retained by any membranes with the pore within the CMC

size.

In this study, cross-flow ultrafiltration equipped with polyethersulfone membrane
(PES) and regenerated cellulose membrane (RC) each with MWCO 10 kDa and 30

kDa were used for filtration of raw fermentation broth of B. subtilis. The aim of this
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work is to evaluate which type of membrane better in terms of recovery and purity of
final surfactin fractions. The objective was to investigate the effects of the type’s
membrane with different MWCO operated under different TMP on the recovery and

purification of final surfactin fractions.

Several researchers had applied membrane system for extraction ofebidurfactants

were Isa et al., (2007, 2008), Lin and Jiang (1997), Mulligan and SS@ 1990), Sen
and Swaminathan (2005) and Chen et al., (2008a) and many more. ong previous
study, Mulligan and Gibbs (1990) successfully recover rhamnoNpids (one type of

biosurfactants) from complex fermentation broth with one st

Recovery and purification of surfactin from broth sgmpMywi Mﬁqu UF was
) N
further studied by Sen and Swaminathan (2005) éﬁg a i d'c@device and
Cts ‘?[ cov‘eg/. and purity of
R\
ith &l’lly value based

of darfactin achieved up to

evaluating some filtration characteristics and thei

on critical micelle concentration (CMC) ow Recov
95% by Lin and Jiang (1997) however n%»ort on\ u

all of these methods. \%

X LIS
Isa et al. (2008) used a two-step t gen%vﬁ&téjy: filtration process to recover and

purify surfactin from the @x \ﬁlme atio oth of B. subtilis ATCC 21332 and
\

found that PES with a W £40 jiw itable for surfactin purification due to
the high recovery ra es le §"no significant effect on the filtration rate
Sl ’ V/
and surfactin reje &/ b 4 e
A &’

Juang et al. (2 used dead-end ultrafiltration of fermentation broths. The broth was

pre-treat ntrifugation under a centrifugal effect of 10,000 x g. He reported that

the filtra resistance due to solute concentration polarization dominated the flux
decline, while the sum of resistances due to cake formation and solute adsorption

contributed below 3% of the overall resistance.

Chen et al. (2008a) used cross-flow ultrafiltration equipped with PES membrane with
a MWCO of 100 kDa to purify acid-based pre-treated fermentation broths. The

filtration rate increased with increasing cross-flow velocity, but decreased with
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increasing initial surfactin concentration and TMP. There is demand to develop
environmentally and economically method to increase purity and recovery yield of

surfactin.

2.5. Principle of Membrane Ultrafiltration

UF system efficiency was evaluated by its ability to remove susper&%loidal
particles via a sieving mechanism based on the size of the membrane goregrelative to
that of the particulate matter for the application of solid-liquid %on and low—

molecular weight compound separation. According to Cheryan QL99§), the UF mostly

used for aqueous fluid treatment and its application system'§ nsideration of this
parameter which are (1) rejection of impurities, (ii) r yon ‘nd concentration
variable and (iii) permeation and purification of valuables. \d,
N\
1.5

The term MWCO always expressed in Daltons (T u 't‘.0 SS Ntovdescribe the
lowest molecular weight solute that is gen W et

MWCO levels for UF membrane range er kDa u

y t nembrane. The

S@Da. Theoretically,

UF membrane with a specific MWCO ates 1\'0& g\hh a molecular weight
exceeding the MWCO. However, c® va apgriot absolute because the

%

degree of a particular solute is retaj N aJ em&hot entirely dependent on its
theJsHa

~

molecular weight. Another f: ch a p@of solute, its association with

'y

tg&election in UF system. These

characteristic knowledgegdr ung;.stand the UF and the flux of whole

process. The basic ren% mjhﬁ ' ! ©F need to consider is the hydrophobic

interactions betwe ophp #‘ n@nd hydrophobic tail groups of surfactants
etw

ee)qunorganic pollutants and hydrophilic head

water and its charge muw) Si(i

g=]

=

and electrostati teractions

N
groups of sur ‘Ns (Cheryan, 1998).

2.6. Fadsgrs Mfecting of UF

According to Cheryan (1998), they are six common factors affecting the retentivity of
UF membranes which are (1) size of molecules, (ii) shape of molecules, (iii)
membrane configuration, (iv) type of membrane materials, (v) presence of other

solutes, (vi) absorption of solutes by the membrane and (vii) type of feed flow.
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2.6.1. Size of Molecules
UF membranes have very broad pore size distributions which covering more than one
order of magnitude. The water and low molecular weight solutes will pass through the

membrane while the suspended solids and solutes of high molecular weight will be

2.6.2. Shape of Molecules (4)
In UF, the size and shape of molecules are the most important par an$ affecting the

retained on the membrane (Cheryan, 1998).

separation (Jauregi et al.,2013). The shape and conformation of cromolecules are

also affected by ionic strength, temperature, and mtelactlo othel components.
The differences in shape could be the reason the select f system. A linear
molecule has a greater probability of passing thlou n a globular
molecule of the same molecular weight. | .\(—}

N
2.6.3. Membrane Configuration v

The different types of membrane configuga @e ct@f thege ejection coefficient

and permeate flux. Therefore, rejections coe 5 _@che same membrane
could be different in different module ééanﬁ % legéthon coefficient of flat-
2.6.4. Type of Membrane wrlali @
Different membrane ma
(—,
actual rejectio? d less effect of TMP on rejection (Isa et al., 2007; Isa et al., 2008).
a are probably related to fouling effects, hydrophobicity, charge and

sheet membrane configuration YCJN ar%ﬁje hollow fiber membrane
configurations. Y. ' I §

) f &

'sarr&ominal MWCO will appear to give

¢
different solute rej a tfﬂ ()g).\@s an example, regenerated cellulose (RC)
membrane has br 0&6 I%J'Gtri@)n compared to PES membrane, thus make
RC membrane 1gher rqecho@hd show less deviation between observed and
These pheg
surface ro ess.
2.6.5. Presence of Other Solutes

Low molecular weight solute presents in fermentation broth whose molecular size is
smaller than the membrane pore will be freely permeated. No rejection observed to

these small molecules. The permeability of individual components in a mixture
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depends on the relative sized of these components and the pores. Their presence in the
feed solution will not usually affect the permeability of large molecules, such as
protein, unless they interact with the large molecules and cause molecular changes.
However, if there are two or more high molecular weight solutes in the feed solution,
their retention will be different than if they were present individually fammallest
of the macromolecules. This is due to concentration polarization an rmation of
a secondary dynamic membrane by the macromolecule on the %t. ic membrane
8

filter that inhibits passage of the smaller molecules (Cheryan, 199

2.6.6. Absorption of Solutes by The Membrane z

Solute-membrane interactions that results in the phys adsorpiQn ff the solute by

o
the membrane, whether on the surface or in the por ill dgcrea¥e 'thQ;X::ld of the
A -

solute. The adsorption of solutes depends on t aturg df lugand type of
membrane. This adsorption phenomenon affegt agaren

tionyg®efficient values,

since the solute will not appear in perme& e 'atnguntil the adsorption
998

sites are completely saturated (Cheryan, t ' \T n
% (4] ' c‘;é

2.6.7. Type of Feed Flow

L'}
N N LY |
Currently, there are two types of flog, with @dead—end filtration mode and
crossflow filtration mode (Isa » 20031 L ‘-tliiz lays a very important role as it
affects the permeate ﬂux@h @es t]@%f)erformance and efficiency of the
&
hole pr: . N
whole process \ z 1 (.)o
(—) '3
¢
In dead-end filtralQp, Me & e@‘s perpendicular to the membrane surface,
essentially all flow which can@mneale passes through the membrane. By time
more and n@uid will pass through the membrane, make more particles build up
on top w rane surface forms a layer until the flow resistance becomes too large
make the cannot be maintained. At that point, the operation must be shut down,
the solids need to be removed, and the flow restarted (Humphrey and Keller II, 1997).
Hence, the smaller particle concentration in permeate will decrease while the cost of
separation due to the higher operational costs such as pumping cost will increase

(Baker, 2005).
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While the feed flow parallel to the membrane surface known as the cross flow.
Theoretically, cross flow mode avoids deposition of large particles on the membrane
surface by the sweeping effects. The non-permeating species tend to be swept along
the velocity of the retentate stream (Humphrey et al, 1997). Cross flow filtration
results in less fouling and maintain flux longer in comparison to the dgadend flow
(Isa et al, 2008). The cross flow filtration process were d G@trated the
concentration polarization will taken an effect at much longer ti;&n membrane

separation, the concentration polarization is unavoidable ph% na however we

could minimize the effects. Y.

2.7. Factors Affecting Membrane Separation \d

L ]
Without requiring phase change make membrane s@)ns adap eilti{ggl-temative

to replace any other downstream techniques, membr segaratighs algeady replaced
N

parag®ns becoming an
ofé‘«ariety of materials
y ere is considerable

te S A
interest in the use of membrane techno ity CTiicight opPation is hindered by two
L}

several conventional downstream processing. % m
cen

increasingly important tool for separation

ranging from oil/water emulsion to w

Concentration polarizatior@ defjne the éﬂumulation of solute species at the
upstream surface of the%l [ N

. %‘ '/'a' > arég\)ef al, 1977), it is be‘comin% a hu%e
problem resulted in & ionf o pgyieate flux. Hence, the result from this
phenomenon can % 51?26 dsgeasing driving force for filtration or an
increasing resis& against transpg&}}; the permeating species during the filtration
(Fernandes S& 2007). CP is considered to be a hydrodynamic/diffusion
phenome® lover et al., 1974; Glover, 1980) but this problem can be alleviated by
operating system at a higher feed velocity if the system can tolerate (Merin e al.,
1980). Sablani ef al. (2001) had considered CP to be reversible and can be controlled

in a membrane module such as velocity adjustment or pulsation.

CP appears to be one of the problems occurs in membrane processing because of the
fundamental limitations of mass transfer and the existence of the boundary layer

(Zhao et al., 2000). By the appearance the polarizing layer, the concentration of the
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solution on the membrane will become higher make the permeate flow decreased. It
often leads to major losses in membrane hydraulic permeability and alters the solute
rejection characteristics of the membrane (Iritani et al., 2002). There are interplay
between the adsorption and concentration of protein molecule in UF that caused flux
decline in constant pressure mode (Gekas ef al.,1993). In addition, rece ks try to
reduce the permeate flux decline by applying of model (Ghosh et )C@ 7). These
models apply a different mechanism to explain the solute accﬁz&tion on the
membrane. Generally, it can be subdivided into resistance mOdmel polarization
models and osmotic pressure models or a combination of any% e models.
I

2.7.2. Membrane Fouling

Fouling involves the adsorption of particles (fm@pres t ipthe &?ﬂ Siear
transported across the membrane, by times it wond cre.gt Jm*f"} makes the
permeating species unable to pass through. Sommc N nts IYyprotein, lipids,
bacteria and any other molecules present W m@flati roth. The basic
mechanisms of fouling have been studied by vio,{r 'C&eQHowell et al., 1980:
Matthiasson, 1983; Aimar et al., 1988 ng e tea;&re module in the feed as
lar-ngy s?)@ or they may precipitate
from solution as part of the fe% ate§ T .I is @ux towards the surface of the

Yateriapurghgh /¥ membrane, these foulants tends

particulates, gel or soluble, high r

membrane, caused by the flow

to migrate to the membr e\vfacd.

operation parameters w@ucj t?
The causes appeiﬁ;nlf@&u @nay be due to these following mechanisms

ani gN1/.,(2001) suggest by adjusting the

li
V
which are: \9)

(1) Fogma :f a dynamic membrane (suface layer or cake layer) on the front face of

the memb¥ine. Fouling occurs predominantly on the membrane surface where the
dynamic membrane controls membrane behavior because the interaction between

membranes surfaces with feed solution.

(2) Fouling within the membrane structure. Previous studies were found that they

were proteins deposits within the membrane pores as well as on the surface (Labbe et
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solution on the membrane will become higher make the permeate flow decreased. It
often leads to major losses in membrane hydraulic permeability and alters the solute
rejection characteristics of the membrane (Iritani et al., 2002). There are interplay
between the adsorption and concentration of protein molecule in UF that caused flux
decline in constant pressure mode (Gekas et al.,1993). In addition, recent WWTrKs try to
reduce the permeate flux decline by applying of model (Ghosh et %) 7). These
models apply a different mechanism to explain the solute accun™ation on the
membrane. Generally, it can be subdivided into resistance modeM, gel polarization

models and osmotic pressure models or a combination of any,qi ; e models.

2.7.2. Membrane Fouling l

Fouling involves the adsorption of particles (fouliiﬁpres t ifpthe "%&-d G
A

transported across the membrane, by times it Wond cre.at a ban'?.r makes the
‘foq nts I?\"protein, lipids,
ati roth. The basic
mechanisms of fouling have been studied by Meviays r C&QHOWCH et al., 1980;
Matthiasson, 1983; Aimar et al., 1988)4 nt‘? e te@’e module in the feed as

particulates, gel or soluble, high r larg] Ssﬁéj or they may precipitate
from solution as part of the feed p ates] Th : 1S @‘ux towards the surface of the

permeating species unable to pass through. Somewplc

bacteria and any other molecules present {

membrane, caused by the flow O Djaterialptlr ghQ} membrane, these foulants tends
to migrate to the membrz&gfacd ani @11.,(2001) suggest by adjusting the
U th.e oL

operation parameters wi pe A
S 2
f%' B
The causes appea % mb mlin@ay be due to these following mechanisms

which are: \ \“}’

(1) Formati a dynamic membrane (suface layer or cake layer) on the front face of
the membrifie. Fouling occurs predominantly on the membrane surface where the
dynamic membrane controls membrane behavior because the interaction between

membranes surfaces with feed solution.

(2) Fouling within the membrane structure. Previous studies were found that they

were proteins deposits within the membrane pores as well as on the surface (Labbe et
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al., 1990; Attia et al., 1991). However, the amount of protein deposited within the

pores is small compared with that on membrane surface (Zhao ez al., 2000).

(3) Fouling at the entrance. Previous work (Le and Howell, 1984; Devereux and
Hoare, 1986; Weldring and van't Riet, 1988) had considered the depositi solute
species on the surface of the membrane that some way obstructed t % entrances.
The loss of effective membrane surface porosity is dependent up;w size of the

deposition molecule and the pore size, the net effect of this blockdge is the permeate

flux would reduce. Y.

This fouling problem can be reduced by ameliorates the gcts pf g which are:

{ &
(1) Maintaining the velocities on the feed side og mPBrgpofas Li¥h as possible.

‘ted g the membrane

The higher the velocity, the more shearin ti
P;}; rf@coating in the feed

surface and the greater will be the tendeN

stream. e(_) ) >\!$

)

&
(2) The used of cleaning cycle. T Nnj p ni@volve stopping the feed and

ity }al Qyining solutions either dissolved

taking all modules out of sewi% e sar
P s
the solids or reduce their [:%ca @( tl@cmbrane surface, so that they can

sweep away. \
(3) The using ofblc%b, or;r!v

d C
the feed side. BWC

o
. ',l (.)
O
ﬂ@}from the permeate side of the membrane to

e ¥

is affected @1’easing the pressure of the permeate stream

to a value gr&é\an the feed pressure.

2.8. Factags Affecting Membrane Fouling

Fouling is a result of specific interactions between the membrane and feed solution,
and between the adsorbed solute and other solutes in the feed solution. Each
component in the feed solution will react differently with the membrane such as
conformation, charge, zeta potential, hydrophobic, interaction and other factors will
have a significant bearing on these membrane-solute interactions. According to

Cheryan (1990), membrane material properties, solute properties, and operating
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parameters affecting fouling phenomenon. Besides, physical process factors, such as

cross-flow velocity, pressure and temperature could give an effect on fouling.

2.8.1. The effect of Feed Solution

2.8.1.1. Concentration

From previous studies (Olson et al.,, 1977, Balmann and Nobr Y;’89), by
increasing the feed concentration will result in a decreasing in per@x, but has
little effect on the membrane retention characteristic, except ifs omponent size

present in the feed solution changes with concentration. igtreasing the feed

concentration will give a little effect on irreversible me rw'buling but causes an
n
cmoran

increase in reversible gel formation. When internal l‘oul' g dominates,
increasing concentration increases the rate of fi ng.\\m higher
| et [
concentrations, cake or surface fouling is likely to nate.: =
\ N
o
&
(I\-/I\@r and Hayes , 1973;

Al@lis sp. contains protein

2.8.1.2. pH and Ionic Strength

pH and ionic strength are the issued need Nzor@r
Hayes et al., 1974) as the raw ferme b‘r‘qufg
es ghd’

(Mulligan, 2005). Proteins are compK ole @' aggregation or interaction
with the membrane surface, whic enied the,@l and ionic strength currently
not clearly understood. Generaﬁz-‘ b'ﬁi:ll@r at the isoelectric point of the
protein and is higher as th@s @wa&ém the isoelectric point because it

qn eed components. The solubility of a

will affect the solubility, Nco fg :

protein is generally l@zt ti;i ctx@point. However, if there are presents of

salts that decrease Wubili{yvzpr@tate on the membrane then flux could be
. S\

decreased at hl@ (Cheryan, 199%3

The exp@s could be made with the observed membrane behavior with pH and
ength t

lonic str hat are; (1) changes in protein conformation and stability would affect
the tendency of the protein to deposit on the membrane; (2) changes in the proteins
effective size alter the porosity of the dynamic membrane; (3) changes in the charge
difference between the protein and the membrane surface affect protein adsorption or

deposition (Zhao et al., 2000).
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These three explanations have some validity based on previous study because the
contribution of each factor is dependent upon the protein type, conformation and

pretreatment, and the type of membrane material used.

2.8.1.3. Component Interaction

In a complex feed solution contain various sizes of molecules, th e various
interactions between the membrane and different kind of solutes t feed stream.
The presence of larger molecules in the feed solution will cause &teric hindrance to

the passage of smaller molecules through the membrane. TNccurs because the

h
larger component forms dynamic membranes thus dec gthe‘ porosity than the
act \Whe membrane
7

pores. In some case, specific component interact@the ed o'u@ may also
affect the retention of different components (Blatt‘ei aty 1978 b &

V
\ g
ts mo S @em in feed solution

Yy (jés. The decrease in flux

on @ membrane. On the other

inl, shear, heat treatment and

original membrane, or because the larger component

has been correlated with increasing pg
hand, proteins also will be affected m
other environmental factors % all ¢ il . Besides, proteins have the

multiplicity of functional g%s, ﬂi ‘o{g c (f‘@(ly within protein molecules, the
\a:da

€6 lex secondary and tertiary structure

varying degrees of hydro@‘lty
that allows a protein to @) ct Ivi‘@plr (fgg components, as well as the membrane
itself. Q' {b

<<, ‘v’
T

V
2.8.14. Prefilt@ and The Rembdwal of Aggregates

A series f‘%s showed the removal of large molecular weight compounds by
prefiltratign any other treatment techniques to remove unwanted component
resulted in an improvement in the permeate flux in the membrane system (Tanny er
al., 1982; Merin et al., 1983). Large molecules that potentially block the membrane
pores such as protein aggregates will result in disproportionate loss of flux, and may
act as seeds or catalyst for the formation of a protein fouling layer on the membrane

surface.
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2.8.2. The Effect of Membrane Material and Physico-Chemical Properties

Two characteristic of membrane appear to influence fouling, viz: (a) the pore size,
porosity and the morphology of the membrane surface, and (b) the physico-chemical
properties of the membrane. The proper form of the membrane must be considered for
the UF process to minimize the membrane fouling because differe ypes of
membrane configuration have different susceptibilities to foul:v@

example,

hollow fibers membrane are the most susceptible and plate-and-ffan®yconfigurations
are the least influence by fouling. Y.

2.8.2.1. Pore Size Y.

Numerous examples showed membrane fouling is evere CIeasmg pore
size (Gatenholm et al.,, 1988; Nobrega et al., 1989)RRgres sife a 1n a feed
solution are becoming important factors need tao ider in e membrane

filtration process. Larger pore membranes hae&h%er \than @'er membrane. If

the size of the particle to be separated is K ﬁtude as the range of
r ay fegd sample could lodge in

pafic T &
thgm. Tigs pl@cal blockage of the pores

will cause a rapid drop in flux in t t fow tpsA‘ﬁbperatlon In contrast, if the

pores are much smaller than eWcleJ to els ted the particles will not get
1;13

caught within the pores but under the shear forces generated

by the flow. Q §
b &
2.8.2.2. Porosity an @ Slz} ; .ﬁ'l@n

Most UF membr; Yve £ e.“po ize distribution. The flow through the pores

pore sizes being used, some of the smal

the pores without necessarily going th

dominates the ermeate flow a@as a consequence, the permeate flux profiles are
very sensitive 3 fouling or plugging of the pores. Membrane fouling will change the
pore 31ze Mbution and pore density of the membrane. Thus the permeate flow,
compone etentlons and membrane selectivity change as the membrane fouls with

time.

2.8.2.3. Physico-chemical Properties

Many situations arise where physico-chemical interactions occur between solution

species and membrane materials. For example macrosolute such as proteins can bind
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to the polymer surface by a variety of mechanisms (Hofstee, 1982) including
clectrostatic interaction, hydrophobic effects, charge transfer (hydrogen bonding and
m- 1 bonding) or a thorough combination of these.

Physico-chemical properties includes charge effects and hydrophobility.

(1) Charge effects: The charges on a membrane are strongly dep upon the
membrane materials, the pH and ionic strength of eed solution
(Heinemann et al, 1988; Brink and Romijn, 1990). A s carried out by
Nakao et al., (1988) shows that operation with a memw of similar charge
of the protein can enhance the permeate flux i5(¥e~ntiation polarization
minimized. With membrane of large pore size, er prégeingglectivity may

be possible.

%

( —

Alo s
4

(2) Hydrophobility: a series of investigation m t \mtein generally less
easily adsorbed to hydrophilic n@e n ydlﬁljic membrane,
besides, there is the potential fo@%xi r&g‘lent for hydrophilic
membrane (Fane and Fell, ' & qr ; @'88). However, when
concentration and total prot& 0SItTORG hi&‘%le effect of hyrophobility

is masked by the effect onﬂCent{atio Io@tion may be due to increased
protein denaturation at %rfa I

ane (Sheldon et al.,1991).

Membrane material pro, Ns close
membrane. In order @u:;hj*e tiv@ydrophilicity of a membrane, we always

consider wettabili

membrane surf;

it to have a% lue of the contact angle. For hydrophilic material, a drop of water
would @ ut on the surface resulting in a zero or low contact angle. The
appropriate membrane should hydrophilic (water-attracting) for the aqueous feed
stream. For hydrophobic (water-repelling) material, it will adsorb hydrophobic

components resulting in fouling.

Besides, any factors such as the roughness of the membrane surface need to be in

consideration. As examples, cellulosic membranes like RC membrane foul less
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compared to the other polymeric membranes like PES membrane. This is because the
surface of cellulosic membrane appears to be smooth and uniform. In contrast,
polyamide thin-film composite membrane appear to have protuberance on the surface
which could act as hooks for suspended matter in the feed, thus leading to greater

fouling. In addition, the largest protein deposit occurred with the most legenous

membrane (Suki ef al., 1988). \

It is a vital part to understand the physiochemical characteristi?&individual feed

components in relation to membrane process. This is must to onsidered because

solutes are the main causes that will deposit onto S RF rane surface or into

membrane pores thus degrades membrane performanc
.

i

-' iy
Process parameters such as temperature, feed f?’ re Id have great

S s

2.8.3. The Effect of The Process Variables

influence on membrane fouling.

2.8.3.1. Transmembrane Pressure (0 ? &\
\
Transmembrane pressure (TMP) cot n of fagtér @ctmg fouling phenomena.

By increasing the TMP in the lo% bal) initially resulted in an

increase in permeate flux, but se }fh&)ulmg rate (Forman er al.,1990;

Jonsson, 1986). Membrane @tionr the increase in membrane fouling
a

and appears to remain w

‘y 1@%{)1 essure and low concentrations. The

optimum pressure m ai % (’ﬁxung the permeate flux, while the
optimum plLssu t 3 mcé}smb of membrane pore.

\0},"\"
When FMP in re—gel region, flux increases as pressure increases, though usually
not lineQ acromolecules feeds. As pressure increases further, the CP layer
reaches niting  concentration, and flux becomes independent of pressure.

Increasing pressure above a critical point may result in a lower flux (Cheryan, 1998).
Fouling mechanism in UF of colloidal suspensions has been studied. In the UF of
macromolecular solutions, they found that the higher concentration and TMP. the
greater the forces of interaction between the macromolecules and with the surface of

the membrane (Bacchin et al., 2002).
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2.8.3.2. Temperature

Increasing the temperature generally results in an increase in the permeate flux due to
the dual effect of lowering the permeate viscosity, which assist flow rate an increasing
diffusivity, which assist the dispersion of the polarized layer both in UF and MF (Attia
et al., 1991; Scott, 1988). Fouling on membrane surface may be reduceddue to the
increase in diffusivity and a lessening of concentration polarizatio &he other
hand, the removal of the surface layer may lead to greater internal f(@Ania et al.,

1991)

According to Hagen-Poiseuille model stated, by increasing t latule should result

in higher flux. At temperatures below 30°C, flux decre it?in r‘:as1 temperature

nlgcrature is
increased further it will give the beneficial effects ( v1sco t 1g’h€)31ffus1v1ty),

this will outweigh the detrimental effects and m lv T’N.Q net@!mease in flux
(Cheryan, 1998). \(—}’ u‘ S
Pro

2.8.3.3. Crossflow Velocity and Turbu

Increasing the cross-flow velocity Ca ult 1T1 @’mprovement in permeate
flux in both UF (Blatt ef al., 1970% s , 1985) and MF (Attia et al.,
lOCl

because of a decrease in solubility of the feed stream 01 oV

I
cO g e ase the membrane fouling thus

1991). By increasing the cross
inte @Jfoulmg rather than surface fouling

th ect (Bowen and Gan, 1991). Various

the effective pore size 1nc1&l Hov‘e
occurs the cross-flow ve, &Q

means of creating gr eneg Yt thQ)nemblane surface generally result in an
improvement in m ' ster“ )ug,lé\membl ane flux.
High shear [ enerated at the membrane surface tend to shear off deposited

material @ reduce the hydraulic resistance of the fouling layer. At low pressure

(low permeon velocity), shear forces are high enough to minimize deposition of all
particles on the membrane surface. At high pressure or high flux, particles move to the
membrane surface at a much faster rate than their removal by shear, leading to greater

fouling (Cheryan, 1998).
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