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Abstract: Membrane bioreactordviBRs), in which membranes are applied to biological wastewater treatment for biomass separation,
provide many advantages over conventional treatment. However, membrane fouling in MBRs restricts their widespread application
because it reduces productivity and increases maintenance and operating costs. Recently much research and development has taken p
to investigate, model, and control membrane fouling processes. However, unified and well-structured theories on membrane fouling ar
not currently available because of the complexity of the biomass matrix, which is highly heterogeneous and includes living microorgan-
isms. Membrane fouling in MBR systems can be reverdibée, removable by physical washingr irreversible(removable by chemical
cleaning only, and can take place on the membrane surface or into the membrane pores. Although establishing a general model tc
describe membrane fouling in such a process is made extremely difficult by the inherent heterogeneity of the system, the nature and exte
of fouling in MBRs is strongly influenced by three factors: biomass characteristics, operating conditions, and membrane characteristics
Fouling control techniques which have been investigated include low-flux operation, high-shear slug flow aeration in submerged configu-
ration, periodical air or permeate backflushing, intermittent suction operation or addition of powdered activatedR&HoOf these,

only PAC addition is currently not used in existing large-scale installations.
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Introduction achieved since a large amount of slow-growing nitrifying auto-
trophs can be retained in an aeration tai@hiemchaisri and
Municipal and industrial wastewaters are often treated biologi- Yamamoto 1993; Fan et al. 1996; Kishino et al. 1996; Nah et al.
cally, such as by the activated sludge prod@s3P), using micro- 2000.
organisms for degradation of organic pollutants. The ASP not  Notwithstanding these advantages, the widespread application
only requires large aeration and sedimentation tanks, but also genof the MBR process is constrained by membrane fouling. In re-
erates large quantities of excess sludge. In addition, the processent reviews covering membrane applications to bioreactors it has
suffers from solid—liquid separation problems, such as bulking been shown that, as with other membrane separation processes,
and foaming. An alternative technology is the membrane bioreac- membrane fouling is the most serious problem affecting system
tor (MBR), which replaces two stages of the conventional ASP— performancéChang et al. 2001b; Kim et al. 200Fouling leads
clarification and settlement—with a single, integrated biotreat- to permeate flux decline, making more frequent membrane clean-
ment and clarification step. ing and replacement necessary which then increases operating
The advantages offered by the MBR over conventional treat- costs. Therefore, most MBR studies aim to identify, investigate,
ment have been reviewd&tephenson et al. 20D0They include control, and model membrane foulitGhang and Lee 1998; Tar-
reduced footprint and sludge production through maintaining a dieu et al. 1998; Wisniewsky and Grasmick 1998; Defrance and
high biomass concentration in the bioreactor. The system is alsoJaffrin 1999a; Ognier et al. 2001
capable of handling wide fluctuations in influent quality, and the Membrane fouling results from interaction between the mem-
effluent can be reused directly for nonpotable purposes becausédrane material and the components in the activated sludge liquor.
filtration efficacy is such that a high-quality product water is gen- The latter include substrate components, cells, cell debris, and
erated. Furthermore, an increased rate of nitrification can bemicrobial metabolites such as extracellular polymeric substances
(EPS. The suspended biomass has no fixed composition; for ex-
!Department of Environmental Engineering, Hoseo Univ., Asan, 336- ample, in batch systems the biomass at an endogenous phase may
795, South Korea. . . . consist of more lysed cells and cell debris than at a log growth
zSChC’O' of Water Sciences, Cranfield Univ., Beds, MK43 0AL, UK. phase. Moreover, the activated sludge liquor composition varies
égﬁgg: 8; w:g 22::2222 gzzgz:g Bﬂ:x gzgz' mxg 82t' BE both with feed water composition and MBR operating conditions
! N ’ '~ employed. Thus, though very many investigations of membrane
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insight into membrane fouling in the membrane bioreactor pro- J=TMP/(n-Ry) 1
cess, mainly with reference to municipal and industrial wastewa-
ters. Ri=Rm+ R+ Ry 2
. where J=permeate flux; TMPEtransmembrane pressure;
Membrane Bioreactor Process m=dynamic viscosity of the permeat®;=total resistanceR,
The MBR process consists of a suspended growth biological re- =intrinsic membrane resistand®,=(reversiblg cake resistance
actor combined with a membrane unit either located external to caused by the cake layer deposited over the membrane surface;
the bioreactor(sidestream or mounted directly within it(sub- and R;=(irreversible fouling resistance produced by adsorption
merged or immersed For the sidestream configuration, a high  of dissolved mattetpore narrowing and/or pore blockage within
cross-flow fluid velocity provided by a recirculation pump is de- the membrangplugging. According to this model the flux is
signed to reduce deposition of suspended solids at the membranénversely proportional to the total resistance, the latter being the
surface. Although this configuration is simple and provides more sum of individual, supposedly discrete resistances.
direct hydrodynamic control of fouling, the energy demand is The resistances are conventionally measured through a series
relatively high. The submerged configuration, on the other hand, of filtration experiments comprising pure-water filtration, sludge
relies on coarse bubble aeration to produce in-tank recirculationfiltration, and pure-water filtration following filter cake removal.
and suppress fouling. Although the energy demand of the sub-However, such experiments are not always practical and, in any
merged system can be up to two orders of magnitude lower thancase, assume complete decoupling of all resistances. In spite of
that of sidestream systenfBijk and Roncken 1997; Gander et al.  this, many authors identify components of resistance in their
200038, submerged systems operate at a lower flux and so demandvork. For example, the reversible fouling component has been
more membrane area. considered as comprising a gel layer resistance coupled with a
Aerobic MBRs are commonly used for domestic wastewater, concentration polarization resistance, these being addiGbheo
“night soil,” industrial wastewater, and municipal water treat- and Lee 1996a; Al-Malack and Anderson 199Fowever, the
ment(Zaloum et al. 1994; Urbain et al. 1996; Zhang et al. 1997; validity of differentiating between the various resistance compo-
Ragona and Hall 1998; Chang et al. 20D1&naerobic MBRs nents on the basis of arbitrary physical tests is questionable, and
have been mainly applied to industrial wastewaters of high or- some authors prefer to quote a single resistance vReinclud-
ganic strengti{Nagano et al. 1992; Anderson et al. 1996; Choo ing all resistances offered other than that of the clean membrane
and Lee 1998; Fakhrulrazi and Noor 1999; Ince et al. 2000; Hu (Gander et al. 2000b; Kwon et al. 2000; Chang et al. 2p01c
and Stuckey 2001; Lee et al. 200JAnaerobic bacteria have Table 1 shows a summary of common values of resistances in
slower growth rates than aerobic bacteria and so produce lesghe literature. It should be noted that each resistance value de-
residual sludge but require a relatively long retention time. More- pends strongly on experimental conditions; e.g., biomass charac-
over, anaerobic biosolids exhibit poor settleability due to their teristics, membrane material and pore size, and operating condi-
diffusible and filamentous naturéElmaleh and Abdelmoummi  tions. In general, resistance values for anaerobic MBRs are much
1998. Therefore, anaerobic MBRs offer similar advantages over higher than those of aerobic systems largely due to the higher
conventional processes as MBRs. In cases where complete reerganic loading rates and the occurrence of high levels of fine
moval of nitrogen is required, MBR processes adopting aerobic- colloidal matter and inorganic precipitation in anaerobic pro-
anoxic cycling to obtain maximum denitrification have been used cesses.
(Silva et al. 1998 This paper reviews aerobic, anaerobic, and
aerobic-anoxic systems. Empirical Models
Membrane Fouling Constant pressure filtration behavior is typified by a rapid flux
Membrane fouling in MBRs is attributed to the physicochemical decline at the start of filtration followed by a more gradual de-
interactions between the biofluid and membrane. As soon as thecrease until a steady state or a pseudo-steady state flux is reached.
membrane surface comes into contact with the biological suspen-Four filtration models, originally developed for dead end filtration
sion, deposition of biosolids onto it takes place leading to flux (Grace 195§ have been proposed to describe the initial flux de-
decline. Since this cake layer is largely readily removable from cline. All models imply a dependence of flux decline on the ratio
the membrane if an appropriate physical washing protocol is em- of the particle size to the pore diameter. The standard blocking
ployed, it is often classified a®versiblefouling. On the other and cake filtration models appear most suited to predicting initial
hand, internal fouling caused by the adsorption of dissolved mat- flux decline during colloid filtration(Visvanathan and Ben Aim
ter into the membrane pores and pore blocking is considered 1989 or protein filtration (Bowen et al. 1995 According to
reversibleand is generally only removed by chemical cleaning. Bowen and co-workers, four consecutive steps had been defined:
However, restricting categorization of membrane fouling to re- (1) blockage of the smallest pore&) coverage of the larger
versible or irreversible is somewhat simplistic. For instance, gel pores inner surfaceg3) superimposition of particles and direct
layer formation over a membrane surface is most often irrevers- blockage of larger porg4) creation of the cake layer. It seems
ible although it is notionally reversible since it forms a cake layer. reasonable to expect all these blocking processes to prevail in a
Some kinds of fouling by pore blocking and adsorption may be polydisperse filtration process such as MBR.
partially reversible depending on the strength of adhesion and the

vigor of the physical wash. Mass Transport Models

Resistance-in-Series Model Although the steady state models are based on highly restrictive

Many empirical and theoretical models have been proposed tohypothesesgspherical, inert, mono-disperse particles, low concen-
describe the membrane fouling phenomena, the simplest being theration solution, etg, these equations have been used to predict
resistance-in-series modéField et al. 1995; Silva et al. 2000; flux behavior in MBRs. Models based on Brownian diffusion, as
Lee et al. 200}, promoted by concentration polarization, are known to substan-
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Table 1. Typical Resistance Values in Membrane Bioreactor System

Resistance
MBR type (10"xm™1) Membrane Wastewater  Micro-organism References
Sub-HF Rn=8,R.=24,R;=1 MF (0.2 pm), Domestic Anoxic Parameshwaran et dll999
Polymeric +Aerobic
SS-TB Rn=2.3,Ry=41.1 MF (0.1 pm), Domestic Aerobic Defrance et al(2000
Ceramic (TiQ+ZrO,) + Industrial
SS-FP Rm=11,R,=1732,R;=337,R;;=11 UF (20 kD), Industrial Anaerobic Choo and Lee(1996a
(Fouling due to inorganic precipitatipn Fluoropolymer
SS-FP R,=13,R.=1230,R;=5 UF (20 kD), Synthetic Aerobic Chang et al(2001h
(Fouling caused by floc breakage Polyacrylonitrile
Sub R,=3, R;=2890,R;=12 MF (0.5 um), Piggery Anaerobic Lee et al.(200))
(Fouling due to high organic Mixed esters
and colloidal nature of cellulose
SS-TB R;—R,, (=Fouling resistancde MF (0.14 pm), Synthetic Anaerobic  Elmaleh and Abdelmoumni{iL999
~100 (Depending on CFY Ceramic {TiO5,)
Sub-FP R;=30-2000 MF (0.2 um), Synthetic Aerobic Nagaoka et al(1998
(Depending on organic loading rate Polysulfone
Sub-TB Rm=3-5R.=3-48,R;=~10 MF (0.5 pm), Domestic Aerobic Shimizu et al.(1996hH
(Depending on TMP Alumina
Sub-HF Rm=22, R+ R,=75-120 MF (0.01 pm), Domestic Aerobic Shin et al.(1999
(Depending on MLSB Polyacrylonitrile
SS-TB Rn,=3.6,Rt=29 MF (0.05 um), Domestic Aerobic Tardieu and Grasmick1998
Zircon oxide
Sub-FP R;=1-6 MF (0.4 pm), Domestic Aerobic Ueda and Horar§2000
(Depending on operation time Polyethylene
Sub-HF R;=0.2-0.6 MF (0.1 pm), Domestic Aerobic Ueda et al(1997)
(Depending on cleaning regime Polyethylene

Note: Sub: submerged MBR; SS: sidestream MBR; HF: hollow fiber; FP: flat plate; TB: tuRglarmembrane resistancR'p: polarization resistance;
Res: external fouling resistancé;; : internal fouling resistanceR,, : plugging resistanceR. : cake resistance; arf@; : total resistance.

tially underpredict the flux obtained during colloid filtratioBel- Experimental Evaluation of Membrane Fouling

fort et al. 1994. To resolve this “flux paradox,” back transport R )

models such as inertial migration, shear-induced diffusion, and AIth_oug_h it is difficult to establish a general rule gbout membrane

surface transport have been developed. The key aspect of all backouling in MBRs, the nature and extent of fouling are strongly

transport models is the implication of the influence of particle size influenced by three factors: biomass characteristics, operating

and recirculation rate, or cross-flow veloc{@FV), on flux. Both conditions, and membrane characteristiety. 1). These are con-

shear-induced and inertial lift models predict more significant Sidered in turn below.

fouling in the cases of small particles and/or large difference be-

tween back-transport and permeate velocities. More fouling is Biomass Characteristics

also predicted at lower CFVs. . Activated sludge is a complex and variable heterogenous suspen-
_For MBRs, these models have been used to determine thegjon containing both feedwater components and metabolites pro-

minimum size of compounds likely to deposit under specific flow 004 quring the biological reactions as well as the biomass itself.

conditions, i.e., CFV valueéTardieu et al. 1998; Choo and Lee  \1any individual components of the mixed liquor, ranging from

1998; Huisman and Tragardh 1999; Wisniewski et al. 2060r 00,0t solids to dissolved polymers such as extracellular poly-

e.xample, for a f_ixed CFV of 0.5_m*é, the sheqr-induced diffu- meric substancedEPS, can contribute to membrane fouling.
sion model predicts that floc particles up to a size @i and up

to 7 wm deposit on the membrane for flux of 12.5 and 25
Lm~2h™?, respectively(Tardieu et al. 1998 Tardieu and his co-
workers also found the inertial lift model to predict an even
greater fraction of floc deposition under the same conditiops
to 15 and 20um, respectively. Not surprisingly, particle deposi-

tion is very limited under turbulent flow conditionCFV ~4 linearly with MLSS, and Yamamoto et a1989 also reported

ms ) where the back transport velocity is actually greater than .t the flux decreased abruptly if the MLSS concentration ex-
the permeate flux. Hydrodynamic factors have a profound effect .oaqeq 40 000 mgli

o ’ . - in a submerged system.
on the initial flux decline, where smaller particlgsaving a small

. ; ; : MLSS concentration is considered to impact directly upon
back transport velocifyresult in the exponential flux decline usu-  ae |ayer resistance, as surmised from conventional cake filtra-

ally observedChoo and Lee 1998Hence, these mass transport theory, the cake resistand®, (m~1) often being expressed
models provide a better understanding of the role of hydrodynam- ;¢ (Shimizu et al. 1993; Chang et al. 2001a

ics in MBR fouling (Tardieu et al. 1998 though the role of dis-
solved and colloidal species is neglected in such models. Re=a-v-Cy (3)

Mixed Liquor Suspended Solids and Dissolved Matter

At the early stages of MBR development, many researchers have
given attention to the effects of the mixed liquor suspended solids
(MLSS) concentration on the membrane fouling. Fane et al.
(1981, for example, reported membrane resistance to increase
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Factors affecting fouling MLSS concentratign, superficial air velocity¥{), and a mem-
T brane geometric hindrance fact@ps) dependent on module con-

[ | | ; i
Membrane Biomass Operating conditions flguratlon
(see 4.3.) (see 4.1.) (see 4.2.) JSS: K. u* d) . MLSSo.s (7)
Many resear_c_h groups _have exten_swely investigated the_ contribu-
tion of specific mixed liquor species to membrane fouling. De-
EPS france et al(2000 reported that the relative contributions of sus-

Hydrophobicity W w per)ded solids.(SS., colloids, and d@ssolved matter to the

- resistance to filtration caused by fouling were 65, 30, and 5%,
Porosity respectively. The same study carried out by Bouhabila et al.

™P (2009 showed the biomass relative contribution on fouling to be

24, 50, and 26% for SS, colloids, and solutes, respectively.
Through fractionation of the mixed liquors of activated sludge
into floc cell, EPS and dissolved matter, Chang and (398
identified EPS as being the main component contributing to foul-
ing resistance. Both these studies, however, showed the sum of
the resistances provided by each constituent to be greater than the
measured total resistance, indicating that individual fouling resis-
tances were not additive. Wisniewski and Grasm(it898 frac-
tionated the activated sludge suspension into settleable particles
(from particle size above 10@m), supracolloidal-colloidal frac-

tion (nonsettleable particle with a size ranging from 0.05 to 100
wm), and soluble(obtained after filtration with 0.0wm mem-
brang. They revealed 52% of the total resistance to be attribut-
able to the soluble constituents.

Fig. 1. Factors influencing membrane fouling in membrane bioreac-
tor process

wherea = specific cake resistanéen kg™ %); v = permeate volume
per unit area(m®*m™2); and C,=bulk MLSS (or mixed liquor
volatile suspended solid§MLVSS) concentration (kgm °).
MLSS concentrations for aerobic MBRs typically range from
3,000 to 31,000 mgL! (Brindle and Stephenson 1996How-
ever, Lubbecke et a[1995 showed MLSS concentrations up to
30,000 mg ! to be not directly responsible for irreversible foul-
ing, and that viscosity and dissolved matter more significantly ) ) o
impact on flux. Ueda et al.1996 observed the increase in vis- Particle Size Distribution _ _
cosity to yield a substantial suction pressure increase, which con-Many researchers have sought to establish the influence of par-
sequently causes the MBR to fail. ticle size on the cake layer r§3|stanc<_e. According t(_) the \_/veII-
Dissolved species impact both on internal and external fouling, Kknown Carmen—Kozeny equation applied to conventional filtra-
the latter being promoted by concentration polarization. Ishiguro tion. specific resistande) is a function of particle diametedy),
et al. (1994 proposed the following general correlation between POrosity of cake layei(s), and particle densityp) as follows

flux and dissolved organic carbd®OC) (Baker et al. 1985
J=a+blog(DOC) () a=1801~¢)/(p-d3 &%) (8)
wherea and b= empirical constants. Eqg. (9) is obtained by putting together Eq8) and(8)
Harada et al.(1994 found accumulation of soluble sub- R.= 18Ql—£)/(p~d'2)- 63).0-Cy ©)

stances, rather than incremental increases, in the MLSS, to sub-
stantially affect flux decline in anaerobic MBRs. While aerobic R; is thus strongly dependent on cake particle size: the smaller
MBR foulants largely originate from EPS and other metabolic floc size, the greater cake resistance. In general, the particle size
products, fouling in anaerobic systems can arise from precipita- of an activated sludge floc ranges from 1.2 to @0 (Jorand
tion of inorganic scalants such as struvite, Mg#@,6H,0 et al. 199%. However, the shear force arising from pumping dur-
(Choo and Lee 1996a; Yoon et al. 1998truvite can foul anaero-  ing cross-flow filtration results in the breakup of biological flocs,
bic systems where ammonium and phosphate ions are produce@enerating fine colloids and cells forming which then form a
during anaerobic decomposition of organics in the wastewater. denser cake layer on the membraiéisniewski and Grasmick
Empirically derived flux prediction equations based on the 1998; Kim et al. 2001 According to Wisniewski et al(2000),
combined effects of MLSS, dissolved matter, and viscosity have the suspension produced after the floc breakup consists mainly of
been developed. Sato and Isiii991) produced the following particles having a size of around |2m corresponding to flux
empirical relationship describing filtration resistance in terms of declines. Cicek et al1999a,b revealed the average diameter of
MLSS, chemical oxygen demarf@OD), TMP, and viscosity(n) particles in a sidestream MBR system tob8.5 um, with 97%
for a sidestream MBR of the particles being smaller than utn, whereas the ASP mixed
_ 92 1 32 liquor contained flocs ranging from 20 to 120m in size. The
R=842.7 TMP (MLSS)®%2{ COD)*¥%6n 320 ®) resultinga values, measured by vacuum filtration, of the MBR
Krauth and Staat{1993 proposed the following equation ac- sludge were determined as X40 mkg ! compared to 2.1
counting for the influence of the MLVSS for a sidestream MBR: X 10'2 m kg™ ? for that of the ASP. On the other hand, the floc size
J= 3, eK(MLSSMLVSSRIMLVSS ©) in the supmerged MBR20—-40um) appears to be greater than
that of sidestream{(7—8 wm) due to the reduced shear stress
whereJy=initial flux; k=empirical constant depending on TMP; (Zhang et al. 1997
and R=Reynolds number. Floc breakup exposes the EPS present inside the floc structure
Some researchers have additionally included the effect of hy- as well as increasing the EPS level in bulk solution, leading to
drodynamics on flux. Shimizu et gl1996a expressed the steady severe membrane foulingChang et al. 200)b as explained
state flux (g9 of a submerged hollow fiber MBR as a function of below. It has been reported that floc breakup also leads to a loss
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of biological activity (Brockmann and Seyfried 1996; Ghyoot 250
et al. 1999a,b; Chang et al. 20Q1lkzhange in microorganism

population (Rosenberg et al. 199%nd decreasing settleability 200
(Cicek et al. 1999a)b

4

—
w
(=1

*

Extracellular Polymeric Substances(EPS)

An activated sludge floc can be defined as a microbial entity that
is formed by different species of biomass. The constituents of the
floc are embedded in a polymeric network of EPS. Since EPS
provide a highly hydrated gel matrix in which microorganisms are
embedded, they provide a significant barrier to permeate flow in
the MBR.

Microbial EPS are high molecular-weight mucous secretions
from microbial cells. They can play an important role for floc
formation in activated sludge liquoSanin and Vesilind 2000;
Liao et al. 2001 The EPS matrix is very heterogeneous, with rig 2 Effect of cross-flow velocity on permeabilifrom Defrance
polymeric materials arising including polysaccharides, proteins, gt al. 1999a
lipids, and nucleic acidg¢Bura et al. 1998; Nielson and Jahn
1999.

Recently, many MBR studies have identified EPS as the most
significant biological factor responsible for membrane fouling. the membrane surface rather than internal foulifgble 1, this
Chang and Le€1998 correlated the EPS levels and membrane hypothesis could be expanded to explain EPS fouling of the
fouling quantitatively. These authors examined the EPS levels in MBR.
activated sludge in various physiological states, and found there
to be a linear relationship between membrane fouling and EPS operating Conditions
levels. Nagaoka et al1996, 1998, 1990similarly linked hydrau-
lic resistance to EPS levels in the aeration tank, including empiri- Cross-Flow Velocity
cal parameters for EPS production and degradation, developing aBoth experimental and empirical studies have revealed cross-flow
phenomenological model to predict fouling and to evaluate the velocity (CFV) to be a major influence on membrane fouling
effects of loading rate, flux, and shear stress on bioreactor perfor-(Madaeni 1997; Tardieu et al. 1998; Defrance and Dalfrin 1299a
mance. Huang et al2001) found soluble organic substances with The CFV affects the mass transport of particles away from the
high molecular weights, mostly attributable to metabolic prod- membrane surface, and thus the resultant cake layer thickness, by
ucts, to accumulate in the bioreactor. These had a negative influ-increasing the shear and so shear-induced diffugger the sec-
ence on membrane permeability: accumulation of 50 mgTOC tion mass transport models belpvA higher shear stress can be
(total organic carbonL ! resulted in 70% decrease in flux. In  developed by moving the membrane, rather than the water adja-
addition, EPS levels of 23 mg1: have been found to produce a cent to it, by using a vibrating or spinning membrai@hkuma
six- to sevenfold increase in the internal fouling resistai@teang 1994; Lu et al. 199 However, while some mechanical shear-
et al. 2001h. The fouling propensity of specific EPS components enhancement membrane separation processes exist commercially,
has also been studied. Shin et @999 attributed 90% of the ~ None have been employ?éj fgr MBRs. P
cake resistance to EPS and found resistance to vary with the ratio A higher flux, 100 L m “h™* compared to 25 L mh, sus-
of protein and carbohydrate in the EPS. Mukai e{2000 found tained for a longer period100 h compared to 6)lwas obtained

. 71 — .
the protein to sugar ratio of the EPS to influence permeate flux Wheln fggras;]g aT CEVA' ms -, ra:‘thﬁr than 0‘.5 ms ('It;ard|eu d
during ultrafiltration, the permeate flux decreasing with an in- etal 8. Visual observations of the ceramic membrane use

creasing protein content. In a study illustrating the effects of EPS a!so revealed no floc deposition when the system was operated at
. . . - high CFV. However, a small and constant increase in TMP was
on membrane fouling carried out by Kim et 619998, addition of

powdered activated carbon to the MBR was shown to increasealways noted, presumably due fo the interaction between the

. . . membrane and the sludgsoluble and colloidal fractionsFlux
g(e)rni;z;brlrl]ltgy/gb\)llsrgducmg dissolved EPS levels from 121-196 to as a function of CFV appears to follow a similar trend for MBR

< . liquors as for other matrice@arleton and Wakeman 1994The
Most studies of the effect of EPS on membrane fouling rely on

) X stabilized flux—the maximum flux measured, which is dependent
extraction of EPS from the sludge flocs. However, relatively large ot TMP—has been shown to increase almost linearly with CFV

amounts of EPS can originate from unmetabolized wastewater pefrance et al. 1999aHowever, increasing the flux by raising
components and bacterial products arising either from cell-lysis e cpv produces a concomitant rise in the TRERy. 2), leading

100

Permeability (L.m2h"” bar™)

W
f=1

0 1 2 3 4 5 6
CFV (m.s™)

or cell-structural polymeric component®ignac et al. 1998 to a lower permeability. Literature hydraulic data show significant
Thus, the quantitative expression of flux as a function of EPS variation for different matrices, membranes, and configurations
concentration has an inherent limitation. (Table 1), in particular, membrane materiedee membrane char-

Little information is currently available on EPS membrane acteristics below While a relationship between CFV and flux is
fouling mechanisms. For the membrane filtration of marine bac- perceptible, that between CFV and permeability is less so. Ac-
teria SW8, Hodgson et al[1993 proposed that EPS and cells cording to critical flux analysis by Madaeni et &L999, who
were co-deposited during membrane filtration, with EPS filling demonstrated a similar relationship between flux and CFV, CFV
the voids between the cells, forming a barrier of high hydraulic has been shown to have a greater effect at high MLSS levels and
resistance. Since most resistance is attributed to the cake layer osmaller membrane pore sizes.
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Table 2. Hydraulic Performance Versus Cross-Flow Velocity

Cross-flow velocity(m s™%) TMP (ban Flux (Lm™2h™Y Permeability(L m~?h~'bar %) References
Submerged

0.5 0.3 21 70 Ishida et al.(1993
0.4* 0.15 12 80 Ueda et al(1996
0.3-0.5 0.3 17 57 Shimizu et al.(1996a
Sidestream

2.5 2.8 66 24 Krauth and Staa1994)
1.5-35 1 60-80 60-80 Trouve et al.(1994
2.2 2.2 9 4 Bailey et al.(1994
2 0.2-0.3 23-68 115-227 Sato and Ishii(1991)
4. 1.8 125 70 Ghyoot et al.(1997
2.9 0.7 127 181 Ghyoot et al.(1999h
1.5¢ 2.2 8 4 Ghyoot et al.(1999a
P 2 153 77 Ghyoot et al.(1999a

Note: *Estimated values'#X®Experiments carried out by Ghyoot and co-workers under these conditigres of membrane—MLSS concentration in
gL™Y): “ceramic MF-4;®polymer (PVDF) UF-7; Xpolymer (polyethersulfong UF-4; ®ceramic MF—from 5 to 18.

Studies carried out using monodispersed particles have re-et al. 1996a,b In both cases, the CFV is reported to range be-
vealed opposing effects of CFV. With small particles a CFV in- tween 0.3 and 0.5 m'¢ (Table 2.
crease increases flux, while for larger particles the CFV has no, or  Cui and his co-worker$Cui 1997; Li et al. 1997; Ghosh and
even a negative effect on permeate flux. Tarleton and Wakemancui 1999 have mathematically modeled wall shear variation and
(1994 suggested that this phenomenon was due to particle clas-gjstripution around a large bubble in a tubular tube, producing
sification at the membrane surface. During the incipient stages ofs| g flowto create air lift. Results were related to the mass trans-
filtration it is postulated that the deposited cake is formed from o coefficient. Corroboratory permeate flux data have subse-
the finer particles present in the feed while the coarser particlesquenﬂy been provided by an experimental study of a submerged

are preferentially removed by the scouring action of the CFV. tubular MBR operated with slug flowdudd et al. 2001; Chang
Evidence for particle classification has been provided by results and Judd 2002 '

obtained with polydisperse solutiondarleton and Wakeman . .
1993. These results also suggested that a critical size arises . ﬂStudy tOf thef rel!atlvg ;effect Oft thle 1';|LTSnS cot? centrat|ort1. and
where CFV has little or no effect on flux decline. Classification &!™'OW fate on fou ingDufresne et al. 1997as shown aeration

may provide an explanation of reported operational traits in ©© Pe roughly half as significant as MLSS level. Moreover, the
MBRs. It has been shown that the sludge supernatant, containingEffect on permeate flux of increasing aeration was found to be
the finer particles, causes initial fouliri@ouhabila et al. 1998;  Independent of MLSSBouhabila et al. 1993 even if a higher
Wisniewski and Grasmick 1998 airflow is required at higher MLSS due to the concomitant vis-
In sidestream MBRs, increasing the CFV can be achieved by cosity increaséMuller et al. 1995; Gunder and Krauth 1999

increasing the pump speed. Even for experiments carried out A comprehensive study of the effect of aeration on fouling has
under biologically steady state conditions, it is possible that re- been carried out by Ueda et d1996 on a hollow fiber sub-
ported flux changes at different CFV values may be attributable to merged MBR. These authors measured air uplift velocity using an
biochemical as well as hydraulic chang@ardieu et al. 1998 electromagnetic flowmeter, the reading giving an approximation
As well as the effects on EPS reledsee the section “Extracel-  of CFV. These authors found aeration for turbulence promotion to
lular Polymeric Substance(EPS” above] shear produced by  become more critical for intermittent operation, and that fouling
pumping breaks up microbial flocs generating a larger number of syppression by aeration was mainly through agitation of the mem-
fine colloidal particles which can form a denser cake layer on the prane fipers. An optimum value of the airflow rate was identified
membrane surfad&im et al. 200). This effect is exacerbated by beyond which further increases had no efféble 3, an obser-

the use of a rotary pump, rather than a centrifugal pump. vation subsequently repeated by Bouhabila e{H898, 2001
Ueda et al(1996 also reported that any reduction in the airflow

Aeration had negative effect on the TMP. Although original performances

In a submerged MBR, CFV is created by aeration which not only . ST .
provides oxygen to the biomass, leading to a better biode(‘;radabil-cOUId be restored fOHO_ng a short-tgrm reductlo_n n aerathn
ity and synthesis of the cells, but also maintains the solids in rate, longer-term reduction led to a rapid accumulation qf material
suspension and scours the membrane surface and so suppress@@ the membrane surface. These authors also surmised that a
fouling (Dufresne et al. 1997 The air-induced cross-flow can More densely packed module could enhance fouling amelioration
efficiently remove or at least reduce the fouling layer on the mem- due the greater effective CFV attained, a similar conclusion being
brane surface. Equating a bioreactor equipped with baffles to anreached by Liu et ak2000 in optimizing the design of a hollow
internal-loop-airlift reactor allows the CFV to be calculated theo- fiber membrane module MBR.

retically (Ishida et al. 1993; Kishino et al. 1996; Liu et al. 2000 Design parameters reported by authors for different submerged
The CFV can also be estimated by the use of a flow velocity systems are summarized in Table 3. In this table, @beation
meter directly immerged in the react@eda et al. 1996, Shimizu intensityrefers to the airflow rate to the membrane area ratio. The
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Table 3. Airflow Rate Effect on Flux in Submerged Systems

Airflow rate (m*h™?%) Gas hold uph™) Aeration intensity(m h™%) Flux (Lm™2h™Y Config. Reference

0.55 0.8 0.05 HF Bouhabila et al(1998
42 2 10 12 HF Ueda et al(1996
3.2-4.3 0.6-0.8 1.9-25 1.1-2.2 HF Dufresne et al(1998
0.8 0.8 8 12 FP Dufresne et al(1997)
100 11 2.2 31 FP Gunder et al(1999

80 13 1 20 FP Gunder et al(1998

78 35 0.9 18 FP Gunder et al(1998
0.72 0.009 0.7 8.3 HF Visvanathan et al(1997)

table shows that changes in aeration intensity of more than anFlux and Critical Flux
order of magnitude do not appear to yield a commensurate in- Flux selection provides the most significant factor in determining

crease in flux. fouling rate. At high convection rates towards the membi@eg

at high flux, colloidal aggregation and heterogeneous deposits
Hydraulic Retention Time and Loading Rate are observed. Rapid reversible fouling then takes place, predomi-
An indirect action of hydraulic retention tin{&lRT) on fouling in nantly through formation and compaction of the cake layer pro-
a submerged hollow fiber MBR has been reported by Visvanathanduced by the flocculant biomass material. Internal and/or irrevers-
et al. (1997, who noted reduced fouling.e., no TMP increase ible will also take place more rapidly at higher fluxes, more or

at higher HRT values, postulating that a rapid formation of a less in agreement with theoretical predictions. On the other hand,
compact layer on the membrane surface took place at longerit has been reported that fouling is not observed provided the flux
HRTs. Given that the MLSS concentration was reported to changeis maintained below some specific value. It is the evaluation of
from 3 gL ! for an HRT of 12 h to 7 gL* for 3 h HRT, it is this so-calledcritical flux which forms the focus of many sub-
evident that the accompanying change in hydraulic resistance ismerged MBR studies.

related to the MLSS(see section on Biomass characteristics The critical flux concept was introduced by Field et(a095,
above: a shorter HRT provides more nutrients to the biomass, and has since been cited in many papers concerned with the foul-
and leads to a greater biological growth and so a higher MLSS ing limitation in MBR operation. The hypothesis for MF is that
(Dufresne et al. 1998 MLSS is also directly influenced by or-  on start-up there exists a flux, the critical flux, below which a flux
ganic loading rate(OLR), though Nagaoka et al1998 con- decline does not occur. Its value can be taken as being equal to
cluded, from their study of the effect of loading rate on the op- that of either(a) the clean water flux under the same overall
eration of a flat sheet MBR, that fouling was not greatly conditions(Fig 3) or (b) some other sustainable flux. Operation
influenced by threefold change in OLR for flux and OLR values below the critical flux is called subcritical flux operation or non-

of around 4 Lm?h ! and 2 gL-1d?* respectively. fouling operation(Howell 1995, and is expected to lead to little
or even no irreversible fouling.
Solid Retention Time and Sludge Age The first definition of critical flux relates to the flux-value

Solid retention timgSRT) is directly linked to the net production  where the solution permeability deviates from the pure water per-
of excess sludge and significantly affects biological performance meability (Fig. 3). Only few authors(Kwon and Vigneswaram

by altering sludge compositiofUrbain et al. 1998; Bouhabila  1998; Huisman et al. 199%mploy this method or definition,

et al. 200). The most obvious result of SRT variation is on since MBR permeability is always smaller than the equivalent
MLSS concentration. By increasing SRT from 5 to 30 days, Xing clean water one. A more common practice is to incrementally
et al. (2000 noted an apparent MLSS concentration increase increase the flux for a fixed duration for each increment, which
from 25 to 15 g LY. Decreases in both EPS concentration leads to a stable TMP, at low fluxes, and the TMP starts to in-
(Chang et al. 1998and slight increases in mean particle size crease with time for more significant flux¢gig. 4. The TMP
(Huang 2001 have been reported at longer sludge ages, thoughincrease indicates a greater resistance to permeation provided by a
these effects both appear to be very small. Though longer SRTsgrowing polarization layer, cake formation, or foulif@hen et al.
inevitably lead to both higher MLSS values, the latter increasing 1997. The highest flux for which TMP remains stable is the
from 3 to 7.5 gL* on increasing the SRT from 5 to 20 days critical flux, and is dependent on parameters such as MLSS,
according to Fan et a(1999, both Fan and co-workers and Bou- membrane material, and system hydrodynan(iiable 4.

habila et al.(1998 have reported reduced fouling rates at the

longer sludge ages. However, high viscosity liquors associated

with very high MLSS concentrations can lead to excessive foul- J

ing, according to Ueda et a11996.

Like the HRT, the SRT cannot be varied without important
changes in sludge composition. The direct effect of SRT on foul-
ing seems once again difficult to reveal. As a general trend it was
shown and now accepted that the shorter the HRT and the longer
the SRT, the higher the MLSS concentration. It is then suggested
that HRT and SRT cannot be considered as direct fouling causes
but rather like parameters influencing factors like MLSS, particle
size distribution, and EPS, which can then be directly related to
fouling rates. Clearly, as with HRT, SRT only indirectly impacts
on fouling.

TMP
= [\_/IP-dependent—ﬂux TMP-independent-flux

Fig. 3. Two filtration operating zones
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1989; Chiemchaisri et al. 1993; Liu et al. 200Temporary ces-
sation of suction creates back transport of permeate which then
:_,—/ helps to dislodge the cake layer. Intermittent filtration has also
— been shown to improve the hydraulic performance of sidestream
Time MBRs, both for aerobi¢Defrance and Jaffrin 1999land anaero-

bic (Choo and Lee 1996a; Wen et al. 1999asgstems. In one
reported case, partial cleaning of the membrane was achieved
through its intermittent collapsing under reduced feed pressure
) N ) ~ (Till et al. 1998.

While the critical flux concept has proved an invaluable tool in It is common practice in submerged hollow filletF) systems
conventional membrane process design, its validity is question-, periodically backflush the membrane, i.e., pump permeate back
able in MBR processes where fouling rates only approach zero atthrough the membrane into the feed channel, to remove the de-
very low flux and, uItimate_Iy, impra_ctical values. I_t has recently posited cake layefBouhabila et al. 2001 The effectiveness of
been observed that sustained periods of operation at very lowynis technique depends on the nature of the fouling mechanism. If
fouling rates, very close to the “critical flux,” can lead to an  qre plocking has occurred or the cake layer is strongly adhered,
initially slow linear increase in TMP which eventually becomes it may be fairly ineffective. Inorganic materials precipitated on
rapid and catastrophi@Visniewski et al. 2000 the membrane surface and pore walls—such as calcite and

At low fIL_Jx, visual observation of the merr_]t_)rane with a mi_cro- struvite—are not readily removed by backwashiffpon et al.
scope confirms the absence of floc deposition. However, it haslggg_

been shown that the composition of the adsorbed material on the Backflushing with air through the membrane is often em-
membrane was very close to that of the supernatant of the mixedp|0yed for aerobic MBRgChiemchaisri et al. 1992; Scott et al.
liquor (Defrance et al. 2000 The small but linear TMP increase 1998; Choo and Stensel 2008ir sparging prevents the compac-
observed at low fluxes thus appears to arise from deposition of theyjgn of the cake layer and reducing the internal pore clogging of
solute and colloidal fractions of the sludge, which are likely t0 the membranes. By employing a 15 min filtration cycle with a 15
interact with the membrane in the incipient stages of filtration. in air backwashing cycle at 1.5 bar air pressure, Parameshwaran
Operating under critical flux conditions does not appear to nullify ot 51 (1999 demonstrated a 90% improvement in flux compared
insidious irreversible fouling by species possibly originating from \yith continuous suction.
lysed cells(e.g., fine colloids and macromolecules Addition of powdered activated carb¢RAC) to the MBR has
) i been shown to increase permeability by improving the hydraulic

Washing, Cleaning, and Pretreatment _ properties of the cake, principally through increasing both its bulk
The successful operation _of a MBR plant requires careful man- nermeability and reducing its compressibiliigim et al. 1998.
agement of fouling, since its complete avoidance is not possible. |, aqqition, PAC addition contributes to an increase in the biosol-
Recent improvements in fouling control have led to more favor- ids back-transport velocityPark et al. 1999 thereby reducing
able projections of membrane life, significantly decreasing overall {a cake thickness. PAC is also thought to reduce internal fouling
costs. . o _ , by direct and rapid adsorption of dissolved foulants onto the car-

Membrane cleaning comprises intermittent physical cleaning o syrface. For treatment of landfill leachate, the permeate flux
(usually backwashingand periodic chemical cleaning. Chemical a5 reduced almost to zero within the first hours of operation

cleaning is expected to cpmpletely recover membrane flux, but\ hen no PAC was employed, whereas on addition of 1% PAC to
produces toxic or contaminated wastewater because most cleang,e pigreactor the permeate flux improved up to 24 12 ?

ing agents are caustic and/or contain detergents and °Xidi2ing(Pirbazari et al. 1996
agents such as hypochlorit®aker and Dudley 1998; Cicek et al.

1998b; Ragona and Hall 1998; Tardieu et al. 1998; Roberts et al.
2000. Acid cleaning is often proposed for ceramic membranes
(Fan et al. 1999 On the other hand, physical methods can pro- It is well known that membrane characteristics such as pore size,
duce a stable flux without secondary chemical contamination but porosity, surface energy, charge, roughness, and hydrophilicity/
are more frequent and generally require more energy. Successfuhydrophobicity, etc., have a direct impact on membrane fouling.
membrane cleaning procedures generally employ some combinaEffects of pore size on membrane fouling strongly depend on the
tion of two techniques, with some workers experimenting with feed solution characteristics, in particular, particle size distribu-
more advanced mechanical methods, such as agitator-inducedion. Shimizu et al.(1990 correlated the flux with the pore size

flushing (Ahn and Song 2000 for sidestream MBR treatment of methanogenic wastes. The au-

J 4 TMP For submerged aerobic MBRs, intermittent suction provides an
f alternative method for suppression of fouli(gamamoto et al.
— [

Jcril

Fig. 4. Typical flux data using flux step method

Membrane Characteristics

Table 4. Critical Flux Values Determined with the Stepwise Method

Membrane MLSS Step length  Critical flux
MBR (pore size inum) (L™ Hydrodynamics (min) (Lm™2h™Y Reference
SS-TB Millipore GVWP(0.22 4 CFV=1ms ! Re=2300 30 62 Madaeni et al(1999
Sub-HF Zenon Polyme0.1) 14.8 Airflow rate=150 L h™® 80 30 Bouhabila et al(1998
SS-TB Millipore GVHP(0.22 25 Re=2520 30 22 Cho et al.(1999
SS-TB Kerasep, Techsep Cerarficl) 10 CFVv=4ms! 60 95 Defrance and Jaffrif1999b
SS-TB Ceramic (MWCG=300 kDa) 8 CFV=0.5ms? — <125 Tardieu et al(1998
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thors showed that 0.05—-0i2m pore sized membranes produced determined by adoption of appropriate operating conditions is

the maximum flux among membranes ranging from 0.01-4h6 limited. In general, an increase in SRT and/or organic loading rate
in pore size. Larger pore size does not always lead to greater fluxincreases MLSS concentration and impacts on EPS levels, though
due to internal fouling. For example, Chang et(@P94, inves- not in a predictable way as far as the latter is concerned. Opera-

tigating the effect of pore size on flux from alcohol-distillery tion at high MLSS levels is generally desirable since this implies
wastes, found the flux produced from 0.9%n pore size to be  reduced sludge yield and a smaller footprint, but an excessive
higher than that from 0.4um membrane for otherwise compa- MLSS produces a prohibitively high viscosity which inhibits
rable filtration conditions. Choo and L&&996h determined the mass transfer. As with all membrane processes, turbulence, as
optimum pore size based on the particle size distribution of promoted by aeration in submerged MBRs or pumping to produce
anaerobic broth. These reports all emphasize the importance ofsomewhat higher effective cross-flow velocities in sidestream sys-
pore clogging by fine particles during membrane filtration. tems, increases mass transfer and reduces fouling as manifested in
Available membrane materials comprise ceramic or polymeric. the higher value of the critical flufthe flux at which no fouling is
Ceramic materials such as aluminum, zirconium, and titanium observedl However, identification of critical flux itself appears
oxide (Al, O3, ZrO,, and TiQ,, respectively, show superior hy- problematic due to recently noted long-term irreversible fouling
draulic, thermal, and chemical resistance, as indicated by the perbehavior in submerged MBR processes.
meability data referring to a TMP of around 2 bar produced by  While many physical cleaning techniques have been recom-
Gyhoot and co-workergTable 2. Although application of ce- mended complete abatement of fouling appears only possible
ramic membranes to aerobic or anaerobic MBR has been studiedhrough periodic application of chemicals, even for low-flux sub-
(Shimizu et al. 1989; Ahn et al. 1998; Scott et al. 1998; Cicek merged systems employing high-shear slug flow aeration. It is
et al. 1999a,b; Defrance and Jaffrin 1999a; Tardieu et al. 1999; apparent from this review that a more optimal design and opera-
Wen et al. 1999a,b; Yoon et al. 1999; Defrance et al. 2000ly- tion of MBRs is likely to come about as a result of an improved
meric membranes are more commonly used due to the expense ofinderstanding of the interaction between operating conditions, in-
the ceramic materials, which are also largely limited in geometry cluding backflushing, and the behavior of key foulants.
to tubular monoliths.
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