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Abstract: The submerged membrane filtration concept is well-established for low-pressure
microfiltration (MF) and ultrafiltration (UF) applications in the water industry, and has become
a mainstream technology for surface-water treatment, pretreatment prior to reverse osmosis (RO),
and membrane bioreactors (MBRs). Compared to submerged flat sheet (FS) membranes, submerged
hollow fiber (HF) membranes are more common due to their advantages of higher packing density,
the ability to induce movement by mechanisms such as bubbling, and the feasibility of backwashing.
In view of the importance of submerged HF processes, this review aims to provide a comprehensive
landscape of the current state-of-the-art systems, to serve as a guide for further improvements in
submerged HF membranes and their applications. The topics covered include recent developments
in submerged hollow fiber membrane systems, the challenges and developments in fouling-control
methods, and treatment protocols for membrane permeability recovery. The highlighted research
opportunities include optimizing the various means to manipulate the hydrodynamics for fouling
mitigation, developing online monitoring devices, and extending the submerged HF concept
beyond filtration.

Keywords: submerged hollow fiber membranes; water treatment; fouling mitigation; critical flux;
module design

1. Introduction

Low-pressure membrane processes, such as microfiltration (MF) and ultrafiltration (UF), are
popular technologies in the water industry due to their proven efficiency in removing particles,
colloids, and high molecular weight organics [1,2]. MF and UF membranes either are contained in a
closed pressurized module or incorporated in an uncontained module that is submerged (immersed)
in a tank. In submerged systems, the feed enters the tank at atmospheric pressure and the permeate is
removed by applying suction on the permeate side of the membrane, which limits the transmembrane
pressure (TMP) to <1 atmosphere and more typically to <0.5 atmosphere. The submerged concept is
now well-established in the water industry, with applications in surface-water treatment, pretreatment
prior to reverse osmosis (RO) in desalination and water reclamation, and membrane bioreactors
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(MBRs) [3]. Submerged membranes are either in a flat sheet (FS) format (vertically aligned) or hollow
fiber (HF) form either horizontally aligned or more typically vertically aligned, often with suction
applied at both ends. Submerged FS membranes are used only in MBRs, whereas submerged HFs
cover a range of applications and consequently are much more common. The submerged HF concept
has the advantages of a higher packing density, the ability to induce movement by mechanisms such
as bubbling, and the feasibility of backwashing [4-8]. The focus of this review is the submerged
HF concept.

Submerged membrane systems have to deal with fouling, which represents a major drawback
that restricts the application of membrane processes in the water industry [8]. In general, fouling is
a widespread and costly problem that affects membrane performance and is a complex function of
the feed characteristics, membrane properties, and operating conditions [9-11]. Fouling mechanisms
include physical and chemical adsorption, precipitation of sparingly soluble salts, the growth of
biofilms, and the deposition of suspended matter onto or into the membrane [12]. Inadequate
pretreatment, poor fluid management (process hydrodynamics), extreme operating conditions, and
improper membrane selection are factors that exacerbate fouling [13,14].

The key parameters influencing fouling deposition in submerged HF membranes are the
membrane characteristics (e.g., membrane material, the structure of membranes/fibers, fiber
diameter, length, and tautness), feed properties (e.g., foulant characteristics, concentration, viscosity),
operating conditions (e.g., temperature, flux), and hydrodynamic conditions (e.g., surface shear, air
flowrate) [15,16]; these parameters are discussed in detail in this review. For feeds with a high solids
concentration, such as membrane bioreactors (MBRs), cross-flow operation is required for the constant
application of surface shear to mitigate concentration polarization and fouling deposition [14,17].
A common practice for submerged membranes in MBRs is two-phase bubbly flow [18-20]; other
approaches could include mechanical vibrations [21-23] and particle fluidization [24], all of which
are discussed in this review. An important development that coincided with the introduction of
submerged HFs was the realization that dead-end filtration was attractive for dilute feeds (surface
waters, RO pretreatment). In this case the filtration is operated in cycles, with the dead-end forward
flux interrupted by backwashing and periodic surface flushing [25] or relaxation [26]. The submerged
HF module makes backwashing feasible for polymeric membranes.

As HF membrane performance continues to improve, submerged HF systems are increasingly
becoming more attractive for water treatment, particularly in membrane bioreactor (MBR)
applications [27,28]. In spite of the importance of submerged HF processes and the extensive research
literature on advancing such systems, a comprehensive review summarizing the current state-of-the-art
systems with respect to performance and fouling control remains a gap in the literature. Therefore,
this review focuses on recent developments in submerged hollow fiber (HF) membrane systems, the
challenges and developments in fouling control methods, and treatment protocols for membrane
permeability recovery.

2. Submerged Membrane-Filtration Applications and Benefits

Compared to conventional water-treatment techniques, the most popular of which involves
an integrated system consisting of coagulation, flocculation, sedimentation, and disinfection, the
production of drinking water via membrane technology is acknowledged to be attractive, especially
in terms of higher quality water and ease of implementation [29-34]. The use of submerged hollow
fiber membranes can be classified into three main application areas, namely, surface-water treatment
for drinking purposes (Section 2.1), pretreatment for RO desalination and reclamation (Section 2.2),
and membrane bioreactors (MBRs) (Section 2.3). The former two usually are operated in the dead-end
filtration mode with intermittent backwashing, while the third is usually operated as a continuous
filtration process with bubbling for inducing tangential shear to mitigate fouling. Table 1 summarizes
the submerged membrane-filtration applications and benefits.
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Table 1. Submerged membrane-filtration applications and benefits.

Intermittent

Is Bubbling

Application Operation Mode Fouling Control Implemented? Advantages
Dead-end with Backwashing, With or without Less chemical requirements;
Surface-water . . . : . - . :
intermittent relaxation, chemical bubbling during consistent quality of the
treatment . X
foulant removal cleaning foulant removal filtrate [35-37]
Improved water quality; smaller
Pretreatment of Dead-end with Backwashing, With or without footprint; less chemical
RO (reverse intermittent relaxation, chemical bubbling during requirements; consistent quality
0smosis) foulant removal cleaning foulant removal of the filtrate; lowered energy
cost for RO plants [38—41]
Membrane . Continuous bubbling, . Sr.nal.l foptprlnt; co.mpleFe
. Cross-flow with . Continuous solid-liquid separation; high
bioreactors . sometimes backwash . ; .
tangential shear . bubbling volumetric organic removal rate;
(MBRs) and relaxation

higher effluent quality [19,20,42]

2.1. Surface-Water Treatment

The submerged membrane process is employed to remove microparticles and macromolecules,
which generally includes inorganic particles, microorganisms, and dissolved organic matter
(DOM) [34,43,44]. The microparticles and macromolecules present in the feed tend to affect the
membrane pores adversely through pore blocking (i.e., sealing off the membrane pore entrance), pore
constriction (i.e., narrowing the membrane pore channels), and/or cake-layer formation, all of which
result in a decrease in the membrane permeability [35,45,46]. DOM ‘particles’, whose size approximates
that of the membrane pores, can cause pore blocking, while microparticles and macromolecules larger
than the size of the membrane pores result in a fouling layer on the membrane surface. Reversible
fouling can be removed by hydraulic flushing/backwashing with air bubbles as scouring agents,
whereas irreversible fouling binds more stubbornly to the membrane, thereby necessitating chemical
cleaning [35-37,47].

2.2. Pretreatment for RO Desalination and Reclamation

Adequate pretreatment of the feed to reverse osmosis (RO) systems is essential to ensure optimal
performance. Low-pressure membrane pretreatment is increasingly implemented prior to the RO
unit operation in seawater reverse osmosis (SWRO) plants, and also RO plants for the treatment of
surface water and treated municipal effluent [7,18,44,48-51]. Similar to surface-water treatment, the
low solids content in these applications allows the low-pressure membranes to be operated in the
dead-end filtration mode with intermittent backwashing. The main advantages of membrane filtration
compared to conventional pretreatments such as coagulation, flocculation, and sand filtration are
improved water quality, smaller footprint, less chemical requirements, and consistent quality of the
filtrate [38,39,52,53]. Higher energy demand and membrane fouling are the main disadvantages of
having a membrane-filtration system for RO pretreatment. RO membranes are very sensitive to foulants,
so enhanced pretreatment via low-pressure membranes can significantly improve the performance
and reduce the energy cost of RO plants [51]. In particular, RO systems with submerged membrane
pretreatment have been proven to exhibit a consistently lower silt-density index (SDI) relative to
conventional pretreatment [7,40,41,54,55]. Gravity-driven membrane filtration, which was initially
developed as a low-energy process for surface water and diluted wastewater treatment, has also shown
potential for seawater pretreatment that requires less energy and no chemical cleaning [56,57].

2.3. Membrane Bioreactors (MBRs)

Membrane bioreactor (MBR) technology, which combines conventional activated sludge treatment
with low-pressure membrane filtration, is widely used for the treatment of wastewater [18,19,58].
The considerable growth of MBR is driven by the high quality of the water produced, increased water
scarcity, and decreasing specific energy requirements [28,59]. The anaerobic membrane bioreactor
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(AnMBR), a combination of an anaerobic bioreactor and membrane filtration, also is a promising
option for anaerobic treatment of wastewater [60-63].

A small footprint, complete solid-liquid separation, high volumetric organic removal rate, and
higher effluent quality are some of the key advantages of the MBR and AnMBR [20,64-66]. In the
submerged hollow fiber MBR, the membranes are directly immersed in the aeration tank. The results
of bench-scale experiments, as well as many industrial and municipal operations, demonstrate
high treatment efficiencies for chemical oxygen demand (COD), total suspended solids (TSS), and
turbidity [19,42,63,67,68]. Although the MBR technology has been applied in many full-scale plants
worldwide for treating municipal and industrial wastewater, membrane fouling and correspondingly
increased energy consumption remain chief obstacles, as highlighted in a recent review [28]. Specifically,
because membrane fouling diminishes productivity, fouling mitigation measures such as air scouring
and frequent cleaning of the membrane are needed to restore the membrane permeability, which
increases the energy requirement; furthermore, frequent cleaning shortens the membrane lifespan
and results in higher membrane replacement costs. Aeration, bubbling, or gas sparging are the most
common methods for mitigating membrane fouling; the important features of the interaction of bubbles
with submerged hollow fibers (HF) are discussed in Section 5.2.

3. Fouling and Concentration Polarization in Submerged HF Systems

As noted earlier, submerged HFs can be operated in either a dead-end or cross-flow mode.
In dead-end filtration, tangential shear is absent, while in cross-flow, there is shear on the membrane
due to bubbling, vibration, or particle scouring. Figure 1 shows a schematic of dead-end and cross-flow
filtration in a submerged system.

The operation of submerged HF membrane systems under either dead-end or cross-flow (usually
induced by bubbles) conditions involves very different dynamics. Ideally the process is at steady-state
with a fixed flux and TMP for cross-flow, while the process is cyclic with repeatable and regular
changes in the TMP for dead-end filtration. However, irrespective of the mode of operation, some
degree of fouling inevitably occurs, although membrane fouling is relatively less extensive in the
cross-flow mode due to the continuous tangential shear on the membrane.

a) Dead-end b) Cross-flow
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Figure 1. A schematic of dead-end (a) and cross-flow; (b) submerged filtration.

Accumulation of retained species on the membrane surface is unavoidable in membrane-based
separation technologies for liquid feeds. In submerged HF membrane processes, depending on
the membrane pore size, the retained species are particulates and macromolecules. The localized
accumulation of particles or dissolved species on the membrane leads to concentration polarization
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(CP), which is the primary reason for flux decline or TMP rise during the initial period of a
membrane-based separation in low-pressure processes [3,69,70]. CP is considered to be reversible
and can be controlled in a membrane module by means of optimizing the process hydrodynamics.
Unfortunately, membrane fouling resulting from CP can lead to an irreversible loss of membrane
permeability [69,71]. Membrane fouling, the process by which foulants, namely colloidal (e.g., clays,
flocs), biological (e.g., bacteria, fungi), organic (e.g., oils, polyelectrolytes, humic substances), and
scaling (e.g., mineral precipitates in RO systems) foulants, deposit onto the membrane surface or in
the membrane pores [72,73], may take different forms, the main mechanisms of which are adsorption
(physical and/or chemical), pore blocking, deposition of a cake layer, and gel formation [74-79].
The extent of fouling, which stems from the nature of foulant-membrane interaction, is a complex
function of the feed characteristics (e.g., foulant type, foulant concentration, and physicochemical
properties of the foulants such as the functional groups, charge, size, and conformation [72,80-82]),
operating conditions (e.g., inadequate pretreatment, inadequate control of the hydrodynamics
of the system, excessive flux, and low cross-flow velocity (in cross-flow systems) [72,82-84]),
and membrane properties (e.g., pore-size distribution, surface roughness, charge properties, and
hydrophobicity [70,85-87]).

3.1. Fouling in Submerged Dead-End Filtration

In dead-end filtration, tangential shear is absent and particles are convected by the permeate
flow to deposit on the membrane surface, thereby forming a growing cake layer with time. Physical
cleaning approaches are typically implemented periodically for the effective removal of the fouling
layer in order to prolong the filtration process and membrane lifespan in submerged membrane
systems. Such approaches include relaxation (i.e., intermittent cessation of permeation), backwashing
(i.e., reversal of permeate flow through the pores), and air backwashing with or without air
scouring [25,88-91]. Filtration duration, backwash and relaxation durations, and backwashing flowrate
are important parameters in the fouling mitigation of submerged HF membranes [26,90,92,93].
However, a major challenge in the application of these techniques is that the imposed permeate
fluxes have to be elevated to maintain a given water production, which in turn could result in a higher
fouling rate [94]. More details on backwashing and relaxation can be found in Section 7.

3.2. Fouling in Submerged Cross-Flow Filtration

For filtration with cross-flow, particle back-transport can be caused by the mechanisms of
Brownian motion, shear-induced diffusion and/or inertial lift depending on the foulant size and
the tangential shear rate [95]. For a submerged HF module, the major hydrodynamic technique
to mitigate particle deposition on the fibers is bubbling, which induces unsteady-state shear at the
membrane surface through turbulent eddies, fiber oscillations, particle scouring, and the recirculation
of the bioreactor liquid [14,15,22,96,97]. The critical flux phenomenon (the flux below which negligible
fouling occurs) also is observed in bubbled submerged HFs [98-100]. Bubbling intensity can increase
the critical flux [100-103] and eventually reach a plateau beyond which it has little effect. Judd [104]
gave typical values of the bubbling intensity (specific aeration demand) in submerged MBRs, defined
either as the air flowrate per unit membrane area (m®/h m?) or airflow per unit permeate (m3/m?3).
For complex feeds, such as those encountered in an MBR, the imposed flux is usually ‘subcritical” for
the biofloc, but could be above critical for the supernatant colloids and macrosolutes. Under these
conditions the submerged HF MBR typically initially shows a slow TMP rise that eventually becomes
more rapid or displays a TMP ‘jump’ [105,106]. The TMP jump is not specific to submerged MBRs and
can have a number of possible causes [106]. Importantly, earlier TMP jumps occur with higher fluxes
and/or inadequate bubbling in the submerged HF MBR. More details on the role of bubbles and the
attendant hydrodynamics are in Section 5.2.
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4. Blocking and Blocking Mitigation in Submerged HF Modules

Blocking, clogging, or sludging in submerged HF modules obstructs local flows in the fiber bundle
and results in an uneven flow distribution; this is detrimental to the performance and can promote
membrane fouling [58,107]. It should be noted that this section is targeted at the obstruction in the
module rather than membrane fouling. The root cause has been attributed to the accumulation of
solids, and the growth and merger of cake layers formed on the individual fibers in the module. In such
cases it has been shown that the overall performance of a module packed with HFs is worse than that
of a single HF [108]. This aforementioned blocking is distinct from two other forms of blocking that can
occur in submerged HF modules: (i) the term ‘blocking’ can also refer to that of the aerators especially
in MBR systems [104]; (ii) it also can refer to the blocking or closure of the pores of the HFs. Both of the
latter forms of blocking are distinct from the blocking that occurs due to solids accumulation within
the spaces between the fibers in the membrane module that is the focus here.

The hydrodynamics within the module represents the key factor influencing the blocking
phenomenon [107,109]. Stagnant regions caused by poor local flow lead to lower shear on the
fibers, which in turn results in cake buildup and eventually local blocking [110]. The packing of
the fibers within a module has been observed to be very different axially [111], which causes some
non-uniformity in the flow. Due to the complexity of the hydrodynamics in the module [111-116],
the buildup of cake deposits is not likely to be uniform either among the fibers or along the fiber
surface. The misdistribution of fouling deposits, which is acknowledged to be a direct function of the
non-uniformity of the flow within the HF module [109,115,117-122], can result in large variations in
the performance of fibers at the same position in the module and in poorer performance of the fibers in
the middle of the module [108].

The adherence of fibers to one another is traced to the buildup and eventual merging of cake
layers, which in turn causes the fibers to foul more rapidly due to hindered local flow; hence, in time
it results in blocking. It has been observed that some fibers tend to be held tightly together by the
dense cake layers, while other fibers remain freely suspended [108]. The principal difference between
constant-pressure and constant-flux operation is that the former is self-limiting whereas the latter is
self-accelerating when fouling or blocking occurs [110]. The self-acceleration in the commonly used
constant-flux operation is because (i) incipient blocking will reduce the local flow that thereby enhances
the deposition [108], and (ii) the flux decline in some fibers has to be matched by a flux increase in
other fibers to maintain a constant net flux that thereby accelerates blocking. Either local or global
non-uniformities caused by the operating conditions or design parameters [104,109], including high
packing densities, low cross-flow velocities, high feed concentrations, high TMP, or lack of means to
promote unsteady-state shear [123] (e.g., bubbling [14]), contribute to a greater tendency for blocking.

The control of fouling and blocking in practice is primarily through employing some or all
of five strategies [109]: (i) pretreatment of the feed, (ii) physical or chemical cleaning protocols,
(iii) flux reduction, (iv) aeration enhancement, and (v) chemical or biochemical modification of the
feed. For (i), it is widely acknowledged that upgrading the pretreatment, in particular the screening,
is pivotal to the successful retrofitting of an ASP (activated sludge process) or SBR (sequencing
batch reactor) with an MBR [109]. Hair, rags, and other debris tend to aggregate at the top of the
submerged HF module and become entwined with the filaments, thereby preventing their effective
removal by backwashing [124]. Therefore, adequate removal of the solids before the submerged
HF module is key to mitigating blocking. Methanogenic [125] and chlorinated [126] pretreatments
have also been explored, as well as hybrid processes, both of which add an additional unit operation
before the membrane module [127-130]. With respect to (ii), physical cleaning tends to remove
reversible fouling while chemical cleaning can remove some irreversible fouling. The primary
physical cleaning parameters include duration, frequency, and backwash flux [88,107,109,131,132],
while the type and concentration of reagents are the important parameters for effective chemical
cleaning [124,131,133-136]. Regarding (iii), flux reduction is not as cost-effective as might be expected,
but the attendant extension of membrane lifespan and smoother operation may counterbalance
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some of the increased cost. Flux reduction is commonly implemented as a sustainable permeability
operation (i.e., at a lower flux to maintain stable operation) or as an intermittent operation (i.e., at a
higher operating flux with intermittent remedial measures such as relaxation and/or backwashing).
As for (iv), aeration is acknowledged to be the main mixing mechanism [137,138] that generates a
large amount of momentum that in turn reduces dead-zones and short-circuiting [139]. More details
on aeration are given in Section 6.2. In connection with (v), the nature of the biomass in MBRs can
be partially controlled through the addition of coagulants or flocculants [124,140-144] and adsorbent
agents (e.g., activated carbon [145-151]). In addition, the bioprocess parameters, such as the sludge
retention time (SRT), influence the biomass and supernatant as well as the fouling [152].

A suitable mitigation means for blocking has to be determined for each MBR plant. For example,
a Mitsubishi Rayon unit failed to resolve the blocking problem via measures such as overnight
relaxation and intensive or regular chemical cleaning, but regular backwashing for 30 s during each
permeate production cycle achieved a stable low permeation flux [104]. To limit blocking, the PURON®
system is designed with free movement of the filaments at the top of the module. This allows for
larger solids, such as hair and agglomerated cellulose fibers, to escape without causing clogging in this
region. The fibers are reinforced by an inner braid, to withstand the lateral movement of the filaments
that subjects them to mechanical stress [153].

A major difficulty in the mitigation of module blocking in submerged HFs is the lack of simple
techniques for in situ monitoring of the phenomenon. One approach that has been developed [122] is
based on the assumption that blocking within the module is initially localized, which would result
in a localized drop in flux relative to the overall average flux. Using a simple array of flow detectors
mounted in the permeate header, it is possible to measure local fluxes and identify fiber regions that
become less productive. It was shown that shifts in the standard deviation of the local fluxes was much
more sensitive to local blocking than shifts in the overall system TMP. In the aforementioned study, the
flow detectors were based on constant temperature anemometry strips, but other low cost detectors
could be used.

5. Parameters Affecting the Performance of a Submerged Hollow Fiber System

Several factors, including the feed characteristics, membrane and module properties (e.g., fiber
length, diameter, and looseness), and hydrodynamic properties (e.g., flowrates), collectively affect the
performance of submerged HF systems.

5.1. Membrane Properties and Module Configurations

5.1.1. Membrane Materials and Surface Morphology

Membrane characteristics such as material, surface charge, hydrophilicity, pore size, and pore
morphology significantly impact membrane performance and the fouling potential. Membrane
surfaces can be modified to combat and mitigate adhesive fouling [25]. The membrane material
largely influences the initial rates of deposition of foulants due to the tendency of some materials
to adsorb certain solutes or particulates more readily, as quantifiable by the Gibbs free energy of
foulant-membrane interaction [154-157]. When the adsorption becomes such that the effective pore
size of the membrane is reduced, the flux is adversely affected [158-160].

It is well-known that the severity of fouling increases as the hydrophobicity of the membrane
increases, because organic molecules have a higher affinity for hydrophobic materials [47,159,161-165].
Most commercial MF and UF membranes are made from relatively hydrophobic polymers (e.g., polysulfone,
polyethersulfone, polypropylene, polyethylene, and polyvinylidene-fluoride (PVDF)), due to their
excellent chemical resistance, and thermal and mechanical properties [83,166-170]. In some cases, the
membranes are modified by additives to confer increased hydrophilicity for water applications.
The charge on the membrane surface also plays a role in either exacerbating or mitigating fouling.
Attractive electrostatic forces between a charged surface and the co-ions in the feed solution increase
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fouling [161], while repulsive electrostatic forces mitigate fouling. In general, a low surface charge
or electrically neutral surfaces tend to show better anti-fouling properties during the initial stages
of membrane fouling [163,171]. Since most colloidal particles, such as those in natural organic
matter (NOM), that tend to deposit are negatively charged, membrane surfaces are usually negatively
charged [161,168,169], although positively charged membrane surfaces are also used to repel positively
charged colloids and cations [172]. Compared to having just a positively or negatively charged
membrane surface, the addition of a zwitterionic charged material, one composed of neutral molecules
that have a positive and a negative electrical charge, has been shown to confer better anti-fouling
properties [173]. Inorganic nanoparticles (such as SiO, [174,175], Al,O5 [176,177], clay [178,179],
ZrO, [180-182], TiO, [183,184], and ZnO [185,186]) also have been used to improve polymeric
composite membranes, conferring improvements in the mechanical properties, thermal stability,
hydrophilicity, permeation, and antifouling performance of membranes [165].

5.1.2. Fiber/Module Arrangement

Experimental efforts have consistently established that a lower HF packing density, either by having
fewer fibers [108], widening the HF module [187,188], or by varying the module configuration [97,189],
is linked to a lower fouling tendency. Other than the HF packing density, modules that are designed to
enhance either lateral flow [190] or lateral movement of the fibers [188] are known to further improve
the performance of submerged HF systems. In a carefully controlled arrangement with nine fibers
in a matrix, a detailed analysis has shown that the performance of individual fibers varied with their
position in the module, such that the fibers at the edge performed best, while those in the center
surrounded by other fibers performed the worst [108]. The underlying reason for this was tied to the
lower cross-flow velocity at the center of the module and the “flux competition” for the surrounded
fiber. Interestingly, whereas Yeo and Fane [108] found that a single fiber outperformed a multi-fiber
HF module in a single-phase (no bubbling) system due to module blocking, Berube and Lei [191]
found that a multi-fiber module performed better than a single fiber in the presence of bubbles (i.e.,
two-phase flow) due to inter-fiber interactions leading to mechanical erosion of the foulant layer.

Simulation results by Liu et al. [192] revealed that MBRs fitted with hollow fibers in a vertical
orientation experienced 25% more membrane surface shear in the filtration zone than horizontally
oriented fibers at the same aeration intensity. They also found that the addition of baffles in the
membrane modules is a feasible way to promote turbulence and shear in the upper section of the
membrane module.

5.1.3. Fiber Looseness

Fiber movement plays an important role in determining the extent of particle deposition on
submerged HFs in bubbling cross-flow operation. Greater fiber movement, which can be achieved by
using looser fibers, enhances the back-transport of the foulants from the membrane and also results
in physical contact between the fibers, both of which reduce fouling [16]. Tight fibers studied by
Wicaksana et al. [15] showed a 40% faster rate of TMP rise compared to fibers with a 4% looseness,
where the looseness percent is based on the difference between the fiber length and the linear distance
between the fixed ends of the fiber relative to the fiber length; this implies that approximately 40%
of the fouling mitigation brought about by the bubbles was due to movement of the loose fibers.
Simulations by Liu et al. [193] showed that fiber displacement and membrane surface shear are highly
variable at different locations along the fiber and with time. In addition, increasing the fiber looseness
from 0.5% to 1% increased the average surface shear by 50.4% (0.56-1.13 Pa) for fibers with the same
diameter. Yeo et al. [194] found that increasing the looseness from 0% to 1% decreased the fouling
tendency regardless of the bubble size, whereas increasing the looseness from 1% to 2% increased the
fouling tendency. This suggests an optimum fiber looseness, whereby too much displacement may
move the fiber away from the influence of bubbles. This effect will depend on the module geometry
relative to the bubbling zone. It is also known that too much looseness can lead to fiber breakage.
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5.1.4. Fiber Diameter

A smaller HF diameter has been experimentally shown to improve the performance of submerged
HF systems [15,16,187] due to the attendant greater fiber mobility [15], which can be further enhanced
by bubbling [16] or turbulence in general [187]. However, theoretical analysis shows that a smaller HF
diameter leads to a higher pressure drop along the fiber lumen, such that a higher suction pressure is
required for a given average imposed flux [187]. On the other hand, simulations show that the average
surface shear was 67% higher for fibers with a diameter of 1.3 mm relative to fibers with a diameter
of 1.0 mm that had an identical Young’s modulus and looseness [193]. The interplay of these two
effects suggests an optimal fiber diameter that balances flux enhancement with flux-distribution and
suction-pressure considerations [187].

5.1.5. Fiber Length

Simulation studies have indicated that longer fibers lead to a higher lumen-side axial pressure
drop and consequently an uneven permeation flux distribution along the fibers, which can result in
the particle deposition being more severe near the suction ends relative to the closed end of the fibers
due to a higher local flux [99]. Experimental evidence is in agreement that this non-uniform pattern of
particle deposition along the fibers is more apparent for longer fibers (lengths tested were in the range
of 0.3-1 m) [100,195-197]. On the other hand, fouling control is facilitated by the greater mobility of
longer fibers [98], which can be enhanced by bubbling [15].

5.2. Hydrodynamics in Submerged HF Membranes

Enhanced surface shear, for example caused by an increased cross-flow velocity, is a common
strategy to control concentration polarization and fouling in submerged HF systems [138,198,199].
Unsteady-state shear, such as two-phase flow (i.e., gas bubbles or fluidized particles) and vibration, is
more energy-efficient than steady-state shear [123]. Air bubbling is particularly attractive in MBRs for
aeration, mixing, and augmenting liquid flows [14,82,200,201].

5.2.1. Role of Air Bubbles

The use of bubbly flow has been reviewed by Cui et al. [14] and more recently by Wibisono et al. [82].
The major benefit of rising bubbles is the unsteady or transient shear stress at the membrane surface
that causes particle back-transport away from this surface [14,15,22]. Figure 2, based on Cui et al. [14],
illustrates the possible interactions of bubbles with the surface of hollow fibers and shows three
different effects on the submerged hollow fibers: (i) a shear stress on the surface of the hollow fiber
induced by the wake generated by the rising bubbles, (ii) fluctuating liquid flows transverse to the
fibers induced by the bubbles, and (iii) lateral fiber movement induced by the bubbles that depends
on the looseness of the fiber. Wibisono et al. [82] indicated that aeration intensity not only enhances
the hydrodynamics, but also can affect the biomass properties in aerobic membrane bioreactors.
Yeo et al. [202] [Yeo, 2017 #321] showed that aeration also influenced the biofilm growth. In addition,
Cabassud et al. [203] reported that bubbles seem to alter the structure of the cake or fouling layer such
that the specific resistance is reduced. They based this conclusion on the observation that gas sparging
applied to the MF of particles increased the fluxes significantly after a period of flux decline at the
higher feed concentrations. Wang et al. [204] correlated the bubble hydrodynamics with the critical
flux and found that bubble momentum and the bubble-membrane contact area had the most positive
correlation with the local critical flux. However, Du et al. [201] found that the shear stress associated
with the bubbles was insufficient to mitigate the deposition of fine (1.75 pm) particles.
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Figure 2. Fouling and cake control mechanisms by bubbles outside fibers [14]. Reproduced with
permission from [14], Copyright Journal of Membrane Science, 2003.

5.2.2. Bubble Characteristics

Several techniques have been used to characterize the hydrodynamic conditions in submerged
HF systems. Particle-image velocimetry (PIV) [205] has shown that the bubble size increases with
height along the membrane module due to the reduced hydrostatic pressure as the air bubbles move
upward, and varies over a wide range of 0.2-50 mm, with a predominant size range of 3-5 mm.
A strong sheltering effect attributed to the hydrodynamics was observed within the hollow fiber
module that resulted in a 10-fold reduction in the axial velocity relative to the velocity outside the fiber
bundle [110]. Nguyen Cong Duc et al. [206] used a bi-optical probe to characterize the bubble velocity,
distribution, and size throughout submerged full-scale HF modules. The shear stress was observed
to be an important parameter in controlling particle back-transport from the membrane surfaces.
Fulton et al. [207] studied the sparged bubble characteristics and the induced shear forces at the surface
of submerged hollow fiber membranes using an electrochemical method. The shear stress was observed
to be highly unpredictable over time and heterogeneously distributed within the module, ranging from
0.1 to over 10 Pa. Also, no correlation was observed between the shear stress and the bubble frequency
or rise velocity. However, this does not corroborate with the general observation of better fouling
control with increased aeration intensity (see Section 5.2.3) and also with the results of Yeo et al. [194],
who observed an increase in the shear stress with increasing bubble frequency for all bubble types.
These disparate observations highlight the challenge in achieving well-distributed two-phase flow
in the submerged HF module. The importance of this was shown by Buetenholm et al. [208], who
used X-ray computer tomography to detect the instantaneous displacement of fibers in an aerated HF
bundle. The data were then incorporated into a computational fluid dynamics (CFD) simulation to
allow optimization of the module design and aeration. More recently, Wang et al. [204] used a high
speed video camera to characterize the bubble characteristics and direct observation through the
membrane (DOTM) to determine the corresponding critical flux of micron-sized polystyrene particles.
They found that the local bubble momentum and bubble size had the most positive correlation with
the local critical flux.

5.2.3. Effect of Gas Flowrate

It has been reported in many studies that the filtration performance can be improved by controlling
the bubbling rate [15,16,209,210]. On the one hand, the critical flux improves in an approximately
linear fashion with respect to gas flow in submerged HF systems [100-103,204]. On the other hand, for
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different sizes of fibers, it has been shown that a modest gas flow can increase the final flux by a factor
of 3-6 in a yeast suspension, but the enhancement quickly plateaus at higher gas flowrates such that
further increases in the gas flowrate achieve negligible enhancement [187]. This disparate behavior
stems from the slugging phenomenon, whereby large changes in the gas flow have a negligible effect
on the velocity of the film that is formed adjacent to the surface of the fiber [211]. Similar plateaus have
been observed in submerged HF systems for sewage treatment and drinking-water treatment [191,210].
It has been observed that at high gas flowrates (namely, 40 L/h), a maximum flux was observed, after
which the flux started to decline [212]. This phenomenon was explained by the relationship between
the bubble size and air flowrate; since bubble size tends to increase with the air flowrate, the bubbles
become so large after an optimum air flowrate that they start to prevent the liquid from reaching the
membrane surface, a phenomenon that is also linked to slugging flow.

5.2.4. Aeration Modes

Armed with the knowledge that the shear stress induced by bubbles is the dominant mechanism
in controlling particle back-transport from membrane surfaces, the bubbling mode (e.g., continuous,
alternating, pulsed) can be optimized to minimize the energy cost while achieving an optimum shear
to improve system performance [213,214]. Yeom et al. [215] carried out a study of the frequency or
duration of cycling between filtration and bubbling phases and showed that intermittent aeration
is effective for fouling control in a denitrification MBR. Guibert et al. [216] studied the positioning
of aeration ports and reported that the injection of air in different zones around the fiber bundles
greatly improved the overall system performance. Fulton and Berube [188] studied the effectiveness
of continuous, alternating, and pulsed bubbling modes and found that, even though the volume
of gas used by pulse sparging was half of that used by the other sparging conditions, relatively
similar induced shear stress was observed for all three bubbling modes. Similarly, Tung et al. [217]
observed that semi-continuous aeration could suppress the membrane fouling at the same level as at
continuous aeration.

5.3. Shear Stress on Membrane Surface by Non-Bubbling Techniques

Submerged HFs also are amenable to fouling control by methods that do not involve bubbling, as
discussed below.

5.3.1. Vibrations

Vibrations have been proven to be an effective way to induce shear on a membrane surface and
consequently reduce concentration polarization (CP) and fouling [123,218,219]. Various modes of
vibration are applicable for different membrane systems. A submerged HF system can be vibrated
longitudinally or axially (Figure 3a), transversely (Figure 3b), and rotationally (Figure 3c). Although
anaerobic systems are gaining momentum in the wastewater industry due to their potential for
energy production, bubbling by recycled biogas has some challenges; hence, the vibration approach is
attractive for fouling mitigation in anaerobic MBR (AnMBR) systems. In particular, transverse vibration
has been proven to be an effective way to mitigate the fouling in AnMBR applications [220,221].

Many studies have been carried out to probe the effectiveness of the different modes of vibration
(i.e., longitudinally, transversely, or rotational). Low et al. [222] found that the use of vibrations
slowed the flux decline for the submerged HF system that they investigated, and that longitudinal
oscillation outperforms rotational oscillation. Li et al. [223] showed that vibration was more effective
for a bentonite suspension compared to a washed yeast solution that may cause internal fouling; hence,
vibration is more effective primarily for cake removal but not for the mitigation of internal fouling,
which was corroborated by Kola et al. [220]. It was also shown that transverse vibration decreases
the fouling rate much more effectively than longitudinal vibration [223]. Genkin et al. [224] reported
that adding transverse vibration to longitudinal vibration (by using chess-patterned vanes) resulted in
an almost doubling of the critical fluxes at the same frequency; adding coagulants further elevated
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the critical flux of the vibrating system, although floc breakup at higher frequencies (namely, 10 Hz)
tended to reduce the critical flux. Beier and Jonsson [225] also found that vibration facilitates the
separation of macromolecules (e.g., BSA) and larger components (e.g., yeast cells) at sub-critical fluxes
by loosening and removing the built-up cake in the filtration of a mixed suspension for a membrane
with pores larger than the macromolecular components. Fiber spacing and looseness were found to
be important parameters to improve the benefits of vibration with respect to the turbulence kinetic
energy and eddy length scale [226]. A recent study investigated rotating instead of vibrating the HF
membranes and found membrane rotation to be more effective than gas scouring [227].

Figure 3. Schematic of an HF (hollow fiber) module with different modes of vibration: (a) longitudinal
vibration; (b) transverse vibration; and (c) rotational vibration.

Figure 4 shows that both higher amplitudes and higher frequencies for longitudinal vibration
contribute towards fouling mitigation, with an observed reduction in the fouling rate by as much as
90% [23]. Genkin et al. [224] found that the critical flux has a stronger dependency on frequency at
higher frequencies but a weaker dependency at lower frequencies, presumably due to a change of the
flow regime in the vibrating system. Chatzikonstantinou et al. [228] used high-frequency vibration
in a pilot-scale submerged MBR and found it promising with respect to energy savings compared to
conventional air-cleaning systems.
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Figure 4. Effect of vibration amplitude and frequency on the fouling rate expressed as the time
rate-of-change of the TMP (transmembrane pressure) for filtration of a 4 g/L bentonite suspension [23]
for a constant flux of 30 LMH. Reproduced with permission from [23], Copyright Journal of membrane
science, 2013.

The unsteady-state shear induced by vibration can be related to performance enhancement to
provide a quantitative assessment of the beneficiation [123]. Beier and coworkers [229-231] applied
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longitudinal vibration, with frequencies between 0-30 Hz and amplitudes of 0.2, 0.7, and 1.175 mm, on
HF bundles with nominal pore diameters of 0.45 um, and found a general correlation between the critical
flux (Joit) and average shear rate (y4e) induced by vibration on the membrane surface as follows:

]crit = a'Yerlve (1)

The correlations based on Equation (1) using different values of a and # for three aqueous
suspensions are shown in Figure 5.
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Figure 5. Correlation between the critical flux (J;;) and average shear rate (7y4¢) for yeast suspensions
with concentration of 19 g/L; 1% Fungymal solutions; and 1% Fungymal + 5 g/L yeast [231].
Reproduced with permission from [231], Copyright Separation and Purification Technology, 2007.

To calculate the shear rate () on the surface of a vibrating fiber, Beier et al. [229] proposed the

following equation:

v =A@Qnf) v % cos <wt - 3;) @)

where A is the amplitude, f is the frequency of the vibration, v is kinematic viscosity of the fluid, and ¢
is the time. As expected, the shear rate displays a periodic behavior as a function of time since the
membrane vibrates with a velocity of:

u=2mA f cos(wt) (©)]

Equation (2) does not depend on the fiber diameter because the Navier-Stokes equation was solved
under the assumption that the curvature of the fiber near the membrane surface is negligible [229].
However, recently, Zamani et al. [232] showed that the shear rate of a vibrating fiber is also a function
of the fiber diameter. They showed that Equation (2) can have a relative error of 40% for a fiber with
a diamter of 1 mm vibrating with an amplitude and frequency of 10 mm and 1 Hz, repectively.

Krantz et al. [233] applied longitudinal vibrations to a bundle of silicon hollow tube membranes
to enhance the mass transfer to the liquid on the lumen side of the membrane, and found that
the mass-transfer coefficient was increased by a factor of 2.65 relative to that without vibrations.
An analytical solution was developed for the velocity profile of the laminar flow within the vibrating
tube. However, this solution is not applicable for commonly used submerged HF applications, since
the external shear on the fiber is of more interest. However, it could be useful for novel submerged HF
processes, such as forward osmosis (FO) and membrane distillation (MD) applications.
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5.3.2. Particle Scouring

Particle scouring is one of several unsteady-state shear techniques useful in membrane processes
for fouling mitigation and improving the mass-transfer coefficient [123]. In practice, the solid particles
are brought into close contact with the membrane surface via fluidization, which is the process whereby
the particles are dispersed and suspended by the liquid such that they behave like a fluid [234,235];
thereby, the fouling layer on the membrane surface is mechanically scoured by the particles. A recent
review assessed the mechanical cleaning concepts in membrane filtration [27]. Wang et al. [204]
concluded that particle fluidization is similar to cleaning via bubbling in terms of (i) the momentum
of both bubbles and fluidized granular activated carbon (GAC) correlates more strongly with the
critical flux, rather than to the velocities or concentrations; and (ii) an increase in energy input increases
the critical flux. In contrast to bubbling, particle fluidization is different with respect to (i) the local
critical flux decreasing instead of increasing with height; (ii) its optimization involves a complex
interplay of particle size, concentration, and liquid flowrate, instead of simply involving increasing the
gas flowrate.

As early as the 1970s, the beneficial impact of the fluidization of particles for membrane processes
was recognized as being attributable to both the mixing action of the particles to reduce the solute
concentration gradient, and the mechanical action of the particles to both vibrate and clean the
membrane surface [236-239]. These studies predate the submerged HF. However, various types of
inert solids subsequently have been shown to be beneficial for the mitigation of membrane fouling in
submerged HF applications via the scouring mechanism [240-244], although negative effects such as
the break-up of sludge flocs [240] and poor filterability of the activated sludge suspension [241] also
have been noted. Another potential effect is membrane damage [238,242], which necessitates careful
selection of scouring conditions.

The use of powdered activated carbon (PAC) is primarily targeted for mitigating organic
accumulation, biological degradation, and reducing the cake-resistance (e.g., [245-253]), all of which
contribute towards improving the permeate flux. Almost as an afterthought, PAC also was recognized
as being beneficial for inducing fouling-mitigating shear on the membrane [254-257]. Because the
increased inertia associated with larger-sized particles can lead to more effective scouring, granular
activated carbon (GAC), whose mean diameter is an order-of-magnitude larger than that of PAC,
has recently gained interest [24,130,257-264]. Although PAC is more effective than GAC in terms of
adsorption capability [257], it has been claimed that GAC is more effective at the higher concentrations
encountered in practice and in the longer term [24]. Several reports of the apparent success in the use of
GAC in submerged HF membrane systems (namely, the fluidized-bed membrane reactor) for low-cost,
sustainable operation have appeared in recent years; hence, a closer look is warranted. The first
report was on the use of a two-stage AFBR-AFMBR (i.e., anaerobic fluidized-bed bioreactor-anaerobic
fluidized-bed membrane bioreactor) for sustainable control of membrane fouling [24]. Extensive tests
subsequently have been carried out [24,27,128,130,244,258-278], especially in view of the potentially
lower energy cost than that of bubbling [24,204] and suitability for the anaerobic MBR. Effects of
treating different types of wastewater [258,259,261,262,276] (e.g., using municipal versus synthetic
wastewater [24,258]), trace organics [128,278], membrane type [273] (including effects on membrane
integrity [271,272,275]), screen size [259], fluidized media [236,244,279,280] (including size and
packing amount [244,267,268,271,275]), operating conditions [260,271] such as temperature [260-262],
scale [261], design [130,261,264,265,276] (e.g., single (AFMBR) versus two-stage (AFBR-AFMBR)
systems [130]), which collectively proved the efficacy of GAC in scouring the membranes. Different
embodiments of the AFMBR include single (AFMBR) versus two-stage (AFBR-AFMBR) systems [130],
as well as simplifications of the two-stage AFBR-AFMBR system termed an IAFMBR (i.e., integrated
anaerobic fluidized-bed membrane bioreactor) [277], and hybrids such as the MFC (i.e., microbial fuel
cell)-AFMBR [264] and the fluidized bed membrane bioelectrochemical reactor (MBER) [263]. A study
on the extent of fouling mitigation by fluidized GAC in an HF module found that larger-sized GAC
particles, higher packing densities, and a ratio of hollow fiber spacing to fluidized particle size of
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approximately 3-5 are beneficial for fouling control [271]. Collectively, these efforts prove the efficacy
of particle fluidization in mitigating fouling in submerged HF systems.

The benefits conferred by particle fluidization include low energy cost [24,123,242,258,261,264,281],
and amenability for scale-up and continuous operation [24,235], all of which make it an attractive
means to improve membrane operations. In particular, the AFMBR energy requirement was
only 0.028 kWh/m?3, which is much less than that reported for AMBRs using gas sparging [24].
The momentum, velocity, and concentration of the fluidized GAC particles have been found to play
significant roles in membrane fouling mitigation via both experiments and simulation [266-269].
Note that membrane-particle interactions have to be managed to avoid membrane damage. Also, the
module geometry must allow movement of the particles to avoid blockages, as highlighted in Section 4.

6. Techniques for Fouling Control in Dead-End Submerged Membrane Systems

As noted earlier, the submerged HF concept is widely used in the dead-end mode in the
water-treatment industry. Strategies to mitigate fouling are required to avoid decline in the membrane
permeability in dead-end submerged HF systems [6,282,283]. It is possible to minimize fouling both
by choosing a suitable membrane material with a reduced tendency to adsorb substances in the feed
and by optimizing the operating conditions in the system [5,161,284,285]. The application of relaxation
(intermittent cessation of permeation), backwashing (reversal of permeate flow through the pores),
and air backwashing with or without air scouring are common physical approaches to remove fouling
in submerged systems. It has been shown in many studies that relaxation and backwashing provide
an effective removal of the fouling layer, thereby prolonging the filtration process in submerged
membrane systems, especially at high imposed fluxes [88,90,131,286,287]. A significant challenge
in the application of relaxation and backwashing is that only partial recovery of the permeability is
achieved at the end of a filtration cycle, which implies a gradual loss of the effective filtration area
due to fouling. Subsequently, in the next filtration cycle the less fouled areas will have to experience
increased local fluxes to maintain the overall average flux, which in turn results in a higher fouling
rate [94]. However, Figure 6, which shows a plot of the TMP versus time for both continuous and
periodic backwashing and filtration, indicates that even with a partial recovery during each cycle,
filtration with intermittent backwashing and relaxation outperforms continuous operation. A further
discussion of backwashing and relaxation is provided in the following sections.

60

o Continuous mode - Relaxation mode

TMP (kPa)

Time (hr)

Figure 6. TMP versus time for continuous filtration relative to periodic relaxation and backwashing
of real seawater [26]. Reproduced with permission from [26], Copyright Journal of Membrane
Science, 2010.
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6.1. Backwashing

Backwashing is commonly practiced in most HF filtration systems to limit fouling in both
dead-end and cross-flow applications. Typical TMP profiles for dead-end filtration with intermittent
backwashing for cake removal are shown in Figure 7. Two modes of operation are usually practiced,
either (i) using a fixed cycle time (¢;), whereby backwashing is implemented after a designated
filtration time, thereby causing the maximum TMP to increase with each cycle if residual fouling
occurs (Figure 7a), or (ii) operating to achieve a fixed TMPpax, whereby backwashing is implemented
whenever the TMP reaches a predetermined value, thereby requiring the frequency of backwashing
to increase with each cycle if residual fouling occurs (Figure 7b). Backwashing is usually effective in
reducing the TMP, but some deposits tend to remain attached and contribute an additional residual
resistance to the filtration in subsequent cycles. Therefore, other than backwashing alone, cycling
between backwashing and chemical cleaning (Section 8) is also a common practice to reduce the
minimum TMP (TMP,;,) attainable. Figure 8 illustrates a typical TMP profile with intermittent
backwashing and chemical cleaning with a fixed cycle time.
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Figure 7. Typical TMP profiles with intermittent backwashing; (a) operation to achieve a fixed TMPmax;
(b) operation for a fixed cycle time.
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Figure 8. Typical profile of the TMP as a function of time showing the effect of intermittent backwashing
and chemical cleaning for a fixed cycle time.

Although backwashing loosens and detaches the fouling cake from the membrane surface so that
the foulants can be removed easily by cross-flow or air bubbles [6,25,90,93,288,289], some drawbacks
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also exist. In cases for which the cake layer serves as a secondary layer to protect the membrane
from internal fouling by macromolecular components, over-frequent backwashing can provide more
opportunity for macromolecules to enter the membrane pores [290] or change the chemical composition
and/or structure of the fouling layer (e.g., from a mixed cake layer of particulates and macromolecules
to a fouling structure dominated by the macromolecules after several filtration/cleaning cycles [291])
and consequently the fouling patterns [26]. Generally, the first few cycles of backwashing lead to
more significant irreversible fouling, after which the percentage of irreversible fouling with respect
to total fouling becomes constant. The reason for the augmented vulnerability to irreversible fouling
of new membranes relative to a used membrane is the greater probability of blocking the larger
pores in the pore-size distribution, which can be the dominant fouling mechanism in the first few
cycles [26,90,91,292].

Overall, an increased backwashing flux was found to be slightly more effective than increased
backwash duration when the same amount of backwash volume was used [26,91,93]. Similarly,
Akhondi et al. [90] reported that excessive backwash duration and strength resulted in permeate loss,
severe pore blocking, and high specific energy consumption. Ye et al. [26] investigated the effect of
filtration duration (from 1200 to 5400 s per cycle) on membrane fouling during real seawater filtration
while the other operating parameters were kept constant. It was found that the final TMP after 16 h
of filtration and the percentage of reversible fouling that can be removed by backwashing did not
increase when the filtration duration increased from 1200 to 3600 s, while a further increase in the
filtration duration from 3600 to 5400 s promoted membrane fouling due to a more compact cake layer
that was more irreversible.

Chua et al. [41] reported that, for a pilot-scale pressurized HF module, prolonging the duration
of backwashing was found to be more effective than air scouring in controlling membrane plugging.
Studies by Ye et al. [26] showed that increasing the backwash duration from 10 to 30 s led to the final
TMP and fouling rate decreasing by more than 50% as well as a slight increase in the percentage of
fouling removed by backwashing. However, a further increase in the duration beyond 30 s did not
result in any additional improvement, but instead slightly reduced the percentage of fouling removed;
this indicates that an excess backwash volume may cause membrane blockage or change the structure
of the fouling cake due to impurities in the backwash flux.

Akhondi et al. [160] studied the effect of backwashing on the pore size of hollow fiber ultrafiltration
membranes by using the evapoporometry [91,293,294] technique. They reported the following:
(i) backwashing can enlarge the pores of a membrane with a greater effect on the larger pores for
operation at the same TMP; (ii) pore enlargement due to backwashing was larger for amorphous
(PVDF fibers) relative to glassy polymers (PAN fibers) due to the lower modulus-of-elasticity of the
former; (iii) cyclic filtration and backwashing at constant flux could more effectively remove foulants
both on and within the larger membrane pores compared to the small pores; and (iv) increasing the
backwashing flux could remove foulants from smaller pores.

Results for seawater showed that the lowest final TMP and the maximum percentage of fouling
removed by backwashing after 16 h of filtration was for the case for which the backwash flux was
1.5 times the filtration flux [26], which suggests the existence of an optimum backwash flux for fouling
mitigation. The observation that a further increase in the backwash flux to twice that of the filtration
flux led to an increase in the final TMP and a reduction of foulant removal implies that backwashing
changes the fouling rate during the filtration cycle. Similar to excessive backwash duration, it seems
that an excessive backwash flux also causes convection of impurities to the membrane pores or
a residual fouling layer that results in less reversible fouling and a higher fouling rate. The existence of
an optimum backwash flux for fouling mitigation was also reported by Chua et al. [41], who found that
an increase in the backwash flowrate up to twice that of the permeate flowrate resulted in a process
improvement, but no further benefits were observed for a further increase in the backwash flowrate.
Compared to the duration or interval of backwashing, the effect of backwashing flux was found to be
more significant for fouling mitigation [288].



Appl. Sci. 2017, 7, 765 18 of 39

It has been reported that air scouring during backwashing can assist fouling removal and improve
backwash efficiency [289,295]. While the backwashing is expected to detach the cake layer from the
fibers, air scouring loosens the deposits and carries them from the membrane surface into the bulk
fluid [289,295]. The impact of aeration during backwashing on membrane fouling during seawater
filtration was investigated by Ye at al. [26]. Their results showed that backwashing with a moderate air
flowrate had a lower final TMP and also slowed down the fouling rate during the filtration. However,
a high air flowrate limited the benefits of air scouring and did not improve the reversibility.

6.2. Relaxation

Relaxation, the intermittent cessation of permeation, has been incorporated in many membrane
bioreactor (MBR) designs and some other submerged HF systems as a standard operating protocol to
control membrane fouling [93,94,288]. For example, the investigation of an MBR found that relaxation
was still beneficial even when the relaxation necessitated periods of higher flux to give the same production
of permeate [288]. Different relaxation conditions resulted in distinctly different temporal TMP profiles,
but all the runs that incorporated relaxation displayed a lower final TMP than the continuous mode.
Relaxation was found to be more favorable than backwashing for this MBR application, because, while
performances were similar, backwashing may have resulted in membrane pore clogging [288].

The protocol for intermittent filtration/relaxation can be optimized in terms of the ratio of
the durations in each cycle (ratios between 0.5-50 were tested) to be more beneficial for fouling
removal [94,296], but were not necessarily beneficial for retarding the TMP increase as filtration
progressed. This suggests that the relaxation duration and interval should be carefully managed to
achieve the best outcome in terms of reducing the fouling resistance during relaxation and retarding
the TMP increase during filtration.

Ye et al. [20] investigated the effect of relaxation on the performance of dead-end (i.e., without
bubbling) filtration using membranes with two different porosities and a seawater feed. Relaxation
was confirmed to limit membrane fouling compared to continuous filtration, but was more effective
for the membrane with a higher porosity. The difference in results due to porosity was hypothesized to
be that, although the relaxation removed part of the foulant cake for membranes with lower porosities,
when the filtration flux resumed the cake was reorganized to a more compact structure. Table 2 lists
fouling control methods for submerged HF systems.

Table 2. Fouling control methods in submerged HF systems [18,297-299].

Operation  Fouling Control

Mode Technique Important Parameters Applications Benefits

Bubble characteristics, gas
Bubbling flowrate, bubbling modes MBR, AnMBR
(intermittent or continuous)

Unsteady or transient shear stress;
changes biomass properties

Low energy cost; surface shear;

Cross-flow Vibration Vibration amplitude AnMBR, MF, UF, effective cake removal; facilitates
and frequency MD, FO .
separation of macromolecules
Reduced fouling; low energy cost;
. . . e AFBR-AFMBR, amenability for scale-up
Particle Scouring Size, fluidization rate IAFMBR (disadvantages: membrane
damage, blockage)
Backwashing Bac.kwash flux, backwash All HF systems Interna% fouhpg cpntrol; c;an be
duration, backwash frequency applied with air scouring
Dead-end
Relaxation Relaxation duration, All HF systems, )
relaxation frequency especially MBR

AnMBR: anaerobic membrane bioreactor; MF: microfiltration; UF: ultrafiltration; MD: membrane distillation; FO:
forward osmosis; AFBR-AFMBR: anaerobic fluidized-bed bioreactor-anaerobic fluidized-bed membrane bioreactor;
IAFMBR: integrated anaerobic fluidized-bed membrane bioreactor.



Appl. Sci. 2017, 7,765 19 of 39

7. Chemical Cleaning in Submerged HF Membranes—Procedure, Effect on Membrane Performance

Other than the physical cleaning means discussed in the previous section, chemical cleaning,
which involves the use of acids, bases, oxidants, and surfactants, also aids in mitigating membrane
fouling. Typically, physical cleaning is followed by chemical cleaning in membrane applications
to effectively mitigate fouling [283]. Chemical cleaning was classified by Lin et al. [283] into four
categories: (i) clean-in-place (CIP), which involves directly adding chemicals to the submerged HF
system; (ii) clean-out-off-place (COP), which involves cleaning the membrane in a separate tank with
a higher concentration of chemicals; (iii) chemical washing (CW), which involves adding chemicals to
the feed stream; and (iv) chemically enhanced backwashing (CEB), which involves combining chemical
and physical cleaning means.

For chemical cleaning, the key factors affecting efficiency in mitigating fouling are the type of
chemical agents, cleaning duration and interval, concentration of chemicals, cleaning temperature,
and flux [300,301]. The type of chemical used depends mainly on the application, feed characteristics
(e.g., pH, ionic strength, and temperature), and membrane materials (e.g., compatibility of the
membrane with the chemicals) [302]. Sodium hypochlorite (NaOCl) and citric acid are the most
common chemical cleaning agents provided by the main MBR suppliers [18], although they are
reported to be ineffective for removing iron species [303], and less effective than the coupling of NaOCl
and caustic soda for removing natural organic matter (NOM) [304].

While the robust nature of most submerged HF membranes allows the use of relatively aggressive
cleaning, some changes may occur. Kweon et al. [304] evaluated the effectiveness and changes
in the membrane surface properties by acidic and alkali cleaning of PVDF HF membranes during
the microfiltration of two feed waters. The results indicated that the feed-water quality played an
important role in the cleaning efficiency; hence, experiments with the actual feed are necessary for
the selection of cleaning procedures. In addition, chemical cleaning leads to changes in the surface
properties of the membranes, which may lead to a gradual decrease in the recoverable flux.

8. Submerged HF Membrane Integrity and Failure

Given the chemical and physical stresses experienced by submerged HF membranes during
operation, the lifespan of the membrane fibers tends to be significantly shortened. The prorated
warranty provided by membrane manufacturers can range from 3 to 10 years [305]; however,
experience teaches that the effective membrane life can either exceed or fall short of the manufacturer’s
expectations. In one particular case, a UF plant treating wastewater from a manufacturer of cosmetics
experienced rapid membrane failure resulting in an average membrane lifespan of less than 6 months
(note that the membranes were cleaned once a week with an alkaline bleach product, and backwashed
monthly) [306], and the main cause was found to be high local shear forces due to fibrous material in
the wastewater. In another study performed by De Wilde et al., the lifespan of the membranes was
determined to be 13 years by extrapolating data based on 3 years of operation [307].

Given that the paramount operating objective is to avoid any failure that could compromise
quality and restrict capacity, the development of a strategy that relies exclusively on the manufacturer’s
warranty to estimate the membrane lifespan and replacement schedules is fraught with uncertainty.
With the prevalent variability in the integrity and productivity of membrane modules, operators of
full-scale plants would need to manage an inventory of several thousand membranes; thus, anticipating
and scheduling activities for the replacement of these membranes in service becomes a unique challenge
for drinking-water plants utilizing membrane technology.

Even though membrane ageing and failure are closely related, a distinction should be made
between these two factors. Membrane degradation is the result of ageing and the onset of its adverse
effects, which in turn leads to membrane failure. Membrane failure, on the other hand, results
in a loss of process removal efficiency, and a reduction in product-water throughput as well as
product-water non-compliancy.
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8.1. Ageing

Membrane ageing of commonly used composite membranes is defined as the deterioration of
the surface layer and sub-layers of membranes due to the irreversible deposition of foulants or by
frequent exposure to chemical cleaning agents, which leads to the deterioration of the membrane
performance [308,309]. While the active layer of the membrane has been found to be chemically
modified, pore reduction has been found in the intermediate sublayer (i.e., between the active layer
and the porous support) [308]. Membrane material also affects ageing; for example, polyethylsulfone
(PES) membranes were found to be more resistant to acid than alkali [310].

To control membrane fouling caused by the retention of dissolved salts, organics, microorganisms,
and suspended solids after extended operation, the industry employs routine chemical cleaning
protocols involving specific concentrations, temperatures, and extended cleaning times; in some cases,
with submerged HFs, strong oxidants such as sodium hypochlorite (NaOCI) are used to control fouling,
causing membrane ageing to be exacerbated after repeated cleanings. Prolonged filtration and cleaning
cycles not only have an adverse effect on membrane integrity, but can also lead to the internal fouling
of membranes, which is irreversible, detrimental to membrane performance, and also reduces the
lifespan of the membrane by increasing the likelihood of membrane failure. For submerged HFs,
physical cleaning by backwashing (Section 6.1) can also cause changes in the membrane properties.
For example, it has been shown that backwashing can cause a change in the pore-size distribution by
increasing the diameters of the largest pores [311]. This could make the membranes more susceptible
to fouling as these larger pores become blocked.

8.2. Failure

Membrane failure is defined as the loss of mechanical integrity leading to the inability to achieve
the rated log-removal values (LRV) of pathogens [312-314]. Membrane failure can occur during two
phases of the operational lifespan of a membrane, namely, damage during the manufacturing and
installation process, and during membrane filtration. Inconsistent manufacturing and fabrication
techniques as well as handling error during installation often cause failure in the former phase.
This issue is kept in check via the implementation of rigorous product quality-control methods and
integrity testing of membrane modules before commissioning. On the other hand, unlike failure
during the manufacturing and installation process, membrane failure during the filtration operation
can mainly be attributed to operating parameters and maintenance protocols [315]. During operation,
the likelihood of damage to the membrane is high given the stringent nature of operating protocols
such as vigorous mechanical cleaning, chemical cleaning using strong oxidants, and high-pressure
backwashing. Although these measures ensure that the membrane performance is maintained, they
indirectly put a strain on the membrane integrity, leading to membrane ageing and failure.

According to Childress et al. [313], fiber failure can occur via four different mechanisms: chemical
attack; damage during operation due to improper installation; faulty membrane module design; and
punctures and scores due to the presence of foreign bodies. Furthermore, membrane ageing, coupled
with excessive fiber movement due to external loads, can also cause submerged HF membranes to fail.
This is discussed further in Sections 8.4 and 8.5.

8.3. Chemical Oxidation

Owing to membrane fouling being an inevitable phenomenon, membrane maintenance protocols
using chemical cleaning to control fouling and restore the membrane flux are employed. There is a
wide variety of chemical cleaning agents utilized by the industry, with the most common being sodium
hypochlorite (NaOCl) because of its ready availability, relatively low price, and high cleaning efficiency.
Unfortunately, such oxidants are the main causes of deterioration in the membrane integrity [316],
whereby prolonged exposure causes oxidative damage to the membrane [317], which accelerates
membrane ageing and degradation that in turn not only leads to discoloration of the membrane fibers,
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but also embrittlement of the fibers that subsequently increases the likelihood of membrane-fiber
fracture [316,318,319]. The embrittlement rate for hollow fibers has been found to be four times that of
flat-sheet membranes [309].

8.4. Module Design

The optimization of membrane-module designs in terms of the potting of the membrane fibers
and the design of the membrane housing is usually performed to reduce membrane fouling and to
maintain membrane integrity. In submerged HF modules, the fibers are located in a constrained
geometry. For example, the GE-Zenon system has membranes assembled into cartridges and held
in a supporting frame that connects to the aeration and permeate suction header. The ends of the
fibers are potted into the permeate carrier. These features are typical of most submerged HF modules.
More details can be found elsewhere [3,58].

The potting efficacy of the fibers can significantly affect the performance and integrity of the
module. Current membrane modules consist of up to 20,000 hollow fibers held together with either
an epoxy or urethane resin; depending on the manufacturing process, the resin can be cured under
static or dynamic conditions. In the slower static curing method the resin is allowed to cure without
heat or external forces acting on it. Membranes that are potted statically would have the resin wick
up the edge of the fiber due to capillary forces, which leads to the development of a sharp edge
that potentially can cause fiber breakage (see Figure 9a). As seen in Figure 9b, with this method an
elastomer overlay is usually added on top of the potting material to minimize the sharp edges. On the
other hand, for the dynamic curing method, centrifugal forces are used under elevated temperatures
to cure the potting resin, thereby preventing resin wicking and avoiding the development of sharp
edges [313] (see Figure 9c¢). Notably, with the implementation of air-scouring and external loads, the
probability of fiber breakage at the potting site increases; thus, proper selection of the potting method
and material is important. Moreover, an optimized arrangement of the fibers within the module has
been reported to significantly improve process performance by as much as 200% [119,190].

a) 7 Hollow fiber
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|

mold

Potting resin

b) [ [&=—— Hollow fiber
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— R I Hollow fiber

mold

N Potting resin

Figure 9. Membrane potting methods employing different conditions: (a) Static Conditions, (b) Static
with Elastomer Overlay, (¢) Dynamic Conditions.

The design of the membrane module and housing plays an equally important role in maintaining
membrane integrity. Although there are many membrane housing designs that try to minimize
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excessive fiber movement, routine membrane filtration and backwashing carried out at pressures higher
than the manufacturer’s recommendations can lead to membrane failure via the rupturing of membrane
fibers, damage to the membrane module housing, and degradation of the membrane module seals.
Consequently, the tolerable stress load on a membrane module depends on the membrane material and
structure, and the packing density of the HF membranes in the module. Pilot plant testing indicated
that membrane symmetry, which affects the stress at the juncture between the potting material and
the fiber, was more important than the potting technique for hollow fiber integrity [313]. At present
there is a lack of fundamental data on the stresses experienced by fibers during the filtration and
cleaning cycles in the presence of air scouring [320]. This, coupled with the difficulty in accurately
measuring and calculating stresses in a multiple fiber system, has significantly limited the development
of improved membrane modules. Therefore, for improved membrane-module, design a need exists for
both a better understanding of membrane potting methods and the stress-strain forces acting on the
membrane fibers.

8.5. Excessive Fiber Movement

The advantage of submerged membranes is that the hydrostatic pressure generated eliminates
the need for the membrane modules to be pressurized. For such configurations, air-scouring or
bubbling is employed to provide a shear force along the membrane surface to help alleviate the fouling
phenomenon [14]. A higher shear force on the membrane surface results in a more efficient removal of
foulants. In addition, specifically for bubbly flow around hollow fibers, another mechanism at play is
the back and forth movement of the fibers induced by the bubbles, which causes a transverse vibration
for loose fibers that leads to enhanced secondary mixing [15]. However, although the bubble-induced
shear and fiber movements were able to reduce the fouling rate by up to 10-fold less, the excessive
membrane movement due to a higher shear force can also lead to fiber breakage [15]. This phenomenon,
coupled with the degradation of the membrane fibers due to ageing, could lead to a higher occurrence
of fiber failure. Excessive fiber movement is also constrained if the fiber looseness is limited, for which
the practical limits are typically 1-5% [3].

8.6. Foreign Bodies

Membrane damage and integrity compromise also can be caused by unexpected water-quality
fluctuations together with the failure of the pretreatment processes, leading to the inadequate removal
of foreign material [314]. These foreign bodies, coupled with the effects of strong aeration, can score
or puncture the membrane fibers. A membrane autopsy performed by Zappia et al. concluded
that the unexpected presence of silicon dioxide spicules (needle-like structures) resulted in multiple
membrane occlusions and punctures, leading to a loss in membrane integrity [321]. The erosive effect
of fluidized particles [322-325] in the feed stream is also known to compromise the membrane integrity
by impacting the membrane surface [123,238,242,326-329]. Patterns of particle scraping was clearly
observed [238,279], as well as a decrease in the membrane rejection for the larger fluidized glass beads
(3 mm) [242]. As a result, care is needed for submerged HF processes that deliberately introduce
scouring by suspended or fluidized media (Section 5.3.2) to control fouling.

8.7. Future Trends for Integrity Assessment

The current state-of-the-art tools for monitoring membrane integrity are limited to detecting
compromises via a variety of in situ and ex situ techniques and tools. Despite extensive research
performed on membrane-failure mechanisms and their resultant effects, these studies often are based
on ex situ or offline analytical techniques, which can only provide information when a serious breach
in membrane integrity is detected. Therefore, this underscores the need for the development of
non-destructive, computer-aided modeling techniques to predict membrane failure and optimize
module design. One possible approach is the prediction of failure in membrane systems via the
use of finite element analysis (FEA). FEA is a modeling technique that is widely used by structural,
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mechanical, and biomedical engineers to perform mechanical analyses on complex structures to
determine displacements from applied loads [330,331]. Through FEA, high stress locations along the
membrane fiber can be determined that will help identify areas where failure is most likely to occur.
Such analyses would aid in membrane and membrane-module design as well as the optimization of
operating strategies. FEA can also be used as a diagnostic tool to provide supportive interpretations at
similar operating conditions when performing autopsies on failed membranes and modules.

9. Conclusions and Research Opportunities

In a little over two decades, submerged HFs have gone from a curiosity to the mainstream
of membrane technology. The major applications are for low-pressure membranes (MF and UF)
in the water industry. The submerged HF concept is ideally suited for the dead-end filtration of
dilute feeds (surface waters, pretreatment for RO) because effective cake removal can be achieved by
backwash flow from the lumen side of the fiber. The submerged HF concept is also well-suited for more
concentrated feeds, such as in aerobic MBR, where bubble-induced fiber movement helps to control
fouling. The development of the submerged HF system has seen some advances in membranes per se
(e.g., improved strength, flexibility, etc.) but the major efforts have been in module design and process
optimization, such as fiber geometry, looseness, packing density, bubbling characteristics, backwash
protocol, and modifying feed properties (e.g., by adjusting the bioprocess parameters in the MBR).
The current generation of submerged HFs is clearly very effective, but there are opportunities for
further development that could improve the concept and its applications. These are briefly discussed
in the following section.

9.1. Hydrodynamics and Bubbling

Although hydrodynamics and bubbling in submerged HF systems have been actively studied,
there may be opportunities for further incremental improvement. Areas for research include identifying
the optimal bubble size (somewhere between relatively few large bubbles and many micro-bubbles)
and the means for generating these bubble sizes. Also, the potential energy benefits of intermittent
bubbling should be further evaluated.

9.2. Non-Bubbled Hydrodynamics

This review has provided an overview of the research activities in vibrations applied to submerged
HFs. Further development is required to optimize this strategy in terms of module arrangement
(alignment, packing density, use of flow promoters, etc.), vibration frequency and amplitude, etc.
An important driver for development is likely to be the anaerobic MBR (AnMBR), where bubbling
by recycled biogas has its challenges. Fluidized media to control hydrodynamics may also find
application in the AnMBR. Further studies are required to evaluate and compare energy demand for
these alternative hydrodynamic control methods.

9.3. Backwashing and Relaxation

Backwashing and relaxation are effective methods for fouling mitigation. However, the chosen
protocols are likely to be conservative and suboptimal. Improved performance could involve an
adjustable protocol (backwash frequency, duration, flux, etc.) that responds to changes to feed
conditions and required production rate. Such a system could use an online monitor for ‘fouling
propensity’ linked to a neural-network-based control system.

9.4. Identifying Sustainable Flux

The concept of critical flux is discussed in Section 5. Due to the limited practical applicability of
critical flux, threshold and sustainable flux have been proposed [158,332]. While the threshold flux
demarcates a low fouling from a high fouling region, the sustainable flux is one at which moderate
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fouling is tolerated based on balancing capital and operating costs; some guidelines are available that
link measured threshold flux to sustainable flux [158]. However, in practice, it is difficult to measure
the threshold flux in an operating plant as it involves flux-stepping involving conditions of high
fouling rate that could be detrimental. This could be overcome by the development of a small-scale
threshold-flux monitor that simulates the operating plant that could be flux-stepped. The challenge is
to design a sufficiently accurate and reliable simulator based on the submerged HF concept.

9.5. Potential Non-Filtration Applications

The submerged HF concept is widely used in membrane filtration (MF and UF) applications.
The concept is also amenable to other membrane separations, such as membrane distillation (MD) and
forward osmosis (FO). Indeed ‘high-retention” MBRs based on MD and FO with submerged HFs have
been developed [333,334]. Further work is required to optimize these systems, including development
of externally skinned FO hollow fiber membranes to minimize fouling. An interesting extension of
FO is pressure-retarded osmosis (PRO), used for harnessing the salinity gradient for the generation of
electricity, that can use hollow fibers with pressurized ‘draw solute” on the lumen side [335,336]. It would
be feasible to use the submerged HF arrangement for PRO with the low salinity feed in the tank.

9.6. Membrane Integrity

The strategies to improve submerged HF membrane integrity have been addressed in Section 9.
An additional need is an effective online monitor to detect the loss of integrity. One example of such
a device is given in Krantz et al. [337]. The key requirements are reliability, easy implementation, and
modest cost for industrial applications.
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