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A B S T R A C T

Membrane bioreactors (MBRs) have received increasing attention in the field of wastewater treatment in recent
years. However, membrane fouling is the main problem of MBRs, limiting their widespread and large applica-
tions. Membrane cleaning methods can be mainly classified into four types including chemical, physical, phy-
sico-chemical and biological clean the fouled membrane. In recent years, ultrasonication has been reported as a
promising cleaning technique for the membranes fouled in MBRs. Ultrasonic irradiation can clean the fouled
membrane by creating important physical phenomena including microjets, microstreams and shock waves.
Moreover, the ultrasonic method can be combined with other cleaning methods e.g. chemical cleaning and
backwashing in order to improve the cleaning efficiency. It should be noted that the application of ultrasonic in
the MBR system is not limited to the cleaning of membrane. The pretreatment of the wastewater by ultrasonic
irradiation or ultrasound coupled with other methods, e.g. ozonation, prior to MBR system, can decrease the
organic loading of the wastewater and subsequently postpone the fouling of the membrane. This paper critically
reviews the recent advances in the applications of ultrasound in MBR systems. Emerging issues associated with
application of on-line ultrasound and also hybrid on-line ultrasound for controlling the membrane fouling in
MBR systems are critically reviewed. Moreover, application of the ultrasound in ex-situ form for cleaning the
fouled membranes and pretreatment of wastewater prior to the MBR system is discussed.

1. Introduction

Membrane bioreactor (MBR) is a wastewater treatment technology
which is a combination of a biological treatment system like activated
sludge and a membrane filtration process, e.g. microfiltration or ul-
trafiltration [1,2]. In recent years, the membrane bioreactors have at-
tracted increasing attention in treatment of industrial and municipal
wastewater owing to several advantages, e.g. stable and high effluent
quality, low footprint, independency from the sludge condition in the

bioreactor and high volumetric loading [3]. However, fouling of the
membrane is a challenging problem in MBR systems which limits their
large-scale applications of for wastewater treatment [4,5]. Membrane
fouling in MBR systems results in a decrease in the flux of the permeate
or an increase in the trans-membrane pressure required to achieve a
stable permeate flux during filtration process, which consequently leads
to an increase in operating costs. Based on the nature of the foulant, the
membrane fouling in MBR systems can be generally classified into in-
organic fouling, organic fouling and biofouling. Inorganic and organic
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foulings are respectively caused by deposition of the inorganic crystals
and organic substances e.g. humic acid, proteins and polysaccharides;
while, the biofouling results from precipitation and growth of the mi-
croorganisms on the membrane surface. On the other hand, based on
the location of the foulant, the membrane fouling can be classified into
internal fouling and external fouling. Formation of a cake layer on the
surface of membrane is known as dominant fouling in MBR systems.
According to the foulant removing mechanism, membrane cleaning
methods can be classified into four main groups including physical,
chemical, physico-chemical and biological [6,7]. In a physical cleaning
method, the foulants can be removed from the surface of the membrane
by mechanical treatment. Among the different physical methods, ul-
trasonication has got increasing attention in the field of controlling the
membrane fouling in MBR in recent years [8–11]. Ultrasonic waves in
the liquid phase induce cavitation phenomenon including nucleation,
growth and collapse of bubbles. Bubble collapsing takes place con-
tinuously at millions of locations in the liquid media resulting in the
generation of supercritical conditions such as high temperature
(5000 K) and high pressure (~1000 atm) [12–14]. Ultrasonic irradia-
tion can clean the fouled membrane through the production of im-
portant physical phenomena including microjets, microstreams and
shock waves [15]. Indeed, the particles can be released from the fouled
membrane by the aforementioned physical phenomena taking place in
a heterogeneous liquid-solid interface. Furthermore, the active hy-
droxyl radicals generated in the presence of ultrasonic irradiation can
attack the adsorbed foulants and degrade the molecules of foulants
which consequently result in membrane fouling control. However, the
membrane can be damaged through chemical reactions between the
generated hydroxyl radicals and the membrane [16]. Therefore, the
operational conditions should be optimized in ultrasound-MBR hybrid
systems. The ultrasonic can be performed either in-situ (online) or ex-
situ (offline) for cleaning the membrane of MBRs. Moreover, pretreat-
ment of the wastewater by ultrasonic irradiation or by hybrid ultra-
sound methods prior to MBRs can decrease the organic loading of the
wastewater and subsequently postpone the fouling of the membrane.
This paper reviews the application of the ultrasonic technology in MBR
systems. In this paper, two main applications of the ultrasonic tech-
nology in the MBR systems including the cleaning of the fouled mem-
brane and pretreatment of MBR feed by ultrasound are discussed in
detail. Recent studies performed on the investigation of operational
conditions of the in-situ and ex-situ ultrasound to control the membrane
fouling and clean the fouled membranes are demonstrated in this paper.

2. Ultrasonication

American National Standards Institute defines the ultrasound as a
sound with a frequency greater than 20 kHz [17]. Fig. 1 represents the
diagram of the ultrasound range. Ultrasound can be classified into three
main categories including power ultrasound (20–100 kHz), high fre-
quency ultrasound (100 kHz–1MHz), and diagnostic ultrasound
(1–500MHz) according to its frequency [17]. Generally, ultrasound
with a frequency range of 20 kHz–100 kHz is used in chemical systems
[13,18].

By passing the ultrasound through water or many other liquids,
regions with high and low pressures are created inside the liquid ac-
cording to the periodic expansion and compression of the ultrasound
[12,19,20]. This phenomenon in the liquid media induces acoustic

cavitation process including formation, growth and collapse of the
bubbles [21–24]. Small bubbles are generated during expansion of the
ultrasound. In continuation, the generated bubbles grow by absorbing
the energy from the alternating compression and expansion cycles [25].
Finally, over a few acoustic cycles, the bubbles reach a critical size and
rapidly collapse. It can be assumed that there is almost no heat transfer
between the inside of the bubbles and surrounding media during the
fast transient collapse of the bubbles. Therefore, the pressure and
temperature within the core of the bubbles rise to several hundred at-
mospheres (~1000 atm) and thousands of Kelvins (5000 K), respec-
tively [25,26]. The core region with high pressure and temperature is
known as the “hot spot”. After collapsing, the heat transfers rapidly
from the localized high temperature to the surrounding liquid at a high
rate of about 109 K/s in the vicinity of the bubbles [26]. In addition,
large pressure difference between the inside and outside of the bubbles
induces generating “shock wave” [26,27]. The generated hot spots can
accelerate the pyrolysis of the water molecules to produce hydrogen
radicals (H%) and hydroxyl radicals (%OH) according to Eq. (1) [28,29]:

H2O Ultrasonic irradiation→H%+ %OH (1)

Also, some additional consecutive chain reactions can take place
according to Eqs. (2)–(4) [21,28,29]:

%OH+H%→H2O (2)

%OH+ %OH→H2O2 (3)

H2O2+H%→H2O+ %OH (4)

Regeneration of the produced radicals causes emission of the light
(200–800 nm) for a short period of time (about 100 ps). This phenom-
enon is known as sonoluminescence. The shock wave and the radicals
generated by the thermal decomposition in or around the bubbles play
the main role in the phenomena occurring in sonochemistry [19,25,26].
It should be noted that the operating parameters, i.e. ultrasound fre-
quency, dissolved gases, power input and bulk temperature efficiently
influence the sonochemical processes [30–32].

The reactors used for sonochemical processes can be classified into
two main groups of reactors with direct ultrasonic irradiation and re-
actors with indirect ultrasonic irradiation. As can be seen in Fig. 2(a), in
indirect irradiation, the ultrasound produced by the transducer reaches
the intended solution after transmitting through the mediator fluid (i.e.
water). In indirect irradiation, the ultrasound transducer is in direct
contact with the reaction vessel. The transducer can be attached to the
bottom of the reactor (Fig. 2(b)) or it can be localized inside the reactor
(Fig. 2(c)).

3. Membrane bioreactor systems

3.1. Fundamentals of membrane bioreactors

Membrane bioreactor is the combination of a biological treatment
system like activated sludge, and a membrane filtration process e.g.
microfiltration or ultrafiltration. Indeed, integrating the advantages of
the membrane processes with biocatalysts, i.e. enzymes, microorgan-
isms or plant/animal cells results in the formation of an important
technology known as MBR, which is rapidly advancing both in com-
mercial applications and research field [34–36]. As shown in Fig. 3, the

Fig. 1. Ultrasound range diagram.
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configuration of the MBRs can be mainly classified into two groups of 1)
side-stream and 2) submerged or immersed [3]. The side-stream con-
figuration is a pressure-driven process in which the membrane module
is placed out of the bioreactor. In this kind of MBR, the concentrated
sludge is rejected by the membrane and recycled to the bioreactor
(Fig. 3(a)). However, in the second kind of MBR, the membrane module
is submerged within the bioreactor, and a suction pressure is applied to
produce the permeate (Fig. 3(b)). Submerged MBR is more economic
compared with side-stream MBR owning to low energy consumption
and low equipment requirement [3]. The energy consumption of the
side-stream MBR is reported to be 10–25 times more than that of the
submerged one [3]. However, the operating flux in the side-stream MBR
is approximately four times more than that of the submerged MBR and
it is more robust and flexible [3].

Based on the operating condition, the MBRs can be classified into
aerobic membrane bioreactors (AeMBRs) and anaerobic membrane
bioreactors (AnMBRs) [38–40]. In AeMBR processes, sparging the air

into the reactor not only supplies the required oxygen to the microbial
culture, but also minimizes the membrane fouling by scouring the
surface of the membrane [1]. Furthermore, aeration improves the
conditions of mass transfer and air bubbles keep the solids in suspen-
sion [1]. However, owning to its dominant advantages such as low
sludge production and low energy consumption compared with AeMBR,
AnMBR has been of great interest in recent years. MBR processes have
been extremely applied for wastewater treatment overall in the world
[1]. Applications of MBR technology for treating some special waste-
water are summarized in Table 1. It should be noted that there are a lot
of papers reporting on wastewater treatment using MBR; however, only
some sample researches are reported in Table 1. In addition, growing
interest can be seen in recent years in the field of applying enzymatic
MBR systems for production of pharmaceuticals, biofuels and food in-
gredients [1,41]. Enzymatic MBR process is the hybrid of the biocata-
lyst with membrane bioreactor in which the enzymes as a biocatalyst
are immobilized on/in the membrane through different methods such

Fig. 2. (a) Indirect ultrasonic irradiation, (b) direct ultrasonic irradiation in bath and (c) direct ultrasonic irradiation by horn (Reproduced from Asakura et al. [33]
with permission from Elsevier).

Fig. 3. Configurations of membrane bioreactor: (a) side-stream membrane bioreactor, and (b) submerged membrane bioreactor. Reprinted from Robles et al. [37]
with permission from Elsevier.
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as covalent binding, physical adsorption, ionic binding or cross-linking
[2,42,43].

3.2. Fouling of membrane in membrane bioreactor systems

In MBR processes, fouling of the membranes is known as an un-
avoidable problem which consequently results in decreasing the flux of
the permeate or increasing the trans-membrane pressure needed to
achieve a stable permeate flux during filtration process. Indeed, fouling
of membranes in MBR processes leads to an increase in operating costs.
Based on the location of the foulant, the membrane fouling can be
classified into two main groups including external fouling and internal
fouling. The deposition of the particles, macromolecules and colloids on
the surface of the membrane results in external fouling [53–57]. Gen-
erally, the external fouling is also known as fouling layer is divided into
two types including cake layer and gel layer. Cake layer results from
precipitation of retained solids on the surface of the membrane. While,
gel layer is mainly formed due to gelation of the colloidal and dissolved
matters such as biopolymer clusters and soluble microbial products on
the surface of the membrane [6,58,59]. Internal fouling results from
deposition or adsorption of solutes or particles in the internal structure
of the membrane. This kind of fouling also known as pore blocking
results in narrowing or blocking of the membrane pores [60,61].

On the other hand, based on the nature of the foulant, the mem-
brane fouling in MBR systems can be generally classified into colloidal
fouling, organic fouling, inorganic scaling and biofouling [62,63]. It
should be noted that generally a combination of the aforementioned
fouling types occurs in the MBRs. Deposition of the organic molecules
such as carbohydrate, humic acid, proteins, polysaccharides and other
organic substances onto the membrane is responsible for organic
fouling in MBRs. The source of the organic molecules causing organic
fouling can be the metabolism of microorganisms and/or feed water.
The organic matters such as soluble microbial products (SMP) and ex-
tracellular polymeric substances (EPS) produced by microorganisms are
known as the main agents of organic fouling [64–66]. Moreover, in
most cases, organic fouling can be attributed to organic-inorganic
polymers (chelating polymers) produced via interaction between the
metal cations and some functional groups of the organic materials [54].
Inorganic fouling in MBRs mainly refers to the chemical precipitation of
the inorganic crystals [4,67]. The chemical reaction of the metal cations
such as Mg2+, Ca2+, Al3+ and Fe3+ with anions such as OH−, PO4

3−,
CO3

2− and SO4
2− results in producing chemical precipitation, leading

to scaling. Biofouling in MBRs is caused by the attachment and growth
of the microorganisms on the surface of the membrane or within the
membrane pores which occurs over a long period of operation
[5,40,64,68–70]. Gradually, deposited and proliferated microorganisms
considerably lessen the MBR performance [71]. Henceforth, it is vital to
alleviate both the primary attachment of bacteria and the subsequent
growth on the membrane surface.

Based on the foulant attachment strength to the membrane, the
fouling of the membrane in MBR processes can be classified into three
main groups of reversible fouling, irreversible fouling and irrecoverable
fouling [4,59,72–75]. Loose attachment of the foulants to the mem-
brane results in reversible fouling. Formation of the cake layer on the
membrane is known as the main reason causing reversible fouling.
Physical cleaning methods e.g. backflush and intermittent filtration
(relaxation) can be applied to remove this kind of fouling. Irreversible
fouling is defined as fouling which cannot be removed by physical
cleaning methods. For removing this kind of fouling, chemical cleaning
and biological cleaning methods should be used. Strong attachment of
the foulants on the surface of the membrane and inside the pores results
in narrowing and blocking of the surface and sub-layer pores of the
membrane inducing irreversible fouling. It should be noted that the
reversible fouling can be transformed into the irreversible fouling layer
during a long-time and continuous filtration process. The third kind of
the fouling which cannot be removed through typical chemical or
physical cleaning is termed “irrecoverable fouling”. This kind of fouling
occurs via long-term operation over a number of years [6,76].

3.3. Cleaning of membrane in membrane bioreactor systems

Based on the location of the membrane module during the cleaning
process, the cleaning methods can be categorized into in-situ and ex-situ
cleaning. In in-situ cleaning, also termed as online cleaning, the mem-
brane module remains in the bioreactor during the cleaning process.
However, in ex-situ method, the cleaning of the membrane is performed
out of the bioreactor, known as cleaning out of the place or offline
cleaning.

Based on the mechanism used for removing the foulants, cleaning
methods can be categorized into four main groups of physical, che-
mical, physico-chemical and biological cleaning [6,7]. Physical
cleaning is attributed to the mechanical treatment to remove the fou-
lants from the surface of the membrane. Up till now, different physical
methods such as backflushing, relaxation, vibration, air sparge and

Table 1
Applications of MBR technology for treating some special wastewater.

Type of MBR Type of wastewater Scale Operating condition Influent Effluent Reference

AnMBR Cheese whey (Industrial wastewater) Laboratory scale HRT=1 d/4 d
Temp=37 ± 2/37 °C
MLVSS=6.4–10 g/L

COD=68.6 ± 3.3 COD=−(98.5%) [44]

AnMBR Petrochemical wastewater (Industrial
wastewater)

Laboratory scale HRT=31.5 h
Temp=37 °C
MLSS >30 g/L

COD=612 COD=19.1 (98%) [45]

AnMBR Textile wastewater (Industrial wastewater) Laboratory scale HRT=24 h
Temp=35 °C

COD=730–1100 COD=−(90%) [46]

AnMBR Municipal wastewater Laboratory scale HRT=10 h
MLSS=6.4–9.3 g/L

COD=425 ± 47 COD=51 ± 10 (88 ± 2%) [47]

AnMBR Domestic wastewater Laboratory scale HRT=6 h
MLSS=14–80 g/L
Temp=25 °C

CODt= 540 CODs=65 (88%) [48]

AnMBR Landfill leachate Laboratory scale HRT=7 d
MLVSS=3 g/L

COD=41 ± 3.14 COD=3.77 ± 0.34
(90.7 ± 1.1%)

[49]

AeMBR Cosmetic industry wastewater Pilot scale HRT=3.5 d
Temp=15–29 °C

COD=13.57 COD=−83.73% [50]

AeMBR Acrylonitrile butadiene styrene (ABS) resin
wastewater

Laboratory scale HRT=18 h 3380 ± 50 270 ± 20 [51]

AeMBR Textile wastewater Laboratory scale HRT=1.7–4 d
Temp=32–34 °C

1380–6033 177–720 [52]
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ultrasonication have been developed for cleaning the membrane
[6,7,77]. Among the aforementioned physical methods, backflushing
and relaxation have been widely applied in industrial MBR systems for
cleaning and regeneration of membranes [78]. Chemical cleaning refers
to methods applying chemical agents such as acids (phosphoric acid
and nitric acid), alkalines (hydroxides, phosphates and carbonates),
oxidants (hydrogen peroxide and hypochlorite) and surface-active
agents (anionic, cationic and nonionic) to remove the foulants [7,77].
In order to enhance the effectiveness of the cleaning, physical cleaning
can be performed in the presence of chemical agents known as physico-
chemical method [79–81]. Generally, chemical cleaning seems to be an
effective method for removing the foulants. However, using a chemical
agent in the cleaning process results in the formation of chemical
compounds like organic halogen compounds as the by-product which
are in most cases harmful and toxic [82]. Moreover, chemical agents
used for cleaning can damage the structure of the membrane, resulting
in a decrease in the membrane lifetime [83]. Biological cleaning
methods use bioactive agents like enzymes to remove the foulants from
the membrane [77,84]. This cleaning method can be efficiently used for
the removal of irreversible fouling in the MBR membranes. However,
bioactive agents like enzymes are more expensive compared with
chemical agents, resulting in an increase in the overall MBR process
costs. Moreover, enzymes represent preferential and selective activity
towards the foulants owning to their intrinsic structure. Therefore, they
cannot be used as general cleaning agent for degradation and removal
of foulants. In addition, the operational conditions such as temperature,
pH, concentration of enzymes and cleaning length of time should be
controlled in the case of using enzymes as the cleaning agent; that is
because enzymes represent efficient activity in optimum operational
conditions.

Among the documented cleaning methods, ultrasonication as an
environmental-friendly, sustainable and highly efficient physical
cleaning method has received increasing attention in recent years
[16,85–90]. Application of the ultrasonic technique for cleaning the
fouled membrane used in MBR systems will be discussed in detail in the
following sections.

4. Application of ultrasonic in membrane bioreactors

The application of the ultrasonic technology in the field of MBR
systems can be mainly studied in two fields of cleaning the fouled
membrane using ultrasonic irradiation and pretreatment of the MBR
feed by ultrasound.

Cleaning of the membrane in the MBRs by using ultrasonication can
be performed at either ex-situ or in-situ. Literature review demonstrates
that ultrasonic cleaning is able to efficiently remove the cake layer from
the surface of the fouled membrane [89,91,92]. Moreover, recent re-
searches show that gel layer fouling in the MBR systems can be suc-
cessfully controlled using on-line ultrasonic irradiation [85]. Removing
the foulants from the membrane in the presence of ultrasonic irradia-
tion can be attributed to the physical phenomena occurring in hetero-
geneous solid-liquid systems [10,15]. Formation of microstreaming,
acoustic streaming, shock wave and microjets are the fundamental
physical phenomena causing foulants released during the ultrasonic
cleaning [10,15]. Microstreaming occurs in the proximity of the cavi-
tation bubbles. Indeed, oscillation in the bubble size, expansion and
contraction of the generated bubbles result in a rapid change in direc-
tion and magnitude of the liquid flow. As can be seen in Fig. 4(a), the
shrinkage of the generated bubbles during the compression cycle results
in pulling the molecules of the liquid from the surface of the membrane.
On the other hand, the expansion of the cavitation bubbles during the
expansion cycle results in pushing the molecules of the liquids towards
the membrane surface (Fig. 4(b)). The aforementioned rapid changes in
direction and magnitude of liquid flow near the surface of the mem-
brane induce shear and dragging force on the membrane surface, re-
sulting in the release of the foulant particles [10,11,15]. It should be

noted that the effective range of this physical phenomenon is around
1–100 µm (on the order of the diameter of a bubble).

Absorption of the ultrasonic energy by the liquid without cavitation
collapsing forms a fluid flow known as acoustic streaming (Fig. 5)
[10,11,15]. In other words, due to the physical force of the acoustic
waves, a driving force which results in the displacement of the mole-
cules of the liquid is produced to induce the fluid flow of the acoustic
streaming [93]. The velocity of the flow generated by acoustic
streaming phenomenon is low (~10m/s); this can be increased by
enhancing the frequency of the ultrasound and intensity of the power. It
should be noted that the acoustic streaming is formed only in a few
centimeters away from the ultrasonic transducer. When the fouled
membrane is exposed to the acoustic streaming, a unidirectional flow is
generated parallel with the surface of the membrane, which conse-
quently results in the removal the foulants from the surface of the
membrane [15].

Shock wave is another ultrasonic mechanism that helps the removal
of foulants from the surface of the membrane in the presence of ultra-
sonic irradiation. Shock waves are formed repeatedly over the com-
pression and expansion cycles. At the end of the compression cycle, the
cavitation bubbles with a minimum radius come to a sudden halt. At
this moment, the reflection of the liquid molecules which were moving
towards the bubbles during compression, results in generating shock
waves with high pressure [15,94]. Occurrence of the shock waves in the
vicinity of the membrane surface results in detaching the foulants from
the surface of the membrane.

Microjet generation can be attributed to the asymmetric collapsing
of the cavitation bubbles. Generally, the generated cavitation bubbles
keep their spherical geometry as long as the motion of the liquid vici-
nity of the bubbles stays uniform and symmetric. However, the motion
of the liquid in the vicinity of the solid phase is prevented and results in
a pressure gradient around the bubbles. The developed pressure gra-
dient results in the deformation of spherical geometry of bubbles.
Owning to the pressure gradient and consequently asymmetric geo-
metry of the bubble, the collapsing of the portion of the bubble occurs
faster than that of the rest of the bubbles and results in the formation of
microjet (Fig. 6). Owning to their high velocity, the generated microjets
play an important role in the cleaning of surface of the fouled mem-
brane (about 120–150m/s) [11,94,95]. It should be noted that in ad-
dition to the aforementioned physical phenomenon for cleaning the
fouled membrane, radicals generated during the ultrasonication can
attack the foulants, resulting in degradation of the foulants and
cleaning of the membrane [15].

In addition to cleaning of the fouled membrane, ultrasonic tech-
nology can be used for pretreatment of wastewater prior to MBR.
Generally, pretreatment of the wastewater results in controlling the
membrane fouling, and consequently enhances the membrane perfor-
mance in the MBR system. Indeed, the growth of the algal and biofilm
can be decreased in the presence of ultrasonic irradiation, resulting in a
decrease in the biofouling on the surface of the membrane [96]. In
addition, pretreatment of the wastewater using ultrasound can convert
the contaminant compounds to biodegradable intermediates which can
be treated biologically by microorganisms in the reactor of the MBR.
The application of ultrasonic technology in both cleaning membrane
and pretreatment of wastewater in the MBR systems is discussed in
detail in the following sections.

4.1. In-situ applications of ultrasound in MBR system

4.1.1. Control of membrane fouling in the MBR using online ultrasound
Fouling of the membrane in MBR systems limits their widespread

applications and increases their operational costs. Fouling control of the
membrane using online ultrasonication has attracted increasing atten-
tion in recent years. Several researchers have reported the application
of the ultrasound equipment in the reactor of MBR (in-situ) as a mem-
brane cleaning technique [85,91,97,98]. In this section, the online
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ultrasound-MBR coupled systems are studied.
Xu et al. [85] applied an AnMBR system for the digestion of sludge

under a high volatile solids (VS) at a loading rate of (3.7 gVS/L d) for
54 days. The flow diagram of used system is shown in Fig. 7. As can be
seen, online ultrasonic equipment was coupled with AnMBR system to
control the fouling of the hollow fiber membranes. The results showed
that membrane fouling was successfully controlled through direct ef-
fects on the membrane, but not through the modification of digested
broth. The dominant fouling of the membrane in this system was found
to be a cake layer. Investigating the EPS on the surface of the membrane
demonstrated that the loose cake layer was successfully detached by
ultrasound. However, the compacted cake layer with a high content of
EPS was not affected by ultrasound and remained on the surface of the
membrane. In addition, the results showed that the ultrasound had a
slight positive influence on controlling the gel layer fouling formed by
adsorption of proteins and humic compounds. However, ultrasound was
not able to significantly affect the gel layer formed by inorganic ma-
terials. Amplifying the slight effect of ultrasound on biofouling could
take place through the remedies presented in the next section.

Yu et al. [97] investigated the effect of the on-line ultrasonication
on controlling the membrane fouling in the AnMBR system. Two MBR
systems including alone MBR and MBR equipped with ultrasound were
operated more than one year. This research was performed in a 54-day
period of time (from 251th day to 304th day) with a volatile solid
loading rate (VS) of 3.7 gVS/L d and a hydraulic retention time (HRT)
of three days. In order to investigate the mechanism of the fouling, the
bacterial communities and characteristics of the extracellular polymeric
substances were studied. The obtained results indicated that on-line
ultrasound was able to control the membrane fouling by removing the
cake layer from the surface of the membrane. The amount of extra-
cellular polymeric substances in cake layer of US-AnMBR was found to
be 25.63 mgTOC/gSS, which was more than that for parallel AnMBR
system (22.77 mgTOC/gSS), responding to the ultrasonic as an external
force. Also, in this research, some bacterial populations such as Syn-
trophobacterales, Peptococcaceae and Bacteroides were identified to
contribute in the fouling of the membrane. Xu et al. [98] designed an
anaerobic membrane reactor coupled with on-line ultrasound equip-
ment for long-term digestion of waste activated sludge. The influence of
the volatile solid loading rate on the performance of the digestion and
fouling of membrane was studied in the range of 1.1–3.7 gVS/Ld, and
the optimum value of this parameter was determined to be 2.7 gVS/Ld
which resulted in volatile solid destruction of about 51.3%. The per-
formance of the MBR system with and without ultrasound equipment
was evaluated by determining the total membrane filtration resistance
(Fig. 8). High membrane filtration resistance indicates severe fouling in

Fig. 4. Sketch of microstreaming physical phenomenon (a) during compression cycle, and (b) during expansion cycle.

Fig. 5. Sketch of physical phenomenon of acoustic streaming.

Fig. 6. Sketch of microjet physical phenomenon.
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the membrane. As can be seen in Fig. 8, the membrane fouling was
effectively controlled by ultrasound, which consequently resulted in the
improvement of the operation of the MBR system.

The maximum specific methanogenic activity indicated that the
anaerobic microorganisms were not negatively affected by ultrasonic
irradiation. In addition to the control of membrane fouling, the diges-
tion performance slightly increased in the US-AnMBR hybrid system
compared with a single AnMBR; this can be attributed to the sludge
disintegration improvement in the presence of ultrasound irradiation.
Sui et al. [87] investigated the feasibility of employing on-line ultra-
sound for controlling the membrane fouling in the anaerobic membrane
bioreactor. The total filtration resistance of the membrane in the US-
AnMBR system was only 30% of that for a single MBR system, con-
firming the efficient performance of the ultrasound in controlling the
membrane fouling. The results of this research showed that by in-
creasing the concentration of sludge in the reactor, the time of the ul-
trasonic irradiation should be enhanced for efficient control of the
membrane fouling. The sonication on/off time of ultrasonic with power
intensity of 0.122W/cm2 for efficient control of the membrane fouling
was determined to be 1min/60min and 3min/50min for sludge con-
centration of 4 g/L and 6 g/L, respectively in AnMBR with a cross-flow
velocity of 0.75m/s. The ultrasonic irradiation had a slight negative

effect on the activity of the anaerobic bacteria, but the chemical oxygen
demand did not significantly decrease. At a sludge loading rate of
0.44–1.44 kgCOD/kgVSS d, the COD removal rate was found to be 85%.
Ruiz et al. [89] investigated the effect of the ultrasound frequency (20,
25, 30 and 40 kHz) on the effluent quality, membrane integrity and
performance of the process. For this purpose, four modules of hollow-
fiber polyvinylidene fluoride ultrafiltration membrane of MBR system
were equipped with four ultrasound transducer with different fre-
quencies. To clean the membranes in this research, the fouled mem-
branes were irradiated with ultrasound, with power of 15W and dif-
ferent frequencies, for 3 s every 3min and then backwashed for 1min
with 5 s of aeration. The results of the experiments showed that the
optimum control of transmembrane pressure was obtained at a fre-
quency of 20 kHz without significant negative effect on the structure of
the membrane. Formation of the cake layer on the surface of the
membrane was prevented by the irradiation of ultrasound with a fre-
quency of 20 kHz, resulting in controlling the membrane fouling and
consequently controlling the transmembrane pressure. In another re-
search, Ruiz et al. [91] investigated the performance of the membrane
bioreactors with flat-sheet microfiltration membranes. In this study,
similar to the aforementioned research, four modules of pilot-scale MBR
equipped with on-line ultrasonic transducer were applied. The effect of

Fig. 7. The flow diagram of US-AnMBR hybrid
system: (1) feed tank, (2) feed pump, (3) Anaerobic
reactor (continuous stirred tank reactor), (4) hot
water bath, (5) pump for hot water recirculation, (6)
gas collector, (7) pump for mixed liquor recircula-
tion, (8) ultrasound equipment, (9) Hollow fiber
membrane module, (10) suction pump, (11) valve,
and (12) manometer. Reprinted from Xu et al. [85]
with permission from Elsevier.

Fig. 8. Total membrane filtration resistance for AnMBR and US-An-MBR hybrid systems. Reprinted from Xu et al. [98] with permission from Elsevier.
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the ultrasound frequency (20, 25, 30 and 40 kHz) and ultrasonic power
(100, 200 300 and 400W) on the process was studied. Some parameters
such as color, viscosity, total suspended solids concentration and ef-
fluent chemical oxygen demand were not changed significantly under
the ultrasonic irradiation with different frequencies. However, turbidity
of the effluent was enhanced from 2 to 20 NTU at high ultrasound
powers (300 and 400W) and low frequency of 20 kHz, which can be
attributed to the deflocculation of the sludge under ultrasonic irradia-
tion. The presence of particles larger than the pore size of the mem-
brane in influent of ultrasonicated membranes indicted that the ultra-
sound (especially with low frequencies) could damage the structure of
the membranes, which was further proved by SEM images of the surface
of the membranes. The membrane module sonicated with frequency of
20 kHz represented stable transmembrane pressure for 70 days. Li et al.
[99] applied ultrasound to clean the fouled membrane in a submerged
membrane bioreactor. Also, on-line ultrasound equipment was applied
to control membrane fouling in the submerged membrane bioreactor. In
order to evaluate the fouling of the membranes, the transmembrane
pressure was determined. The higher transmembrane pressure in-
dicated more membrane fouling. Moreover, the effect of the ultrasound
on the quality of the effluent and concentration of sludge in the MBR
system was investigated. In this research, by increasing the trans-
membrane pressure of membrane up to 27–33 KPa, the membrane
module was taken out from the reactor of MBR system and submerged
in another reactor filled with water and equipped with ultrasonic. The
module was exposed to ultrasonic irradiation with power of 300W for
5min every 15min. Seven sets of frequency combinations including 25,
50, 90 kHz; bi-frequency of 25–50 kHz; 50–90 kHz; 25–90 kHz, and tri-
frequency of 25–50–90 kHz were studied for cleaning of the mem-
branes. After determining the optimum operating frequency of the ul-
trasound, the influence of ultrasonic irradiation time, interval time and
ultrasonic power on the membrane cleaning was explored. During the
three-minute operating conditions for ultrasonic irradiation, frequency
of 50 kHz, or bi-frequency of 25–50 kHz, or tri-frequency of
25–50–90 kHz and ultrasonic power of 200W or 300W, relatively low
transmembrane pressure was obtained, indicating low membrane
fouling. High COD removal was obtained for both on-line US-MBR and
single MBR systems proved that the ultrasonic irradiation did not have
a negative effect on the quality of the effluent and properties of the
activated sludge. The experimental results showed that the sludge
concentration was low for a MBR system with on-line ultrasound
compared with single MBR, resulting in the slowdown of the fouling of
the membrane.

Pengzhe et al. [88] used online ultrasound to control the membrane
fouling in an anaerobic membrane bioreactor. The aim of this research
was to investigate the feasible ultrasonic parameters through short-term
running experiments. The results showed that with crossflow velocity
greater than 1m/s, the membrane fouling can be efficiently controlled
by hydrodynamic methods (without ultrasound). However, the total
filtration resistance increased gradually when the cross-flow velocity
was lower than 1m/s. The rate of membrane fouling was determined
8.33×106 and 3×107 m−1 s−1 for the cross-flow velocity of 0.75 and
0.5 m/s, respectively. The results of the experiments revealed that by
enhancing the power of the ultrasound, the membrane fouling rate
decreased. The total filtration resistance maintained at about 5× 1011

m−1 for more than one week by using online ultrasound with power of
150W (irradiated 2min per 15min) and with a cross-flow rate of
0.75m/s. Xu et al. [86] applied an anaerobic membrane bioreactor for
digesting the waste activated sludge. On-line ultrasonic equipment was
employed to control the fouling of the membrane. The effect of the
ultrasound irradiation and power intensity of the ultrasonic equipment
was investigated on the fouling of the membrane. The optimum values
for ultrasonic irradiation and power intensity of the ultrasound for ef-
ficient control of membrane fouling with no membrane damage was
determined as 3min/h and 0.18W/cm2, respectively. The results con-
firmed that the ultrasound was able to control the membrane fouling by

controlling the formation of cake layer on the surface of the membrane
as the dominant fouling in the AnMBR system studied. However, the
ultrasonic irradiation did not have significant effect on the control of
inorganic and organic fouling.

Abdurahman and Azhari [8] investigated the treatment of the Palm
oil Mill effluent by an ultrasonic-side-stream anaerobic membrane
bioreactor hybrid system. In this research, several 25 kHz multi-fre-
quency ultrasonic transducers were applied to control the membrane
fouling. The influence of the organic loading rate (OLR) on the per-
formance of the ultrasound-AnMBR hybrid system was studied by de-
termining the methane gas contents, COD removal efficiency, and
parameters of the effluent (e.g. concentration of phenol, stability of pH,
suspended solids and volatile fatty acids). At an organic loading rate of
0.5 kg/m3.d and hydraulic retention time of 16 days, the highest COD
removal of 98.7% was obtained for the treated wastewater. In addition,
the results of the experiments showed that production of volatile fatty
acid and methane increased with an increase in the organic loading
rate. The highest content of the volatile fatty acid (1480mg/L) and
maximum gas production (580 L/d) were achieved at an organic
loading of 15 kg COD/m3.d. The experimental studies showed that 77%
of the produced biogas consisted of methane. This high degree of me-
thanization confirmed that a large percent of the organic compounds
presented in the wastewater either in soluble or suspended form could
be successfully depredated in the reactor of an AnMBR system. Owning
to the development of palm oil industries worldwide, different methods
for treating the wastewater of these industries have been investigated
by different research groups. In another research, Shafie et al. [100]
studied the palm oil industry wastewater by the side-stream AnMBR
system. In this research, on-line ultrasound equipped with the module
of the membrane was applied for controlling the membrane fouling and
increasing the COD removal efficiency. A hydraulic retention time of
11 days was determined as an optimum value for US-AnMBR system.
Sonication performed for 2 h resulted in high COD removal efficiency of
98.75% and high methane gas production of 32.595mL. In another
research, the effect of the on-line ultrasound irradiation on the fouling
of the membrane in an AnMBR system was investigated by Wen et al.
[16]. In this research, a side-stream kind of the AnMBR was applied,
and the membrane module was equipped with ultrasonic transducer.
The results of this research indicated that although the irradiation of
the ultrasound can control the membrane fouling, damage to membrane
can take place under some operational conditions. Chemical reactions
between the membrane and generated hydroxyl radicals and also col-
lision of micro-particles with the surface of the membrane were known
as the main damaging mechanisms of the membrane under ultrasonic
irradiation. It should be noted that the mentioned mechanisms are not
only responsible for membrane damage, but they also play an important
role in the control of membrane fouling. Therefore, in order to control
the membrane fouling without damaging the membrane, ultrasound
intensity and ultrasonic irradiation time should be optimized. In addi-
tion, the results indicated that maintaining a certain thickness of the
cake layer on the membrane surface can efficiently protect the mem-
brane from damage under the ultrasonic irradiation. To examine the
US-AnMBR hybrid system with crossflow velocity of 0.75m/s, sludge
concentration of 8 g/L, and influent COD of 1500mg/L, the optimum
values for ultrasonic power intensity and ultrasonic irradiation time
were obtained as 0.122W/cm2 and 5min/60min, respectively, re-
sulting in an effective membrane fouling control without any mem-
brane damage over a one-week operation.

As reported, the on-line ultrasound equipment has been mainly used
to control membrane fouling. However, the effect of the on-line ultra-
sonic irradiation on the removal of the organic pollutants in the MBR
system was investigated by Liu et al. [101]. The results indicated that
the biological activity was significantly enhanced in the presence of
ultrasound equipment with power of 10W. The possible improvement
mechanisms of biological activity were proposed as a) the cavitation
phenomenon in ultrasonic accelerates the mass transfer by moving the
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particles in a liquid, resulting in acceleration of the entrance of sub-
strate in the active part of enzymes and exit of the products; b) in the
presence of slight intensity ultrasound irradiation, the production of
extracellular enzymes can be increased, resulting in the degradation
enhancement of organic compounds; c) ultrasound can cause mutation
in the microorganisms. Inducing enzymes may efficiently treat the
wastewater. The experimental results of the research showed that the
influence of ultrasound remained for 24 h, so the time interval for ul-
trasonic irradiation was set at 24 h.

4.1.2. Control of membrane fouling in MBR using online ultrasound hybrid
ultrasound

Jia et al. [102] introduced a novel wastewater treatment system that
integrated catalytic ultrasound oxidation (CUO) with membrane bior-
eactor. The developed CUO-MBR hybrid system was applied to the
advanced treatment of biologically pretreated coal gasification waste-
water as a real wastewater. The results of the research showed that
coupling of the ultrasonic irradiation with catalytic oxidation resulted
in improving the total organic carbon (TOC) elimination and biode-
gradability of the wastewater. In this research, effect of different cata-
lysts including FeOx/SBAC and MnOx/SBAC on the fouling mitigation
of membrane and removal of TOC, BOD5 and COD were investigated in
the CUO-MBR hybrid system (SBAC refers to sewage sludge-based ac-
tivated carbon). According to the results obtained, CUO-MBR system
represented optimum performance (low membrane fouling and high
removal of TOC, BOD5 and COD) in the presence of 2 g/L of FeOx/SBAC
as the catalyst with a ultrasonic frequency of 60 kHz;; energy intensity
of 1.6W/L; and ultrasonic irradiation time of 20min.

One of the approaches to control biofouling is the employment of
anti-adhesion nanomaterials via blending/coating/grafting [81]. Bac-
teriophage treatment of nanocomposite membrane combination miti-
gates antibiotic-resistant bacteria and biofouling in MBR systems [103].
Hybrid application of sonication on/off time of ultrasonic (~0.1W/
cm2; 1min/60min) together with nanocomposite membranes which
are resistant to protein adsorption and bacterial adhesion will con-
siderably increase the membrane life [104]. Ultrasonic reflectometry
was also used as a real-time detector of biofilm. The reflected time and
amplitude of sound waves were compiled into frequency distributions.
Since this data is based on earliest interactions between foulants and
membrane materials [64], the combination of ultrasonic reflectometry
and quorum sensing quenching can avert cake sludge and conditioning
film formation in MBR [105,106].

4.2. Ex-situ applications of ultrasound in the MBR system

4.2.1. Ex-situ cleaning of membrane using ultrasound
Pendashteh et al. [92] used an ex-situ ultrasound process for

cleaning the membrane of MBR system, which was applied for treat-
ment of synthetic hypersaline oily wastewater. To clean the fouled
membranes after 32 days of operation, the fouled membranes were
taken out from the module and a plastic sheet was used to physically
remove the cake from the surface of the membrane. Then, the mem-
branes were exposed to NaOH solution with pH of 11 for 24 h to desorb
the remaining foulants. Finally, the membranes were exposed to ul-
trasound irradiation for 15min in an ultrasonic bath with a frequency
of 45 kHz and temperature of 30 °C. The Fourier transform infrared (FT-
IR) analysis indicated that the formation of the fouling layer can be
attributed to the deposition of extracellular polymeric substances (in-
cluding organic and inorganic compounds such as proteins, poly-
saccharides, etc.), hydrocarbon matters and inorganic compounds. Ac-
cording to the AFM images of the fouled membranes, the dominant
mechanism of the membrane fouling in this research was found to be
surface coverage of the membrane by foulants. In addition, the SEM
images of the fouled membrane surface (Fig. 9) indicated that the
clusters of the bacteria with the shape of a rode contributed to the
formation of the cake layer on the surface of the membrane.

The results of the ICP and EDX analyses indicated that the Na, Fe, K,
Al, Mg and Ca were the major metal elements in the cake layer. It was
concluded that sonication can efficiently remove the cake layer from
the surface of the membrane resulting in recovering the permeation flux
for a long time.

Staphylococcus warneri, Pseudomonas vesicularis and Acinetobacter
calcoaceticus were removed via ultrasonic treatment after two and a half
minutes whether being dead or alive [107]. Critical power density for
loosely and tightly bound extracellular polymeric substance extraction
was 35 and 65W/10mL, respectively [9]. In membrane autopsy, bio-
cake on the membrane could be removed by physical cleaning and
subsequent ultrasonic cleaning (35–65 KHz) [108]. As formerly men-
tioned, the various ultrasound-assisted mechanisms proposed aimed at
membrane cleaning micro-streamers [106], micro-jet [109], acoustic
streaming[110], micro-streaming (Fig. 4), and acoustic energy ab-
sorption (fluid flow) [11] which could be used in membrane autopsy as
well [111].

4.2.2. Pretreatment of wastewater using ultrasound prior to MBR
In the MBRs, wastewater treatment using activated sludge results in

the production of considerable amount of sludge, which is one of the
challenging problems of these systems. The produced excess sludge
should be wasted in a proper way, which increases the operational costs
of the process.

Ultrasonic treatment of activated sludge causes cell lysis, floc dis-
integration and inactivation (see Fig. 10). Ultrasonic pretreatment is
normally performed at 9–41 kHz (mostly at 20 kHz) for several seconds
to 2.5 h (usually< 1 h) with an improved volatile solid removal of
9–36% and enhanced CH4/biogas production of 24–138% [112]. It was
reported that ultrasonic pretreatment was only able to increase the
degradation rate of the sludge and had no influence on the sludge de-
gradation amount [113].

Yoon et al. [114] used an ex-situ ultrasonic cell to prevent the excess
production of sludge in the MBR system. Submerged hollow fiber
membranes with a surface area of 0.2m2 and a pore size of 0.1 µm were
used in their system. A schematic diagram of the experimental set-up is
represented in Fig. 11. As shown, two MBR systems were used: MBR-
ultrasonic hybrid system and single MBR system. The MBR system
without ultrasonic probe acts as a control system to identify the per-
formance of the ultrasonic-MBR hybrid system in preventing the pro-
duction of excess sludge. In this system, the produced sludge was
pumped to a beaker equipped with an ultrasonic probe with power of
600W and a frequency of 20 kHz. Then, the ultrasonicated sludge was
returned to the MBR reactor. The results show that the mixed liquor
suspended solid (MLSS) of the ultrasonic-MBR hybrid system remained
nearly constant in the range of 7000–8000mg/L. However, the quantity
of the MLSS for a single MBR system increased from 7000mg/L to
13700mg/L during the experiment time. These results demonstrate
that the applied ultrasonic-MBR system at an organic loading of ap-
proximately 0.91 kg BOD5/m3 day was able to successfully prevent the
excess sludge production. Although the production of excess sludge was
hindered in the ultrasonic-MBR system, the quality of the effluent got a
little worse which can be attributed to the return of disintegrated sludge
to the MBR. Moreover, a reduction in the average particle size of sludge
(from 132 to 92 µm) was observed in the presence of ultrasonic irra-
diation. In addition, as a drawback of this coupling system, none of
insoluble inorganic particles can permeate across the membrane. Con-
sequently, accumulation of insoluble inorganic materials could be the
main problem for zero sludge production.

In another research, the effect of the ultrasonic irradiation on the
liquor properties of the activated sludge was studied by Wu et al. [115].
The samples of activated sludge for experiments were picked up from a
full-scale membrane bioreactor applied for municipal wastewater
treatment. The concentration of volatile suspended solids (VSS) and the
concentration range of mixed liquor suspended solids of the activated
sludge gathered was 6 and 10–12 g/L, respectively. The activated
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sludge samples gathered were exposed to ultrasound in a cylindrical
Plexiglas reactor with different power levels (in the range of
40–300W). In order to investigate the effect of the ultrasound irra-
diation on the activated sludge, operational parameters such as pH,
temperature, concentration of released soluble organic matter, particle
size distribution and heterotrophic bacteria activity were determined
periodically. The results showed that the width of particle size dis-
tribution increased by enhancing the ultrasonic intensity up to 2 kJ/mL
and then decreased; while, the released soluble organic matter in-
creased by enhancing the ultrasonic intensity. Furthermore, the results
of the experiments showed that less than 10% of the ultrasonic energy
was converted to heat, and the pH remained above 7 under the ultra-
sonic irradiation with an intensity up to 2.5 kJ/mL. Moreover, the
biodegradability of the activated sludge increased when treating with
ultrasound. Prado et al. [116] used a combination of ozonation and
ultrasound (O3-US hybrid) as shown in Fig. 12(a) for the pretreatment
of wastewater prior to the submerged MBR. The experimental set up of
the submerged MBR used is represented in Fig. 12(b). In order to
evaluate the performance of the O3-US hybrid pretreatment system, the
removal of carbamazepine (CBZ), diclofenac (DCF) and sulfamethox-
azole (SMX) as the sample of pharmaceutical compounds was in-
vestigated. Moreover, the fouling of the membrane in the MBR system
and toxicity potential of the MBR influent was studied. As can be seen in
Fig. 12(c), pretreatment of the wastewater by O3-US hybrid system
decreased the membrane fouling which can be mainly ascribed to the
effect of the pretreatment on the products of the microbial metabolism.
The decomposition of the organic compounds (feeding of the micro-
organisms into the MBR reactor) was increased by being exposed to O3-
US hybrid process, resulting in a decrease in the growth of the micro-
organisms which are responsible for the production of extracellular
polymeric substance. Therefore, the concentration of the extracellular
polymeric substance showed a reduction of 50% by pretreatment pro-
cess. Although the removal of the sample pharmaceutical compounds
was enhanced by pretreatment of the wastewater (Fig. 12(d)), the
toxicity of the wastewater was not decreased. This can be attributed to

the generation of intermediate products during the O3-US process
which are more toxic than the primary substances. However, the toxi-
city potential of the wastewater decreased (about 60%) after treatment
in the MBR system. The results of this research demonstrated that
coupling of the MBRs with an ultrasound-based pretreatment system
provides a promising method for the treatment of the wastewater.

Joshi and Parker [117] investigated the pretreatment of waste ac-
tivated sludge using ultrasound and hydrogen peroxide before digesting
in a submerged anaerobic membrane bioreactor. Their experimental
results indicated that by employing hydrogen peroxide with a dose of
50 g/kg TS and sonication for 60min, solubilization of the chemical
oxygen demand increased by about 40%. In order to investigate the
effect of the chemical oxygen demand solubilization increment on the
biodegradability of the sludge, raw and pretreated waste activated
sludge were fed into the AnMBR system. The obtained results showed
that the biodegradable fraction of the sludge increased by being pre-
treated with hydrogen peroxide and ultrasound irradiation, which
consequently reduced the solids concentration of waste stream and
bioreactor.

5. Future perspectives

In spite of the recent advances in the field of application of ultra-
sonic technology in MBR systems, there is a significant potential for
future development. In order to investigate the effect of different op-
erational parameters and reduce the cost of experimental tests, sys-
tematic studies involving experimental design and modeling of ultra-
sound-MBR processes are proposed to be considered in future studies.
The current review demonstrates that most of the researches have re-
ported the application of ultrasonic technology in MBR systems on the
laboratory scale. Therefore, further research is needed to investigate the
ultrasound application feasibility on industrial scale. It demonstrates
that nanocomposite membranes in ultrasound-MBR coupled systems
have not been studied in details. Therefore, the effect of the presence of
ultrasound-active inorganic nanoparticles in the matrix of the

Fig. 9. Surface SEM images of a) fresh membrane, b) fouled membrane, and c) clusters of bacteria on the surface of the fouled membrane. Reprinted from Pendashteh
et al. [92] with permission from Elsevier.
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membrane used in MBR systems can be investigated in future re-
searches. Ultrasound-active nanoparticles, i.e. ZnO, TiO2, etc. can
produce hydroxyl radicals in the presence of ultrasonic irradiation.
Generated hydroxyl radicals can degrade the foulants adsorbed on the
surface of the membrane or captured in pores of the membrane, which
consequently results in controlling the membrane fouling. High energy
consumption of the ultrasonic transducers limits the application of

ultrasound-MBR systems on a full scale. Some further researches are
needed on the hybrid methods with low energy consumption for im-
proving the application of ultrasonic technology in full-scale MBR
systems.

Fig. 10. Ultrasonic treatment of activated sludge.

Fig. 11. A schematic diagram of MBR system coupled with ultrasound and single MBR system. Reprinted from Yoon et al. [114] with permission from Elsevier.
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6. Conclusion

In this paper, applications of ultrasonic technique in the membrane
bioreactor systems were reviewed. Fouling of the membrane is known
as the main challenge in both side-stream and submerged MBR systems
which decreases the flux of the permeate or increases the transmem-
brane pressure needed to achieve a stable permeate flux during filtra-
tion process, which consequently increases the operating costs. In re-
cent years, ultrasonic technique as a promising method for efficient
cleaning of the fouled membrane in the MBR systems has received great
attention. Ultrasonic irradiation can clean the fouled membranes by
producing important physical phenomena including microjets, micro-
streams and shock waves. Indeed, the particles can be released from the
fouled membrane by the aforementioned physical phenomena and/or

by producing hydroxyl radicals in a heterogeneous liquid-solid system.
The ultrasonic can be performed either in-situ (online) or ex-situ (off-
line) for cleaning the membrane in the MBR systems. Moreover, the
ultrasonic method can be combined with other cleaning methods, i.e.
chemical cleaning and backwashing to improve the cleaning efficiency.
Research review indicates that using on-line ultrasonic irradiation can
efficiently control the membrane fouling in the MBR systems by con-
trolling the generation of the cake layer on the surface of the mem-
brane. Moreover, the ultrasound can be applied to the MBR systems to
prevent the excess production of the sludge. Results show that pre-
treatment of the sludge by ultrasonication can improve the biode-
gradability of the sludge and enhance the production of biogas in
AnMBR systems. In addition, pretreatment of the wastewater decreases
the membrane fouling in the MBR systems. Also, effective membrane

Fig. 12. a) Schematic representation of O3/ultrasound hybrid pretreatment experimental set up, b) schematic diagram of the submerged MBR experimental set up, c)
trans-membrane pressure over time with and without hybrid pretreatment, and d) removal efficiency of pharmaceutical compounds using different processes.
Reprinted from Prado et al. [116] with permission from Elsevier.
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performance was detected in the AnMBR operation. The membrane
fouling did not grow during the operation period in spite of the high
solids concentrations in the AnMBR. The current review demonstrates
that most of the researches have reported the application of ultrasonic
technology in MBR systems on laboratory scale. Therefore, further re-
search is needed to investigate the ultrasound application feasibility on
industrial scale. High energy consumption of ultrasound equipment
limits their application in a full-scale reactor, so development of eco-
nomical and effective hybrid methods with low energy consumption
would further improve the application of ultrasonic technology in full-
scale MBR systems for controlling the membrane fouling and improving
the wastewater treatment efficiency.
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