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AbstractOne of the most critical issues encountered in membrane-based separation processes is permeate flux
decline in a system operating for a long period. The particles in the feed solution tend to foul the membrane surface or
membrane pores, which results in pore blocking and/or cake formation on the surface. In this regard, the use of mem-
brane cleaning techniques for the membrane flux restoration has gained more attention. Ultrasonic (US) irradiation is
an alternative technique applied to the feed solution passing across the membrane surface to either prevent the fouling
formation (fouling control) or dislodge the foulants (surface cleaning). Ultrasonic cleaning mechanisms are based on
sound waves travelling through the liquid, which leads to physical and chemical effects. This cleaning technique is an
environmentally friendly process in which no chemical or biological agents are used. This article briefly reviews differ-
ent types of fouling and classes of foulants, fouling evolution mechanisms, mathematical modelling of fouling, surface
cleaning and fouling control strategies, with the emphasis on ultrasound-assisted fouling control process as an innova-
tive cleaning method. The effect of the operational parameters on the performance of the US-assisted filtration pro-
cesses, highlights, challenges, and future outlook of US cleaning will be discussed.
Keywords: Fouling Control, Membrane Cleaning, Fouling Modelling, Ultrasound Irradiation

INTRODUCTION

Water scarcity, especially freshwater depletion, is one of the most
severe and imminent problems around the world. In this regard,
wastewater treatment processes have gained increasing attention to
alleviate the water shortage concern. Membrane-based processes are
one of the leading technologies applied to industries in response to
the wastewater reclamation and clean reusable water production [1].

There is much interest in membrane technology as a separa-
tion process because of its high efficiency and very minor harmful
impact on the environment [2]. Despite these advantages, mem-
brane fouling is the major drawback in membrane-based processes,
which could stop the permeate flow [3]. Membrane fouling occurs
due to the solute accumulation and particulate precipitation on the
membrane surface along with their deposition within the mem-
brane pores, which consequently increases the membrane resis-
tance and reduces the permeation [4]. Furthermore, fouling for-
mation has an adverse effect on the membrane performance by
cutting down the membrane lifetime and increasing the cost of
the treatment process due to the frequent physical and chemical
cleaning required to remove the foulants [5]. The membrane foul-
ing diversity, as well as its severity, depends on several factors includ-
ing membrane characteristics, solution properties and operational
parameters [6].

Membrane replacement cost is an important factor in a long-
term filtration process. Therefore, several processes and technolo-

gies have been introduced to control fouling in industrial mem-
brane applications. Membrane cleaning technologies are chosen
based on the fouling type and the membrane properties in order
to obtain high fouling removal and flux restoration. Pretreatment,
chemical cleaning, electrochemical, advanced oxidation, backflush-
ing, pulsing mode, vibration, air sparging and electrical field are
some of the commonly used cleaning processes [5,7,8]. Interestingly,
during the past two decades the number of studies on membrane
fouling and its cleaning process has been remarkably increasing.

The most significant disadvantage, which is responsible for the
efficiency decline of the membrane process, is that the abovemen-
tioned cleaning methods can rarely be carried out concurrently with
the membrane’s continual process; thus, the membrane filtration
process is required to be stopped for membrane cleaning. There-
fore, the ultrasound (US) technique has been recommended and
adopted as an innovative approach [7,9]. The US transducers are
placed at the membrane module and the US irradiation is per-
formed simultaneously with the filtration process. Ultrasound clean-
ing is a promising physical method in which foulants are removed
and the permeation is improved notably [9,10]. Furthermore, chemi-
cal or biological agents are not required in the US application to
improve the membrane performance, representing the environmen-
tally friendly aspect of the US-assisted application. Ultrasound mech-
anism is based on wave propagation generating mechanical power
and leading to mechanical movement through the medium because
of microbubbles formation (cavitation) at a sufficiently high power
[8,11,12].

Micro-jet, micro-streamers, micro-streaming, acoustic stream-
ing, and shock wave effects are also produced during the ultrasonic
cavitation, which leads to the particle detachment from the mem-
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brane surface and the decline in the concentration polarization and
the cake layer formation. As the US power intensity increases, the
collapse of microbubbles occurs violently and releases a substan-
tial amount of energy due to the rapid changes in pressure around
microbubbles. Afterwards, the generated energy from ultrasonic
cavitation is able to remove the cake layer from the membrane
surface and reduce the interaction between foulants and the mem-
brane surface or even the membrane pores [1,8,11,13,14]. Although
the application of ultrasound is effective for membrane fouling con-
trol, particle aggregation may occur under the ultrasound irradia-
tion without cavitation bubble formation [11].

Ultrasound irradiation is a viable fouling control and cleaning
process that has received much attention in recent years. Some
researchers have employed the combination of membrane technol-
ogy and US irradiation for wastewater treatment processes. The
effects of operational parameters, such as frequency, power inten-
sity, particle characteristics in feed solutions, membrane proper-
ties, and process mode were investigated [1,3,6,15]. The results of
those studies indicated that high-efficiency membrane fouling con-
trol occurred at low US frequency and high power intensity [7,13,
14,16,17]. Furthermore, distinctive fouling removal efficiency was
obtained for ultrafiltration and microfiltration membranes with
US transducers installed at different positions [5,10]. However, US
irradiation may result in membrane damage in some cases.

The present review article includes an introduction to membrane
fouling, effective parameters on foulant deposition, fouling control,
and membrane cleaning techniques. Modelling of membrane foul-
ing is also presented so to reach a quantitative determination of
membrane fouling determination and elucidate a suitable mecha-
nistic model for the prediction of filtration performance (especially,
prediction of permeate flux). The main goal of this review paper is
to investigate the influence of ultrasound irradiation on membrane
fouling removal, raise the highlights and challenges of using this
method, and finally, present the outlook for ultrasound-assisted fil-
tration processes in wastewater treatment industries.

MEMBRANE FOULING

Wastewater streams contain various types of contamination such
as microorganisms, organic pollutants, inorganic salts and parti-
cles. Membrane-based processes are a promising technology due

to their capability for the particulate matter removal [18]. A favor-
able membrane treatment process leads to a high rejection as well
as a high permeate rate. However, the accumulation of solutes on
the membrane surface (external fouling) and their deposition in
the membrane pores (internal fouling) cause membrane fouling
and decay in permeate flux rate. Membrane fouling is a complex
physicochemical phenomenon involving the combination of sev-
eral mechanisms acting synergistically [18]. Fouling characteriza-
tion and effective parameters on membrane fouling are elaborated
as follows.
1. Fouling Characterization

Fouling is an unavoidable phenomenon during the separation
process of low molecular-weight or macromolecule contaminants
in various types of membrane-based processes. This phenomenon
can occur at both the membrane surface and the membrane pores,
by sieving and adsorption. The retained particles accumulate on
the membrane surface and result in cake formation, which is known
as external fouling. The retained contaminants in the mass trans-
fer boundary region cannot diffuse back to the feed solution; there-
fore, a concentration polarization is formed on the top surface of
the membrane, which leads to a reduction in the permeate flux by
increasing the transmembrane pressure (TMP). In the sieving mech-
anism, particles larger than the membrane pore size amass over
the pores and make a complete blocking [2,4,6,18-21].

Another primary fouling formation mechanism is adsorption,
which is the result of intermolecular interaction between materi-
als. Substances with particle size smaller than the membrane pores
enter the pores and are adsorbed to the pore wall, and hence, over
time, create pore-blockage. The particle adsorption causes the mem-
brane pore size reduction and the membrane flux decline. This
occurs immediately after starting the separation process with a
fresh membrane without any solute on its surface. The pore block-
age mechanism is considered as an internal fouling, which signifi-
cantly depends on the particle properties and the membrane material
chemistry. The interaction between solutes and the membrane sur-
face involves weak van der Waals forces, electrostatic attraction,
and chemical bonding [6,18,22]. The diagrams of sieving, adsorp-
tion and cake formation mechanism are depicted in Fig. 1.

External fouling, which occurs due to the deposition of rejected
contaminants, is generally considered as reversible fouling. How-
ever, both the standard pore blockage and adhesive fouling layer

Fig. 1. Schematic diagram of filtration mechanisms and cake formation: (a) sieving, (b) adsorption, (c) cake formation [21].
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on the top surface of the membrane are irreversible fouling. Revers-
ible and irreversible fouling are distinguished by their resistance
towards the cleaning processes. Reversible fouling is easily removed
by a physical cleaning process, like membrane washing, while irre-
versible fouling is more challenging, and it remains on the mem-
brane surface after the physical cleaning process. Irreversible fouling
can be removed by chemical cleaning.

The change in the membrane resistance to the permeate stream
depends on the type of fouling. The resistance gets larger by stan-
dard pore-blocking (Rp); however, it is further increased by cake
formation (Rc) due to an additional resistance being incurred to
the filtration system [23]. The permeate rate is inversely propor-
tional to the overall membrane resistance. Aside from all fouling
formation mechanisms, concentration polarization is another phe-
nomenon that increases the overall resistance over the membrane
(Rcp). Solute accumulation and high concentration near the bound-
ary of the solid membrane and the effluent render the polariza-
tion. This phenomenon causes a higher osmotic pressure, a lower
rejection, and a permeate rate decline as well as a potential enhance-
ment of membrane fouling. Concentration polarization is a revers-
ible phenomenon that is easily influenced by the flow velocity [21].
Fig. 2 presents all the major resistances in a porous membrane. Rm

describes the inherent membrane resistance.
2. Effective Parameters on Membrane Fouling
2-1. Foulants

The type of contaminant in the feed stream is one of the most
important factors playing a prominent role in fouling phenome-
non [4]. For instance, in the food industry, organic materials (either
soluble or colloidal) such as lipids (fats, oils, and waxes), macromol-
ecules (proteins, carbohydrate, humic acid, and polysaccharides)
and antifoam agents represent a challenging problem in membrane
filtration processes [4,22]. Macromolecules and fatty acids, which
form the oils and fats, are ubiquitous in the waste streams of the
food industry. As soon as the feed stream reaches the solid surface,
the interaction between the functional groups of the macromole-
cules and the membrane surface results in cake layer formation
[6]. In addition, pore blockage also occurs due to the small size of
the fatty acids and their adsorption in membrane pores [25]. Aside
from the organic compounds, the presence of soluble mineral salts,
such as calcium sulfate, calcium carbonate, calcium phosphate, mag-

nesium salts, silica, metal hydroxides, can also result in fouling for-
mation. Fouling formation was found inevitable in nanofiltration
(NF), reverse osmosis (RO), and membrane distillation (MD) ap-
plications which are mainly employed for the inorganic solute rejec-
tion [4,26].

Reversibility of the fouling layers relies upon the type of solute
in aqueous solutions. Li et al. [27] studied the fouling mechanism
in a nanofiltration membrane. They used humic acid as a foulant
and observed an adhesive force between the fouling layer and the
membrane surface, which resulted in an irreversible fouling layer;
chemical cleaning was required for fouling mitigation. Mi and
Elimelech [28] used sodium alginate (a polysaccharide) as an organic
model foulant in a forward osmosis process. The results of their
study indicated that the flux recovery was almost 98% after rins-
ing the fouled membrane with water without application of any
chemical reagent. The fouling reversibility of an organic mixture
was investigated by Katsoufidou et al. [29] A feed containing humic
acids and sodium alginate was used in a UF treatment process. The
interaction between the compounds was studied, and the fouling
formation of the two individual foulants was compared. The foul-
ing behavior by the mixture was dependent on the foulant propor-
tion. However, the fouling behavior of the mixture was somewhat
similar to the sodium alginate scaling, even at a low concentration
of this component. Industrial wastewater may contain mixed fou-
lants; accordingly, Choi et al. [30] focused on calcium sulfate (CaSO4)
as a common inorganic scalant and silica (SiO2) as a colloidal par-
ticulate in a forward osmosis (FO) system. Their study indicated
that the cake layer formation by CaSO4 precipitation was fully revers-
ible. The researchers underscored that the size of the suspended
colloids ranges from a few nanometers to few micrometers, and it
was almost impossible to separate all colloids smaller than a few
hundred nanometers. The result of colloidal fouling was entirely
different. The suspended colloids were negatively charged in the
neutral pH range and agglomerated on the membrane surface or
within the membrane pores due to the presence of opposite charge
in the environment. Colloidal fouling was found as irreversible
fouling, which required more complicated cleaning processes for
the membrane flux recovery.

Membrane fouling also seems to be a critical problem in mem-
brane-based biological processes. Microbial cells and their growth
may result in an adhesive fouling layer on membrane surface (bio-
film) [18,22,31]. Microbial cells in aqueous solutions produce bio-
polymers such as extracellular polymeric substances (EPS) and
soluble microbial products (SMP). The biopolymeric compounds
are composed of proteins, lipids, and polysaccharides which pro-
vide a favorable condition for microbial growth and further micro-
bial aggregation [2,4]. Qu et al. [32] investigated the biofilm for-
mation on the UF membrane, by means of the cyanobacterial cells,
extracellular organic matter, and their combination. They reported
that the cyanobacterial cell aggregation led to both reversible and
irreversible fouling. The extracellular organic matter caused adhe-
sive and irreversible fouling layer, and the combination of the bio-
foulants brought about a remarkable flux decline as a result of
more pore blockage and a dense cake layer. Lim and Bai [33] investi-
gated the effect of activated sludge on membrane fouling and flux
decline. A microfiltration (MF) module was employed in an acti-

Fig. 2. The major resistances of porous membrane to the permeate
stream in a cross-flow filtration [24].
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vated sludge bioreactor, and the fouling mechanisms on the MF
membrane were studied. Their observation demonstrated that foul-
ing occurred both on the membrane surface and inside the mem-
brane pores. The slough attached cake layer could be removed by
water backwashing or sonication while the irreversible biofilm on
the surface of the membrane and within the membrane pores was
removed by a combination of cleaning processes, including water
backwashing, sonication and chemical cleaning. Similar observa-
tions were reported by several researchers [19,22,34-36].
2-2. Feed Solution Chemistry

Fouling formation depends on the solution chemistry (pH and
ionic strength) due to the different characteristics of the foulant at
varied levels of pH and ionic strength. Altering the pH level influ-
ences the surface charge of the contaminants as well as their accu-
mulation. The ionic strength, which is directly proportional to the
solution conductivity, affects the membrane surface charge, electri-
cal double layer (EDL), and hydrodynamic radius of the foulant.
The hydrodynamic radius of the foulant can be reduced and that
enables the pore blockage as a result of a high ionic strength [6,
45,46]. Fouling formation intensifies around the isoelectric point
(point of zero charge) of the foulants and the membrane since the
electrostatic repulsion force between the foulants and the mem-
brane is decreased. The effect of ionic strength and pH on fouling
relies upon the type of the foulant and its concentration in solu-
tion as well as the chemistry of the membrane surface (hydrophilic
or hydrophobic).

Abdelrasoul et al. [47] studied the pH influence on fouling for-
mation of latex solution. A polycarbonate membrane was used in
ultrafiltration of a latex paint solution. According to the reported
results, ionic strength increased as the pH of the solution was raised
from 7 to 14. Fouling attachment also was weakened significantly
with increases in the solution pH from 7 to 12 since the zeta poten-
tial of particles and the membrane became increasingly negative,
which in turn reduced electrostatic attraction both between parti-
cle-to-particle and particle-to-membrane. Therefore, increasing the
pH value resulted in an enhancement of the membrane hydro-
philicity and a significant reduction in particle aggregation, which
consequently enhanced the membrane flux and lowered the power
consumption. Similar result was reported by Lee et al. [46].

The influence of ionic strength on colloidal fouling in a tubular
ceramic membrane was observed by Singh and Song [48]. Silica
colloids were used as foulant and NaCl was added to the solution
to increase the ionic strength. The results showed a linear relation-
ship between fouling potential and double layer thickness in
which the fouling potential enlarged by denser double layer. The
fouling potential was tripled as the ionic strength was increased
from 0.001 M to 0.1 M. It can be concluded that high ionic strength
can result in a denser double layer of counterions and more con-
siderable fouling potential. Singh and Song also worked on the syner-
gistic effect of pH and ionic strength on colloidal fouling [45]. The
effect of pH on colloidal silica particles was summarized as follows:

-Si-OH+OH-Si-O+H2O (1)

-Si-O+H+-Si-OH (2)

According to reactions 1 and 2, in acidic pH level, the protons

were adsorbed by negatively charged silica nanoparticles and formed
an intermediate component. Therefore, the electrostatic repulsive
force between the particles was reduced and caused cake layer for-
mation. Results of the measured zeta potential also verified the
electrostatic repulsive force reduction when the solution pH was
decreased. On the other hand, in the alkaline solution the silica
nanoparticles were in the negatively charged state by the adsorp-
tion of hydroxide ions onto colloidal particles. This helped in in-
creasing the repulsion between particles and reduction in the foul-
ing potential. Additionally, an incremental increase in fouling
potential was also observed as the ionic strength increased at all
pH levels due to the high ratio of the Na+ relative to the H+. At a
high ionic strength, the particle attachment decline was smoothed
as the pH level was increased, indicating that the increases in the
ionic strength had a major impact on fouling potential as com-
pared to the effect of the pH level augmentation.

The effect of monovalent and divalent cations on alginate foul-
ing was studied by Lee et al. [46]. They observed that the alginate
fouling was mitigated by increasing the concentration of the diva-
lent cations (Ca2+ and Cu2+) due to the formation of larger parti-
cles and their back diffusion into the bulk solution. In contrast,
adding monovalent cations (in the form of ammonium chloride
(NH4Cl), potassium chloride (KCl), and sodium chloride (NaCl))
into the feed solution resulted in severe fouling formation. In fact,
a compact cake layer was created on the membrane surface due to
the formation of smaller spherocolloidal macromolecules. Similar
results regarding the effect of pH altering and the addition of the
monovalent cations on fatty acid fouling of FO membrane were
reported by Zhao et al. [49] Lee et al. [50] also studied the influ-
ence of pH and ionic strength on the fouling potential of carbon
nanotube enhanced filtration membrane. They reported that the
performance of the micro-wall carbon nanotube (MWCNT) mem-
brane could be controlled by the feed chemistry. However, the
optimal value for pH and ionic strength varied for different types
of protein foulants.
2-3. Membrane Properties

Polymeric membranes and inorganic membranes are two types
of membrane materials frequently used in industrial applications.
The selective membranes are designed to tolerate various opera-
tional conditions involving temperature, pressure, and pH alter-
ing, and withstand several cleaning processes and cleaning agents
as well as having less fouling tendency. Membranes are classified
as hydrophilic or hydrophobic. Hydrophilic membranes have a
higher permeate flux and are less affected by foulant attraction,
which makes them favorable for high-flux separation processes.
However, hydrophobic membranes have better physical, thermal
and chemical properties [4,51,52].

Membrane properties such as hydrophilicity, surface roughness,
and surface charge are among the major factors controlling the
fouling behavior at the initial stage of the filtration process. The
reported results from various researches point to a definite link
between the high surface roughness and the abrupt fouling forma-
tion [53-55].

Moreover, if the membrane and the foulant have the same type
of surface charge (positive or negative), fouling formation is reduced
due to the electrostatic repulsive force. Wang and Tang [56] stud-
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ied the effect of membrane properties on the fouling of negatively
charged bovine serum albumin (BSA) molecules over a four day
treatment process. They used four types of commercial membranes:
one RO, two NF and one UF membranes. Despite all the different
properties such as water permeability, salt rejection, hydrophilicity,
zeta potential, molecular weight, and surface roughness, in the
long run the membranes obtained an almost equal permeate flux.
In a long-term process, the fouling formation and flux behavior
depended on the foulant-fouled membrane interaction since the
membrane surface was fully covered by a cake layer, and addi-
tional fouling occurred based on the interaction between foulant
and deposited foulant. Whereas, at the initial stage, the fouling was
formed due to the foulant-clean membrane interaction, and the
permeate flux was influenced by membrane properties. Therefore,
membranes with high surface roughness and low hydrophilicity,
as well as less negatively charged surface, were more prone to the
permeate flux decline at the initial stage.
2-4. Membrane Surface Pore Size

Cake layer formation on the membrane surface or pore block-
age can easily reduce the membrane pore cross section or entirely
block it. The tight-pores on the membrane surface are indeed plugged
gradually or even vanished in a long run of fouling development
[57]. However, Nghiem and Hawkes [58] reported that membranes
with larger pore size rendered severe fouling. Hwang et al. [59]
worked on the influence of membrane pore size on particle foul-
ing. They proposed a blocking index to indicate the level of mem-
brane fouling and reported that a membrane with a larger pore
size had a higher blocking index due to the ample space for the
particle deposition, which in turn resulted in a faster permeate flux
decline. A similar result was obtained by Zeng et al. [60] who stud-
ied membrane fouling in filtration of a dextran solution. It was
observed that the reversibility of fouling was affected by the intrin-
sic pore size, and irreversible fouling mostly took place in mem-
branes with larger pores [61].
2-5. Flow Velocity

Membrane filtration is operated under either dead-end or cross-
flow mode. In dead-end filtration, the feed stream is pushed through
the membrane by pressure. All the feed stream solution entering

the filtration system passes through the membrane and there is no
rejection flow. The retained solutes may accumulate and create a
cake layer having an identical structure over the entire membrane
surface. On the other hand, in cross-flow filtration, a tangential feed
stream passes over the membrane surface, which reduces the sol-
ute accumulation significantly, mostly due to the turbulence flow.
In fact, a thin cake layer is observed at the feed entrance turning
into a thick layer along the flow path. The comparison of dead-
end and cross-flow filtration is presented in Fig. 3.

As depicted in Fig. 3, dead-end filtration is more susceptible to
fouling since it lacks the shear stress on the interface in order to
detach foulant from the membrane and carried away by the reject
stream as in the case of cross-flow filtration. Thus, increase in flow
velocity only leads to solute aggregation as well as cake formation
compressibility, resulting in a remarkable permeate flux decline [63].

Cross-flow filtration is an excellent mode for the treatment pro-
cess of aqueous solutions. The fouling probability decline lies in
the fact that an increase in the flow velocity causes high shear stress
on the membrane surface, leading to foulant detachment and back
diffusion that eventually reduces the fouling growth [24,64]. In
addition, the residence time of solutes on the membrane surface
depends upon the flow velocity. A higher flow rate results in a lower
residence time, a lower foulant accumulation probability, and hence,
a higher membrane capacity is realized. Thus, it can be concluded
that the membrane capacity is directly proportional to the volume
of filtered solution [65]. The effect of various cross-flow velocities
on membrane performance and fouling behavior was examined
by Chen et al. [66]. The finding revealed that fouling formation
rate dropped as the cross velocity was increased.
2-6. Process Pressure

During the foulant attachment and deposition on the mem-
brane surface, the concentration of the foulants increases and
attains the highest value when maximal foulant packing occurs. At
this point, the critical filtration pressure is obtained, which is coun-
terbalanced by the osmotic pressure (maximal value). If the applied
pressure is less than the critical pressure, the foulants brought toward
the membrane surface could diffuse back to the bulk solution. A
further increase in applied pressure beyond the critical pressure

Fig. 3. The fouling formation in dead-end and cross-flow mode filtration [62].



1536 M. Ehsani et al.

August, 2021

can keep the foulants close to the membrane surface and result in
further foulant accumulation and thicker cake layer [67]. Thus,
there is a critical point for pressure at which the fouling probabil-
ity and the permeate flux are expected to level off, i.e., the perme-
ate does not increase further with increases in pressure, and further
pressure increase leads to the greater foulant-to-foulant and fou-
lant-to-membrane attachment [13,42,64]. A similar trend was ob-
served by Jain et al. [68] as well. They investigated the synergistic
effects of pressure and cross-flow velocity on fouling development.
At a lower level of the TMP, pore blockage mainly occurred and,
accordingly, cross-flow rate enhancement resulted in a decrease of
fouling. For high values of TMP, fouling was predominantly by
cake formation, and thus feed flow rate altering could not improve
the permeate flux due to the cake layer compressibility.

MODELLING OF FOULING MECHANISMS IN 
ULTRAFILTRATION (UF) AND MICROFILTRATION 

(MF) PROCESSES

The flux-time curve for UF and MF process commonly includes
three stages. First, a rapid initial flux decline from the flux of pure
water filtration is commonly observed. The initial flux decay is fol-
lowed by a long-term continuous flux decline, and finally, mem-
brane flux reaches a plateau (semi-steady-state condition). The rapid
initial flux decline can be elucidated in terms of pore-blocking mech-
anism since less than one layer of particle deposition is enough to
result in significant pore-blockage. However, the severity of the
pore-blockage is related to the shape and size of the particles and
membrane pores [69]. The experimental results conducted by
Jiang et al. [70] also showed that organic solutes and colloidal con-
taminants were the predominant component of the pore-blocking
mechanism, which was completed very quickly in 8 seconds from
the start of the filtration process and followed by cake formation
until 100 seconds.

Therefore, membrane transport models (mechanistic models)
can be beneficial for the prediction of the process performance,
estimation of the membrane permeate flux and optimization of
the filtration process. Several mechanistic models have been devel-
oped in order to provide a better understanding and description
of the membrane fouling formation and the permeate flux decay
with filtration time. Mechanistic models are thus needed for the
prediction of the fouling mechanism (pore-blocking or cake for-
mation) and control of the fouling development during the filtra-
tion process [71,72]. This section starts with an overview of the
general filtration equation, the intrinsic resistance of the clean
membrane, and the resistance caused by each of the fouling mech-
anisms. The fouling resistance can be calculated from the perme-
ate flux during the pore-blockage and cake formation. Therefore,
models for the estimation of the permeate flux during the pore
blockage and cake formation are reviewed.

According to the Darcy law and resistance-in-series model, the
general filtration equation is expresses as follows [73]:

(1)

where J is the permeate flux, Am the total membrane surface, V

the cumulative permeate volume at a given time (t), P the applied
pressure,  the dynamic viscosity, Rm, Rp, and Rc are the resis-
tances of the clean membrane, pore-blockage, and cake layer,
respectively.

The equation for the permeate flux can also be rewritten by
considering the reversible and irreversible fouling resistances in fil-
tration process [74]:

(2)

where Rr and Rir represent the reversible and irreversible fouling
resistances, respectively.

As mentioned, reversible fouling can be removed easily by mem-
brane washing. Thus, the resistance of the irreversible fouling can
be determined as below:

(3)

where J' is the permeate flux after the membrane washing.
The very first step in determining the fouling resistance and per-

meate flux decay due to each fouling mechanism is the determina-
tion of the resistance of the clean membrane. Therefore, it is needed
to have the water flux through a clean membrane with pure water
used as a feed.

It is assumed that all the membrane pores are identical cylin-
ders, and the flow inside the membrane pores is a fully-developed
and a steady-state laminar flow. Thus, the flow rate (QP) through a
single, clean pore can be determined by Hagen-Poiseuille’s equa-
tion [75]:

(4)

where Pm is the pressure differential through membrane, P, m

pore diameter, and m the membrane thickness.
The velocity inside the membrane pores (vP) is calculated as fol-

lows [75]:

(5)

The number of pores per unit area of membrane and membrane
porosity () are defined by the following [75]:

(6)

And

(7)

where Ap and Ap, tot are the cross-sectional area of a single pore and
the total area of all membrane pores, respectively.

Therefore, the clean membrane flux and clean membrane resis-
tance can be expressed as follows [75]:

(8)

And:

J  
1

Am
-------

dV
dt
-------  

P
Rtot
-----------   

P
 Rm   Rp  Rc 
-----------------------------------

J  
P

 Rm   Rr   Rir 
------------------------------------

Rir  
P
J'
-------  Rm

QP  
PmDP, m

4

128m
-------------------------

vP  
QP

AP
------  

4QP

DP, m
2

---------------
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(9)

Eq. (9) indicates that the resistance of the clean membrane is a
function of the physical property of the membrane.

The limitation of this model is that removal of the reversible
fouling portion may be fluctuating between different runs/experi-
ments since the structure of the fouling (reversible and irreversible)
may vary among the runs. Therefore, the value for the measured
reversible, and hence, calculated irreversible can vary among the
runs, leading to a large standard deviation of the value. Moreover,
in reality, the pores of membranes are not perfectly straight cylin-
der. That is why the concept of tortuosity was introduced to take
care of non-straight pores. The assumption of straight cylindrical
pores would lead to a significant deviation between the model
prediction and actual values.

The development of a more accurate mathematical model of
membrane fouling requires the consideration of more details of the
types of fouling that may occur during the filtration. Pore-block-
age is the first mechanism taking place when the filtration process
commences. Pore-blocking includes three different types: complete
pore-blocking, internal pore-blocking, and partial pore-blocking
[72]. Complete blocking occurs as the foulants completely block
the pores, which in turn decreases the active filtering surface area.
For the internal pore-blocking, it was assumed that very small par-
ticles, compared to the pore radius, deposited on the pore wall as a
monolayer and reduced the pore radius. Internal clogging and
monolayer formation on the pore wall cannot significantly affect
the flux decline, and hence, it may not be considered as one of the
main fouling contributors. Therefore, the pressure drop across this
monolayer can be neglected. Also, the pore length does not change
over the monolayer formation [75,76]. During the filtration pro-
cess, foulants can partially block the membrane pores (partial
clogging). In this case, the size of the foulant is smaller than the
membrane pore diameter, and pore-blocking occurs by the accu-
mulation of the foulants inside the membrane pores [76].

Foulant deposition on the membrane surface and cake layer
formation can occur concurrently with the pore blockage and
cause filtrate flux decay. Cake layer property and flux decline trend
can vary in different filtration modes. In the infinite cross-flow fil-
tration, the fouling formation proceeds endlessly until the perme-
ate flux vanishes. On the contrary, in the finite cross-flow filtration,
a thin cake layer is observed at the feed entrance, which turns into
a thick layer along the flow path. In this case, a cake layer is formed
and grown over time until it reaches a constant thickness, which is
known as the equilibrium thickness. Accordingly, the permeate flux
decreases continuously until it reaches a plateau (steady-state regime)
[69].

Field et al. [77] proposed the critical flux theory describing the
maximal permeate flux before the fouling development, and esti-
mating the membrane flux during the pore-blocking or cake for-
mation in a cross-flow MF membrane. They modified Hermia’s
model, which was recommended for the pore-blocking and cake
formation in a dead-end filtration (constant pressure), by adding a
convective removal term applicable to a cross-flow UF process. The
mathematical model suggested by Hermia is expressed as [78]:

(10)

where V is the cumulative permeate volume at time t, k and n are
constants that can be varied dependent on the fouling mechanisms.

Hermia’s model was modified and used for cross-flow filtration
by adding a convective removal term [77]:

(11)

In this equation, J* is defined as the critical flux (convective term).
As long as the permeate flux is equal or less than the critical flux,
permeate flux decline is not observed with time. Therefore, the per-
meate flux equations for different fouling mechanisms were pro-
posed as follows:

m=2; complete pore-blocking, (12)
Jc=B0/

m=1.5; internal pore-blocking, (13)

m=1; partial pore-blocking, (14)
Ji=B'/

m=0; Cake formation, (15)

Js=S/kc

where J0 is the initial permeate flux, Jc, Ji, and Js are the critical
fluxes at different m values, 0 the clean membrane porosity,  the
area of blocked membrane per unit volume of the permeate, K's
Hermia’s parameter for internal pore-blocking, B a constant, B' a
back flux factor, A the membrane surface, S the rate of cake ero-
sion,  the specific resistance of cake, and kc the cake filtration
constant.

Fouling development and thickness of the cake layer is not iden-
tical over different regions of the membrane, and inhomogeneity
of the foulant deposition over the membrane surface is needed to
be considered in estimating the steady-state flux. Pore clogging
can occur at a different time during the filtration process. After-
wards, particle deposition and cake formation take place on the
blocked portion of the membrane surface. Therefore, the cake layer
at different regions of the membrane may have different thickness
and age. Besides inhomogeneous cake formation, the flux decay
over the internal and partial blocking are neglected in some stud-
ies, and complete blocking is the only mechanism considered for
modelling of the filtration process and estimation of the mem-
brane permeate flux. According to the mechanistic model pro-
posed by Lianfa Song [69], the number of membrane pores blocked
by foulants is directly proportional to the bulk suspension vol-
ume. Hence, the pore-blocking rate can be described as follows:

(16)

(17)

n=n0et

Rm  
128m

DP, m
4 NP

----------------------  
32m

DP, m
2

--------------

d2t
dV2
---------   K dt

dV
-------

 
 

n

 
dJ
dt
----- Jm2     K J  J* 

J   Jc   J0   Jc e


J0

0
-------
 
 t 

 

1
J1/2
-------   

1
J0

1/2
------- + 

K's
2
-----

 
 A1/2t

t  
1
Ji
---

J
J0
---

J0   Ji 
J   Ji 

----------------

 
 ln

kc

J0Rm
-----------t  

1
Js

2
---

J
J0
---

J0    Js 
J   Js 

----------------

 
    Js

1
J
--  

1
J0
---

 
 ln

dn
dt
------    fblock

J0

n0
-----c0n      n

   fblock
J0c0

n0
--------

 
     blocking coefficient



1538 M. Ehsani et al.

August, 2021

where J0c0 represents the particle deposition rate on the clean
membrane, n the available membrane pores at any time, n0 the
initial number of available membrane pores, and fblock the number
of pores blocking by a unit volume of foulants. According to this
equation, the fraction of unblocked and blocked surface is et and
(1et), respectively. Thus, the time-dependent permeate flux
during the pore-blockage can be determined as follows [69]:

J=J0et+Jp0 (1et) (18)

where J0 is the initial permeate flux and Jp0 the flux of the blocked
membrane. The ultimate permeate flux in this study verifies the
model, developed by Field et al. [77], for estimation of the perme-
ate flux during the complete pore blocking.

For estimation of the permeate flux during the cake formation,
the author developed the time-dependent cake formation models
to precisely describe the flux decay in an infinite cross-flow filtra-
tion process (similar to the dead-end process). It was assumed that
the cake layer was created right after the complete pore-clogging.
The ultimate permeate flux after the membrane fouling in an infinite
cross-flow filtration was expressed as follows [69]:

(19)

where c0 is the particle concentration in the bulk suspension, cg

the particle concentration at membrane surface, and rc the specific
resistance of cake layer. As can be seen in Eq. (19), the permeate
flux becomes zero at the end of the process, i.e., at an infinite length
or a time t approaching infinity, which is similar to the dead-end
filtration.

Another mechanistic model on the combination of the pore
blockage and cake formation in a stirred ultrafiltration cell (dead-
end filtration) was developed by Ho and Zydney [79]. The model
was developed with an assumption of an inhomogeneous cake
layer formation over different regions of the membrane surface.
After a certain period, large proteins aggregated and deposited on
the membrane surface and reduced the available filtration area.
Additionally, the protein deposition and fouling layer formation
resulted in an increase in hydraulic resistance, which reduced the
permeate flux. However, it was assumed that the blocked pores and
fouled membrane were partially permeable and there was a small
finite flow through the membrane pores. Hence, the volumetric fil-
trate flow rate for open and blocked pores was determined as below:

(20)

(21)

where Rpp is the resistance of protein deposit and it was expressed
as follows:

(22)

where f ' is the fraction of proteins contributing to the growth of

the deposit, R' the specific resistance of protein layer, Cb the bulk
protein concentration, the tP time at which the initial deposition
occurs and Rpp0 the resistance of a single protein aggregate, and can
be estimated by using the Kozeny-Carman equation.

(23)

where m, , and S are the thickness, porosity and specific surface
area of the deposited proteins layer, respectively. According to this
equation, the maximal value for Rpp at any time (t) will be achieved
with tP=0.

The approximate ultimate flow rate of the fouled membrane over
the filtration time was determined by the following equation:

(24)

where  is the pore blockage parameter. It was assumed that the
deposited protein layer has a uniform resistance. As shown in Eq.
(24), the maximum value of the volumetric flux, which is equal to
Q0, can be obtained when t=0. The final volumetric flux involves
two terms of flow rate through the blocked pores and protein

deposition layer (cake layer). As long as  the volumet-

ric flux is dominated by second term (classical cake filtration model)
and proportional to the ratio of the clean membrane resistance
over the total resistance.

In all aforementioned studies, the ultimate membrane flux after
occurrence of each particular fouling mechanism or combination
of complete blocking and cake formation was described. How-
ever, during the filtration process, any other combination of the
fouling mechanisms can occur. In this regard, the combined foul-
ing models (internal blocking-cake formation, partial blocking-
cake formation, complete blocking-cake formation, internal block-
ing-partial blocking, and partial blocking-complete blocking) were
proposed by Bolton et al. [80] for the estimation of the cumula-
tive filtrate volume. All the fouling models were developed for a
constant pressure filtration process. A summary of the proposed
models is given below:

Complete blocking-cake formation:

(25)

Partial blocking-cake formation:

(26)

Partial blocking-complete blocking:

(27)

Internal blocking-partial blocking:

(28)

Internal blocking-cake formation

(29)
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(30)

where Kb is the complete blocking constant, Kc the cake forma-
tion constant, Ki the partial blocking constant, and Ks the internal
blocking constant.

The above models were validated against the experimental data
collected from the filtration of the bovine serum albumin (BSA)
and human plasma IgG solutions. It was reported that the com-
plete blocking-cake formation model provided the most accurate
fit to the data. However, partial blocking-cake formation and inter-
nal blocking-cake formation models also proved to be a good fit
to the experimental data. It was also noted that the proposed theo-
retical models are numerically simple and can be used to estimate
the cumulative permeate volume as a function of time. However,
the models seemed to be less useful for the determination of the
physical parameters, as compared with the model proposed by Ho
and Zydney [79].

Mondal and De [81] also proposed a combined model (sequen-
tial partial blocking-cake formation) according to Hermia’s model
[78] and the modified equation developed by Field et al. [77]. The
common drawback in all proposed models is that the simultane-
ous effect of different fouling mechanisms is not considered in
those studies. In all those combined models, it was assumed that
the pore blocking had occurred at the beginning of the filtration
process, and it was followed by the foulant deposition on the
membrane surface. Unlike the previous studies, in the model gen-
erated by Nguyen et al. [82], it was assumed that cake formation
and pore-blockage occurred simultaneously, and the combined
model was modified accordingly to this condition. The proposed
model was employed for the estimation of the permeate flux during
a cross-flow filtration. The pore blockage and the compressive cake
layer model were considered in formulating the ultimate filtrate
model. The model developed by Ho and Zydney [75] was em-
ployed in their study to estimate the permeate flux over the blocked
membrane. Therefore, the permeate flux over clean membrane and
the rate of the pore-blockage are expressed as follows:

(31)

(32)

(33)

where Pmf, Cm, m, and  are the fluid pressure at the membrane
surface, protein concentration in the vicinity of the membrane
surface, the volume fraction of the solid particles, and the pore
blockage parameter, respectively.

The permeate flux though the open pores and the blocked area
are described by the following equations:

(34)

and

(35)

where Rpp0 is the initial resistance of the deposit. Indeed, f 'R' (the
rate of increase of the blocked region) was omitted in this study
since all fouling mechanisms were considered to grow simultane-
ously and there was no subsequent deposition growth over the
blocked region. Thus, the resistance of the blocked area remained
constant (Rm+Rpp0).

Therefore, the ultimate permeate flux is expressed as follows:

(36)

In this modified equation, Pmf is not equal to P owing to the
presence of cake layer on the membrane surface and it varies over
time. Thus, the pressure distribution in the cake layer is needed to
estimate the ultimate filtrate flux. The compressive yield stress model
proposed by Landman et al. [83] can be employed to determine
the pressure distribution in compressive cake layer.

As it is evident, most of the previous studies on the modelling
of fouling phenomena were based on a constant-pressure process,
and authors developed and used the fouling models for the esti-
mation of the permeate flux, the flow rate, or the cumulative per-
meate volume. A few studies were on the development of fouling
models for constant-flux processes; hence, the developed models
were used to estimate the TMP during the filtration process.
Kirschner et al. [84] worked on fouling formation mechanisms in
a constant flux mode of a cross-flow ultrafiltration process. Their
finding indicated that the combined model of partial blocking-
cake formation provided the best fit to the experimental data ob-
tained in a constant-flux mode. The complete pore-blocking model,
generated based on Hermia’s model, yielded a good agreement
with experimental data of a constant-pressure process, and a con-
stant-pressure could be applied to the system even with no open
pores. However, considering the complete blocking model, a sys-
tem running under a constant flux is not feasible since there are
no open pores for water transport. Similar to the complete block-
ing mechanism, the pore radius may be reduced or even totally
blocked during the internal blocking, which results in zero perme-
ate flux. Estimations of the TMP as a function of filtration time of
a constant flux process, under different fouling mechanisms, can
be done using the following equations:

Complete blocking:

(37)

Partial blocking:

(38)

Cake formation:
Pt=P0(1+KcJt) (39)
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Internal blocking:

(40)

Combined partial blocking-cake formation model:

(41)

where Pt is the TMP at time t, P0 the initial TMP, J is the con-
stant flux,  the blocked surface area per unit filtrate volume, G
the resuspension factor, Ki the partial blocking constant, Kc the
cake formation constant, Ks the internal blocking constant, and a0

the initial clean membrane surface area.
As mentioned, mechanistic mathematical models can be help-

ful for the prediction of effective parameters on fouling develop-
ment or permeate flux, and provide a comprehensive understanding
of the fouling phenomenon in practical applications. Using the
mathematical models could provide information and details about
the type of fouling or any combination of fouling formation that
occurs in each particular filtration process. However, it is import-
ant to note that a mechanistic model is dependent on all the phys-
ical and chemical factors related to the operational parameters,
and thus it needs to be modified accordingly for each specific sys-
tem. In all the aforementioned studies, mechanistic models were
generated only for the fouling development in filtration processes.
If the membrane cleaning or control processes are employed in
membrane filtration, the mechanisms of fouling development need
to be investigated so to obtain a model in which all the parameters
related to the filtration and cleaning processes are incorporated.

FOULING CONTROL AND MEMBRANE CLEANING

Although different materials have specific and distinctive foul-
ing propensity, this complex phenomenon cannot be totally avoided
even with fouling-resistance membranes. Therefore, the subsequent
cleaning process is always required to control this adverse phe-
nomenon and improve the filtration rate [85]. The cleaning pro-
cess is recommended to apply in a correct time after the fouling
development since it is more arduous to relieve of the aged fou-
lant [86]. Aside from membrane cleaning, all applicable approaches
should be evaluated to achieve an effective method for membrane
fouling mitigation. Different approaches for membrane cleaning

and fouling control, depicted in Fig. 4, will be discussed in the fol-
lowing subsections.
1. Pretreatment of Feed Solutions

This method is widely exploited at the initial step to avoid a
rapid membrane fouling by removing the solute and preventing its
deposition on the membrane surface or within the membrane pores.
This process generally can be done by either physical or chemical
techniques. In the physical technique, a pre-filter or adsorbent is
commonly used to remove foulants, which are discarded due to
their fouling propensity. For the chemical pre-treatment, anti-scal-
ants or disinfectants are added to the solution to facilitate precipi-
tation, coagulation, or flocculation of the particulates in the feed
[18]. A proper pre-treatment method should be adopted with regard
to the solution quality and fouling propensity of the solutes. Yang
et al. [87] employed different polymeric membranes (UF, NF, RO)
as a pre-filter for the inorganic salt removal and fouling mitigation
in a pressure retarded osmosis (PRO) power co-generation pro-
cess. The reported results indicated that only NF and RO processes
were effective for scalant removal. The generated power density by
the PRO co-generation process with the prefiltration using the NF
and RO membranes was 89.3% and 93% of the initial power den-
sity, respectively, after a 6-h test (initial power densities were 8.17
W/m2 and 9.03 W/m2). However, this value was only 40% of the
initial power density of 7.3 W/m2 for the PRO process without any
pre-treatment.

As a chemical pre-treatment, the coagulation pre-treatment of
inorganic salts in the feed stream was carried out by Wan et al.
[88] Aluminum chloride (AlCl3) and sodium aluminate (NaAlO2)
were used for phosphate removal. The untreated solution resulted
in more than 50% reduction in the permeate flux, as compared
with the initial flux. For the case with the feed pre-treatment, this
value was attenuated to be about 30% of the initial flux. Moreover,
the initial flux was also increased by more than 13% with the feed
pre-treatment. Javeed et al. [89] investigated the effectiveness of
iron (III) chloride (FeCl3) and powdered activated carbon (PAC)
for flocculation and adsorption of the feed, respectively. As expected,
the modified fouling index (MFI) dropped off, notably by increas-
ing the FeCl3 dosage. The results revealed a similar trend with
increases in the PAC dosage, although the MFI values remained
constant at initial steps with lower amount of PAC. The combina-
tion of different pre-treatment methods and its effect on the
organic fouling of a RO membrane was proposed by Zhang et al.
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Fig. 4. Different approaches for membrane fouling mitigation.
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[90]. The pretreatment process was a combination of advanced
oxidation (ozonation), prefiltration with a ceramic MF membrane,
and biological activated carbon (BAC). It was found that the com-
bined pretreatment improved the RO efficiency significantly and a
simple deionized water washing dislodged the foulants from the
membrane surface.
2. Physical Cleaning Method

Physical cleaning is a common strategy for detachment of sub-
stances that are not an integral part of the membrane. This method
generally takes place by applying hydraulic, mechanical or electri-
cal forces to dislodge the deposited solutes. Applying the hydrau-
lic and mechanical forces such as reversing TMP (backwashing),
turbulence enhancement (rotating disk), or mechanical scouring
(air, sponge ball) results in shear stress creation on the membrane
surface. In physical cleaning using electrical forces, a voltage is
applied along the membrane, which eventually leads to the charged
foulant removal [6]. In the following section, common physical
cleaning methods will be discussed.

Hydraulic washing/flushing/rinsing reduces the membrane foul-
ing utilizing a turbulent cross-flow over the membrane surface. In
practice, the washing flow is carried out in low fouled systems or
as an after-treatment process to remove the remaining foulants
from other cleaning processes [6].

Backwashing, also known as backflushing or back-pulsing, is
frequently used in cross-flow filtration processes for foulant removal
and flux recovery. In this method, the filtrate/permeate is pumped
backward through the membrane into the feed side in order to
provide a periodic backwash. This backward flow dislodges the
deposited particles and improves the membrane permeability. The
applied pressure in backwashing is higher than the operating fil-
tration pressure. The faster rate of the backwashing, known as
back-pulsing, was reported to be more effective [18]. The back-
washing flux, duration and frequency are the important parame-
ters in this technique, which can be varied for different types of
membranes [22]. Abdelrasoul et al. [91] worked on the effective-
ness of the liquid and gas backwashing for flux recovery of a UF
membrane, which was used to filter a latex paint effluent. It was
reported that the cross-flow water backwashing could recover up
to 60% of the permeate flux in a polycarbonate flat sheet mem-
brane whilst the flux restoration was almost 28% with the gas
backwashing. The created shear stress by the air washing was not
sufficient for the pore-blocking foulant detachment. However, the
combination of water and gas backwashing yielded a substantial
flux recovery of 75%. Membrane damage can occur under the back-
washing process; thus, this method is usually applied to the capil-
lary and ceramic membranes which can tolerate a high reversed
rinsing flow [6]. Sondhi and Bhave [92] studied the role of high
pressure back-pulsing in fouling mitigation of a cross-flow ceramic
membrane. They reported 100% flux recovery by utilizing back-
pulsing. This method is also employed in several industrial appli-
cations including yeast filtration, slurry filtration, and oily waste-
water filtration. The results obtained in those industries showed a
long-term fouling reduction as well as a high product recovery.

Turbulence or vortices promotions are among the numerous
methods using fluid hydrodynamic altering and shear stress pro-
duction for fouling reduction. In this process, the inserts, which

act as turbulence promoters, installed in the system cause a mix-
ing flow perpendicular to the membrane surface. This phenome-
non leads to a high shear rate on the membrane surface and
results in the particle back-transport to the bulk solution. Particles
are indeed less likely to deposit on the membrane surface or within
the pores in turbulence flow. Despite the high energy consump-
tion of cross-flow velocity altering, the inserts are economically
viable tools for turbulence flow production and increasing the wall
shear rate. The inserts are in several shapes and sizes such as static
rods, metal grills, cone shape, spiral wire, disk shape, twisted tapes,
Kenics mixer, and a doughnut shape [18,93]. Krstić et al. [94]
employed the Kenics static mixer for flux improvement in cross-
flow microfiltration of skim milk. Flux improvement of more than
500% was observed at the same Reynolds numbers in the range
3,000-10,000. It was also indicated that lower power consumption
was possible, using the inserts to achieve the required turbulence
flow for foulant detachment, as compared with the filtration with-
out the promoters. In experiments at the same hydraulic dissi-
pated power, flux improvement of more than 300% was obtained
by using the Kenics static mixer. Jokic et al. [95] studied the same
topic and used yeast suspension as the feed solution. Flux improve-
ment of 89%-259% was achieved, depending on different design
variable values.

Air scouring and gas sparging have been widely exploited in
recent years for membrane cleaning and flux restoration. In this
method, the air or other gases are directly injected into the con-
centrate compartment, which creates a two-phase flow, resulting
in the shear rate enhancement across the membrane [16]. Flux
enhancement in microfiltration of the whey solution by the gas
sparging method was studied by Fouladitajar et al. [96]. At the ini-
tial stage with a low gas velocity, it was reported that the gas sparg-
ing did not seem to be effective in improving the membrane
permeability since the injected gas generated a sparsely bubbly
flow. However, at a higher gas flow, a turbulence stream was cre-
ated, leading to the membrane flux recovery and the permeate
flux augmentation. Despite the fact that air sparging is considered
as a very effective method for fouling reduction of hollow fibre
membranes, it is not a practical method such as applying the vor-
tex promoters [23].
3. Chemical Cleaning Method

Chemical cleaning is generally employed for irreversible foul-
ing remediation by using chemical agents including acids, alkalis,
oxidants, and surfactants. A mixture of all those materials is com-
monly used in commercial chemical cleaning agents. This process
can be carried out either in-situ, in which the feed solution is
replaced by the chemical agent, and the chemical solution is used
as the incoming flow in the membrane module for membrane
cleaning, or ex-situ, in which the fouled membrane is taken out
and placed in a chemical solution tank for the rinsing process [6].
Proper chemical agents are required for each specific fouled mem-
brane, depending on the type of foulant and chemical reaction
between the foulant and chemical agents. Generally, temperature,
pH, cleaning agent concentration, and the contact time play a sig-
nificant role in cleaning efficiency [27]. The effectiveness of sev-
eral cleaning chemicals on the membrane flux restoration was
conducted by Li et al. [27]. Deionized water, NaOH, ethylene diamine
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tetra acetate (EDTA), and sodium dodecyl sulphate (SDS) were
applied to remove the organic fouling of a nanofiltration mem-
brane. The result of the flux recovery is shown in Fig. 5.

It was reported that the cleaning efficiency of EDTA was strongly
affected by pH, and the flux recovery with a cleaning solution pH
of 11 was 35% more than the recovery at the ambient pH (approxi-
mately 4.8). It is worth mentioning that acids are the proper clean-
ing agents for inorganic fouling removal; however, alkalis are more
useful for organic fouling mitigation. Thus, a combination of acid
and alkali, used in rinsing the membranes, can detach most de-
posited foulants, and hence the permeate flux can be restored close
to the initial value [88]. However, the main drawback to chemical
cleaning is that the chemical agents can degrade the membranes.
Other difficulties with this method are the chemical waste dis-
posal, negative environmental impact, and excessive costs. More-
over, the most significant disadvantage of chemical cleaning is the
decrease in the process productivity since the filtration system
needs to be stopped for cleaning [6,68].
4. Biological Cleaning Method

A cleaning mixture of bioactive agents is utilized in biological
cleaning processes to catalytically degrade the foulants and reduce
the fouling propensity. The bioactive agents used in this method
include antibodies, enzymes, peptides, polysaccharides, and nucleic
acids [22,36]. Enzymes are considered as ideal agents since mild
solution pH, temperature, and ionic strength are required for their
interaction with other substances. Therefore, the use of bioactive
agent does not degrade the membrane integrity and the mem-
brane surface damage is not observed during the cleaning process
[97].

The enzymatic treatment proved to be efficient for irreversible
fouling mitigation. Allie et al. [98] employed lipases and proteases
(enzymes) for fouling removal in a flat sheet membrane ultrafiltra-
tion of abattoir effluent containing proteins and lipids. The clean-
ing efficiency was determined based on the amount of proteins
and lipids adsorbed onto the membrane as well as the pure water
flux after the cleaning process. Lipase was proven to be a more
effective agent, yielding a high cleaning efficiency and a low adsorp-
tion of particles onto the membrane. However, the combination of

lipase and protease led to higher pure water flux. In another
research, a commercial enzymatic detergent which is combined of
proteases and anionic tensio-active was used for the cleaning pro-
cess in whey proteins-feed ultrafiltration [99]. The cleaning effi-
ciency was shown to be dependent on the experimental conditions,
such as solution pH, enzyme concentration, cleaning time, and
recycling versus no recycling of the permeate. Although residual
matter was observed on the membrane, a cleaning efficiency of
almost 100% was achieved only after 20 minutes of cleaning. Chen
and Columbia [100] employed the enzymatic control method for
alginate fouling of dead-end MF and UF ceramic membranes.
Their finding showed a considerable effect of the enzyme, alginate
lyase, on the fouling reduction. The fouling decline of 82% and
85% for MF and UF membrane was observed, respectively. It was
also implied that a better flux recovery was obtained for the UF
membrane with the enzymatic method since the alginate lyase
had a high diffusivity, which was an essential factor for tight pores
cleaning.
5. Membrane Surface Modification

Membrane surface modification is generally considered a foul-
ing control strategy. Hydrophobic membranes are widely used in
commercial applications regarding their excellent chemical, physi-
cal, and thermal stability. However, these membranes are more
prone to fouling formation and have lower permeate flux compared
with hydrophilic membranes. Therefore, the membrane surface
modification is a viable control option in which the surface chem-
istry of the membrane is changed, and the membrane becomes
hydrophilic with anti-fouling properties while the bulk properties
are in their original conditions [18]. In order to change the mem-
brane surface chemistry, modifying agents are employed either in
the membrane preparation step (membrane polymer modifica-
tion by copolymer blending or mixing the additives into the poly-
meric solution) or after the membrane fabrication (immobilization
by grafting or solution coating). Among these methods, adding
the modifying agent to polymer solution is less favorable due to
particle aggregation in the dope solution, resulting in the reduc-
tion of the active surface area of additive particles. Moreover, a
considerable part of the additives will deposit on the internal part
of the membrane, which is not in contact with effluents [101].

For instance, the effect of polyethylene glycol (PEG) based copo-
lymers on antifouling properties of membranes has been studied.
Ding et al. [102] studied the surface grafting of a silicon rubber
membrane by a series of di-block copolymers (PEG-b-cationic
polycarbonates). They observed a great antifouling potential of
PEG-b-cationic polycarbonates as a coating agent, as indicated by
no biofilm formation after the surface modification by a particu-
lar polymer composition. Another study was also conducted on
the antifouling properties of polyvinylidene fluoride (PVDF) as it
was blended with PEG-based copolymers [103]. Although the
blend and pristine PVDF membranes had a similar pore size, the
hydrophilicity and antifouling propensity, as well as the final per-
meate flux of the blend membrane, were improved as the copoly-
mers/PVDF blend ratio increased. A similar result was obtained
by Sun et al. [104]. They worked on the hydrophilic modification
of PVDF as an ultrafiltration membrane for the Bovine Serum
Albumin (BSA) solution.

Fig. 5. Membrane flux recovery after using different chemical clean-
ing agents [27].
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As mentioned, surface charge and surface roughness are also
important considerations in fouling remediation. Membranes and
foulants with a similar surface charge are less likely to lead to fouled
membranes due to the electrostatic repulsive force between them.
On the other hand, a smooth membrane surface is less suscepti-
ble to fouling formation. Therefore, surface modification is an ap-
propriate method to change the surface properties by incorporat-
ing either the ionizable functional group or hydrophilic additives
to reduce the fouling potential [105].

In summation, practically a combination of cleaning processes
is employed to enhance membrane cleaning efficiency. For instance,
most of the adopted physical methods are usually less effective
compared to chemical cleaning. However, chemical methods are
more likely to damage the membrane due to the chemical agent’s
existence. Thus, the physicochemical cleaning process appears to
reduce the chemical agent loading as well as enhance the fouling
reduction effectiveness. The chemically enhanced backwashing
(CEB) is commonly used as a physico-chemical cleaning process.
The result of a research conducted in Germany indicated that UF
plants with regular CEB were required to use the chemical clean-
ing-in-place (CIP) method once every 1-5 years, while the plants
without CEB were required to use CIP at least 1-4 times a year [6].
In addition, the combined method can be an effective way to
remove both reversible and irreversible fouling, as compared with
the use of each of the cleaning methods alone [106,107].

ULTRASOUND (US)-ASSISTED FOULING CONTROL

US irradiation could improve the filtration process efficiency
without affecting the intrinsic membrane permeability. Ultrasonic
waves are acoustic waves with a high-frequency range (higher than
human hearing range of >20 kHz). These acoustic waves are capa-
ble of generating mechanical movement through a liquid medium
[3]. US cleaning is an innovative and emerging strategy developed
to overcome membrane fouling. It has been employed in various
membrane filtration processes in order to break the concentration
polarization or the cake layer on the membrane surface (Fig. 6)
and can be applied to the processes either in-situ or ex-situ. US-
assisted fouling control is a clean technique, alleviating the fouling
potential via the cavitation bubble mechanism, since no chemical
or biological agents are needed. In several recent studies, ultra-
sonic irradiation was applied to mitigate membrane fouling and
recovery the permeate flux in a filtration process. Results of those
studies indicated that US cleaning could be effective in improving

the membrane capacity and filtration performance [108-116].
1. Mechanism of Microbubble Cavitation on Fouling Removal

Intense ultrasonic pressure cycles between compression and
rarefaction results in bubble formation. Cavitation is described as
the bubble formation (nucleation), growth, and its collapse in an
aqueous solution. Cavitation exerts a high drag force on the accu-
mulated particles and removes them from the membrane surface.
Bubble collapse and bubble oscillation on the membrane surface
play an important role in the cleaning process [118].

Liquid molecules are subjected to positive and negative pres-
sure during US irradiation. During the compression cycle with a
positive acoustic pressure the molecules are forced close to each
other, while during the rarefaction cycle with a negative acoustic
pressure, the molecules are pulled apart. During the rarefaction
cycle, as the created tensile stress created by the negative acoustic
pressure becomes greater than the liquid tensile strength due to
the intermolecular force between molecules, cavitation bubbles are
formed. The required acoustic pressure to initiate cavitation is higher
in a pure liquid since the liquid tensile strength decreases remark-
ably in the presence of impurity or a dissolved gas in the liquid [3].
The created bubbles, known as cavities, can be empty or filled with
vapor or dissolved gases [11]. During the rarefaction cycle, a pres-
sure reduction to below the vapor pressure of the liquid brings
about the formation of the nano and microbubble nuclei. The
growth of created cavities is caused by two phenomena, coales-
cence and rectification. The combination of small cavities to form
larger bubbles and bubble growth under frequent compression
and rarefaction cycles is known as coalescence and rectification,
respectively. Liquid vapors and dissolved gases enter or leave the
cavities during the US propagation, and the amount of exchanged
gas/vapor depends on the bubble surface area. Therefore, during
the rarefaction cycle, owing to the larger bubble surface are under
this cycle, the amount of material penetrating the cavities is higher
than the amount of material discharged from the bubbles during
the compression cycle [11]. The bubbles keep growing through
several compression-rarefaction cycles and reach a maximal radius
and, consequently, bubble implosion occurs. Generally, the bubble
collapse generates a considerable chemical and mechanical energy
in an aqueous solution. The transferred energy from bubble col-
lapse to the membrane surface and the formation of a high local
stress bring about the foulant removal [11,118-120]. The creation
of acoustic cavitation and cavity growth as well as the cavity explo-
sion are shown in Fig. 7.

During the US irradiation of a liquid, acoustic streaming, microst-

Fig. 6. Schematic diagram of flux enhancement via US irradiation [117].
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reaming, micro-streamers, micro-jets, and shock waves are cre-
ated in the liquid. These physical phenomena are able to dislodge
the attached particles from a solid interface in contact with the liq-
uid [3].

Acoustic streaming is the result of acoustic energy absorption in
the liquid, and its effective range is on the order of centimeter to
tens of centimeters. This phenomenon can take place without bub-
ble explosion and is more favorable for the removal of the relatively
weak fouling layer containing dissolvable particles. During acous-

Fig. 7. Schematic diagram of acoustic cavitation creation, cavity
growth, and cavitation explosion [3].

Fig. 8. Schematic representation of the produced physical phenomena via US irradiation, (a) acoustic streaming, (b) microstreaming, (c)
micro-streamers, (d) micro-jets [3].

tic streaming, the water molecules are circulated frequently in a
back and forth motion, which causes a fluid velocity gradient near
the membrane surface and results in particle detachment [121].
Acoustic streaming is more efficient in a dead-end filtration than
in a cross-flow filtration process [11].

Microstreaming takes place when the cavitation bubbles oscil-
late to create fluid circulation. Fluid circulation and liquid mole-
cules replacement causes a rapid eddy current and shear force as
well as a dynamic velocity profile applying drag forces on the
attached particles and removing them from the solid surface. As
previously mentioned, higher US frequency leads to smaller bub-
ble size and eddy current while more microstreaming is gener-
ated at lower US frequency irradiation [121]. Microstreaming near
the solid boundary is effective for foulant remediation [122].

Micro-streamers are defined as cavitation bubbles moving towards
the antinodes in a torturous path and create a ribbon-like struc-
ture [121]. The antinodes are created by means of the reflected US
wave from a solid surface and the incoming US wave from a trans-
ducer. According to the Bjerknes forces, antinodes of the standing
waves adsorb cavitation bubbles smaller than resonance size, while
bubbles larger than the resonance size are attracted by nodes. Micro-
streamers dislodge the attached particles as the antinodes on the
membrane surface adsorb the cavitation bubbles [3].

Micro-jets are generated as a result of asymmetric bubble explo-
sion. During US irradiation, cavitation bubbles move toward the
membrane surface and get close to the solid boundary. At this
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instance, fluid movement around the bubble decreases and results
in differential pressure and loss of spherical geometry of cavita-
tion bubbles. As the differential pressure becomes large enough,
bubble explosion occurs and causes a high-speed liquid microjet
formation, which is able to clean the clogged surface [3,123]. All
the proposed mechanisms are depicted in Fig. 8.

Shock wave formation is also among the important mecha-
nisms for membrane fouling control. This mechanism takes place
as a result of the collapse of the cavitation bubbles. The bubble col-
lapse produces high pressure cores, resulting in high pressure (more
than 10 kbar) shockwaves directed toward the solid interface [123].

The energy within the cavities before the explosion can be deter-
mined as follows [124]:

(42)

where P0 is the hydrostatic liquid pressure and Rrs is the resonance
frequency.

The critical size of the cavitation bubble, known as the reso-
nance size, depends on the US frequency according to the follow-
ing equation [3].

(43)

where, f is the US frequency, k the polytropic coefficient, and  the
liquid density.

Kanthale et al. [125] and Gogate et al. [126] observed that the
cavitation bubbles were presented in the form of clusters, and the
collapse of a single cavity influences the dynamic of the surround-
ing cavities. Therefore, the active volume of the cavitation bubble
(VCav) and the collapse pressure (PC) generated can be expressed
by the following equations [125]:

VCav=(4∙39×104)(Ps)1∙3342(I)0∙264(R0)2∙728(f)0∙021()0∙1 (44)

PC=(0∙0159)(I)0∙330(R0)0∙134(f)0∙042()0∙634(R/R0)2∙969 (45)

where Ps is the threshold pressure of the active zone of cavitation, I
the US power intensity, R0 the initial cluster radius, f the US fre-
quency,  the fraction of energy transfer, R the maximum cluster
radius. The radius of a single bubble was assumed to be 1×106 m.

Eqs. (44) and (45) are applicable within the range of the param-
eters as follows:

I=50250×104  W/m2

R0=0.5×1035×103 m
f=20×103300×103 Hz
=0.250.45

The wall velocity of the cluster (Sc) during the bubble explosion
can be calculated as below [125]:

(46)

where  is the void fraction of the cluster.
The velocity induced by the bubble explosion imparts a flow

toward the membrane surface, which creates shear stress on the
solid interface, and in turn, results in foulant detachment. In fact,

the velocity is one of the key factors influenced the dislodgment of
the adhered foulant. The shear stress created by the collapse of the
cavity cluster close to the membrane surface, can be expressed as
follows [124]:

(47)

where  is the dynamic viscosity of the liquid and f the fouling
layer thickness.

The flow velocity and pressure induced by the cavity cluster
explosion can also cause membrane erosion. Bedkowski et al. [127]
proposed an equation for erosion stress (EROS) of the membrane
surface as a function of the collapse pressure.

EROS=E∙PC (48)

where E is the erosion susceptibly constant and can be expressed
by the following [124,127]:

(49)

In this equation, the subscripts d (diamond) and g (glass) repre-
sent reference materials for hardness (H) and fragility (F), respec-
tively. The subscript “m” refers to the clean surface of the material,
and Ra is the arithmetic roughness. Therefore, for the materials
with a soft, fragile, rough surface, the erosion susceptibility con-
stant is almost unity, and it becomes smaller as the surface changes
to a hard, ductile, smooth condition.

Unlike the particle-shearing stress, which results in fouling dis-
lodgment, the erosion stress on the membrane surface imparts
more particles. Thus, the net cleaning ability of the sonic field can
be determined as the difference between particle-shearing stress
and erosion stress.

(50)

Thus, the net cleaning force can be rewritten as follows:

Clean.Cav=APc
1/2-E∙PC (51)

As evident in this proposed model, the foulant dislodgment was
limited to the cavitation bubbles and the shearing stress induced
by the cavity cluster explosion. At the same time, acoustic stream-
ing also has a pivotal role in the cleaning process. Further discus-
sion regarding the effect of acoustic streaming on fouling removal
is also dealt with in the following section. The velocity of acoustic
streaming is determined as [127]:

SAc=2I(2a)2/cs (52)

=2f2/(3cs
3) (53)

where  is the absorption coefficient, 2a the beam width, and cs

the sound velocity.
The total flow velocity and shearing force exerted to the fouling

layer, which caused the particle detachment from the extent sur-
face, is the sum of the flow velocity and shear stress induced by
cavity cluster explosion and acoustic streaming. Note that despite
the cavity cluster explosion, acoustic streaming does not contrib-
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ute to surface erosion (EROS=0). Therefore, the total flow velocity
(S) and cleaning ability (Clean) can be expressed as follows [124]:

(54)

and

Clean=APc
1/2E∙PC+8Ia2/fcs (55)

Ultrasonic irradiation can create significant physical phenom-
ena in the liquid, which eventually breaks the cake layer and pre-
vents particle deposition on the membrane surface. The effectiveness
of the generated sound waves on fouling removal depends on sev-
eral parameters, such as US frequency, power intensity, tempera-
ture, pressure, US irradiation mode, US transducer position, cross-
flow velocity, and feed solid concentration. The effective parame-
ters that influence the effectiveness of US irradiation are summa-
rized below.
2. Effective Parameters in US Performance
2-1. US Frequency

Generally, US frequencies between 20 kHz-100 kHz are used in
experiments on membrane fouling control. In this range, lower
ultrasonic frequencies were proven to be more efficient in mitigat-
ing membrane fouling regardless of membrane materials and types
[22]. The cavitation bubble diameter and energy released during
its explosion is inversely proportional to the US frequency [3,128,
129]. A higher US frequency leads to smaller cavitation bubbles
and a greater US attenuation, which results in reduction in clean-
ing efficiency [22]. Although the number of produced bubbles
increases at a higher US frequency, the cavitation bubbles are not
capable of creating a highly turbulent flow. In fact, at a higher US
frequency, the cavitation bubble size is smaller and, hence, both
the acoustic cavitation and bubble explosion occurs less violently
and without sufficient energy for breaking the concentration polar-
ization or pitting and eroding the fouled layer [3,11].

Kobayashi et al. [128] investigated the effect of the US frequency
on filtration treatment of peptone and milk solution with UF and
MF membranes, respectively. They employed three different fre-
quencies of 28, 45, and 100 kHz and reported that the permeate
flux for the peptone solution filtration was improved by more than
20% as the frequency was decreased from 100 kHz to 28 kHz. A
similar increasing trend of the permeate flux with decreases in the
frequency was observed for MF treatment of the milk solution
where the volumetric flux increases from 3×105 to 9×105 m3/
m2·s were found. Lamminen et al. [121] observed an increase in
the permeate flux as the frequency decreased from more than
1,000kHz to less than 10kHz. Kyllönen et al. [130] noticed a minor
effect when the US frequency of 200 kHz was used, and a similar
result was observed as they changed the US frequency from 200
kHz to 27 kHz at the input power of 200 W. The influence of US
frequency on reversible fouling (as the dominant fouling resis-
tance) of Radix Astragalus aqueous extract (natural product) was
also studied by Cai et al. [131]. The authors reported that although
the reversible fouling was reduced by 40% at US frequencies of
28 kHz and 45 kHz, the cleaning efficiency reached almost zero as
the US frequency was increased to 100 kHz.

Cai et al. [7] also observed the permeate flux enhancement of

10% and 27% under the US frequency of 100 kHz at 360 W and
600 W, respectively. As the frequency was decreased from 100 kHz
to 45 kHz, similar flux enhancement values (11% and 28%) were
obtained at 30 W and 90 W. Therefore, it was concluded that lower
frequency is more efficient not only for its desirable fouling miti-
gation but also for its low power consumption. Heikkinen et al.
[132] showed the effect of the US frequency on the reduction of
the concentration polarization. They observed a remarkable water
flux enhancement which was nearly two-fold with the use of the
US frequency at 20 kHz. However, the results were not favorable at
high frequencies. Similar results on the effect of the US frequency
on the cleaning efficiency and permeate flux improvement were
also reported by Lujan-Facundo [133].
2-1-1. Mixed Wave Mode

Mixed wave mode, using different US frequencies (low and high
frequencies) in tandem, is a simple method employed for the re-
moval of membrane foulants. Gonzalez-Avila et al. [134] employed
a high US frequency of 220 kHz, which was exerted on the sys-
tem in order to create the cavitation bubbles, followed by a low
frequency of 28 kHz to excite the microbubbles. The membrane
flux and the transmembrane pressure were analyzed to evaluate
the US performance. Their findings showed a high recovery of the
transmembrane pressure (almost complete restoration) and a mem-
brane flux improvement. The high US frequency was applied first
to the system to nucleate more bubbles close to the membrane
interface. Those small bubbles did not have sufficient energy to
break the cake layer or prevent the particle deposition. Thus, the
driving sound field was switched to the lower frequency under
which condition the bubble radius increased, resulting in a violent
bubble collapse and shock waves as well as high turbulence and
shear force. Although the tandem frequency proved was shown to
be efficient for the transmembrane pressure recovery and the flux
enhancement, the effect of this method on the membrane integ-
rity needs to be addressed. Similar findings were obtained by Alven-
tosa-deLara et al. [13] and Maskooki et al. [135] for mixed US
frequencies of 37 kHz and 80 kHz.
2-2. Power Intensity

Sound energy is measured by the power intensity, defined as the
amount of energy output per second per unit area of a US trans-
ducer. Power intensity enhancement results in a more intense
sonochemical effects. In fact, when the power intensity is increased,
more cavitation bubble and larger cavitation zone are created owing
to a higher acoustic pressure amplitude [11]. Eq. (56) presents the
relationship between the US power intensity and the acoustic pres-
sure amplitude [3].

(56)

where I is the power intensity, PA is the acoustic pressure ampli-
tude, and cw is the speed of the US wave.

In addition, a high-power intensity enhances hydrodynamic tur-
bulence since the bubble collapse intensity and the acoustic energy
absorption increase under a high-power condition. Therefore, a
high US power leads to permeate flux enhancement and less par-
ticle deposition on the membrane surface and, hence, a high per-
meate flux [121]. Cai et al. [131] tested three different US powers
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of 60 W, 90 W, and 120 W and observed permeate flux increases
of 35%, 57% and 68%, respectively. A similar result was obtained
by Zhang et al. [1]. The permeate flux enhancement of 12%-15%
to nearly 70% was reported with the power intensity increases from
10 W to 120 W. The foulant rejection was also increased under the
US irradiation. Similar results were obtained by Lamminen et al.
[121], Maskooki et al. [135], Matsumoto et al. [136], Kobayashi et
al. [137], Juang et al. [138], Muthukumaran et al. [139], Mirzaie
and Mohammadi [140], and Kan et al. [141].

Nevertheless, extremely high power density may affect the mem-
brane integrity and result in membrane damage [22]. More recently,
Thombre et al. [9] worked on the US cleaning of a nanofiltration
membrane. Although a significantly positive effect of the high-
power intensity on the flux recovery and the fouling mitigation
was achieved, membrane damage was observed at the US power
of 150 W. Aside from membrane integrity, the power intensity
beyond a critical value also results in a high energy consumption
that is not favorable in industrial applications. Thus, an optimal
power intensity is required to reach a maximal level of permeate
flux and fouling removal without any negative effect on the mem-
brane structure and a massive energy consumption.
2-3. Temperature

Increasing the liquid temperature results in lower liquid viscos-
ity and surface tension of the liquid medium [142]. Moreover,
contaminant solubility in liquid, especially for liquids used in the
dairy industry, may increase with temperature. Thus, dissolution
and back diffusion of the dairy contaminant to the bulk solution
increase with temperature, resulting in a cleaning efficiency im-
provement. Chai et al. [143] investigated the effect of temperature
on the performance of a US-assisted filtration process with a pep-
tone solution. According to their findings, the permeate flux was
improved when the temperature was increased from 20 oC to 40 oC.
The flux improvement was the result of the liquid viscosity de-
crease, caused by increasing the temperature. The flux recovery
also seemed to be faster and increased rapidly under higher tem-
peratures owing to the higher solubility and back diffusion of the
fouled peptone to the aqueous solution. Similar result was obtained
by Muthukumaranet al. [139].

Increasing the liquid temperature seems to have a positive effect
on the maximum bubble radius, as well as the bubble lifetime [144].
Fig. 9 shows the bubble radius and lifetime of a laser-induced sin-
gle bubble in distilled water at three different temperatures. How-
ever, as the temperature is raised, the vapor pressure also increases.
Higher vapor pressure affected the bubble dynamic significantly
and led to less intensive shock-wave created during the bubble col-
lapse [145].

Zhu et al. [145] reported that the permeate flux improvement
of a US-assisted membrane distillation process was reduced at
higher temperature conditions. The decreasing trend of the per-
meate flux was attributed to the higher vapor pressure. A similar
result was also reported by Li et al. [147] who used ultrasound to
clean membrane in microfiltration of pulp and paper effluents.
Their observation indicated that the cavitation effectiveness was
decreased (not intensive shock waves) when the temperature was
increased from 23 oC to 40 oC and, in turn, that led to the de-
creases in the permeate flux recovery.

To maximize the cleaning efficiency and filtrate flux recovery,
an optimal temperature is necessary. Wang et al. [148] studied the
effect of temperature on the US-assisted cleaning of membrane
used in nanofiltration of a solution containing inorganic materi-
als. They showed that flux recovery increased as the temperature
was increased from 15 oC to 30 oC. However, a further increase in
temperature beyond 30 oC resulted in a sharp decline of the flux
recovery. This indicates that the maximal efficiency was attained at
30 oC.
2-4. Pressure

Liquid pressure can affect both the cavitation bubbles and parti-
cle deposition behavior on the membrane surface. An increase in
liquid pressure causes an increase in the bubble-generation thresh-
old pressure and compressive forces driving the bubble collapse,
which in turn results in formation of fewer bubbles but with more
intense bubble explosion. High compressive forces increase the
velocity of the bubble wall during the bubble explosion. There-
fore, more substantial turbulence flow and shear force are gener-
ated due to the more vigorous cavitation bubble collapse in the
vicinity of the membrane surface, which leads to the foulant dis-
lodgment and surface cleaning improvement [15,149]. From the
particle deposition point of view, an increase in filtration pressure
may cause a significant increase in the permeate drag force on the
foulant particles at the membrane surface due to an increase in the
permeate velocity, as indicated by Eq. (57) below, which results in
more fouling. Assuming that foulants are spherical particles, the
permeation drag force can be expressed as follows [15]:

FD=3apv (57)

where ap is the particle diameter and v the permeate velocity.
In addition, increasing the applied pressure results in more com-

pact fouling formation since foulants are forced into membrane
pores and compressed further against the surface. Therefore, in-
creases in pressure, along with US irradiation which caused parti-
cles dislodged and moved back to the bulk solution, could force
the dislodged particles to reattach to the membrane surface again
[13,139]. Chen et al. [15] evaluated the effect of the filtration pres-
sure on ultrasonic fouling control in ultrafiltration of silica colloids

Fig. 9. The bubble radius and lifetime in distilled water at three dif-
ferent temperatures [146].
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by a ceramic membrane. An ultrasonic probe was placed parallel
to the membrane surface in a cross-flow filtration membrane mod-
ule. They observed a decreasing trend in the relative permeate flux
improvement (100% to 59%) as the filtration pressure was increased
from ~0.07×105 Pa to 0.54×105 Pa. The relative permeate flux im-
provement is defined as the ratio of the difference between the
steady-state permeate flux of fouled membrane with US and with-
out US to the difference between the permeate flux of clean mem-
brane with US and the flux of fouled membrane without US. As
the pressure is increased, the permeate velocity through the mem-
brane also increase. Therefore, according to Eq. (57), the permeate
drag force on deposited particles also increases and causes more
severe particle adhesion on the membrane surface. Consequently,
the relative permeate flux improvement decreases with pressure.
Nevertheless, the actual permeate flux could increase by more than
three-fold as the pressure is increased. According to the decreas-
ing trend of the relative permeate flux improvement with the fil-
tration pressure, it can be concluded that the effect of the permeate
drag force is more dominant than that of the increase in the inten-
sity of bubble explosion or acoustic streaming.

The effect of the TMP on the performance of US-assisted clean-
ing of fouled ultrafiltration membrane was studied by Alventosa-
deLara et al. [13]. The membrane unit was submerged in an ultra-
sonic bath. The US cleaning experiments were carried out with a
cross flow of deionized water at different TMP of 0.5×105 Pa,
1.5×105 Pa and 2.5×105 Pa in the membrane unit. The best clean-
ing efficiency was obtained at the TMP of 1.1×105 Pa. Further
increase in TMP led to more decay in the surface cleaning effi-
ciency. TMP increase between 0.5×105 Pa to 1.5×105 Pa resulted
in a stronger cavity explosion and acoustic streaming. Therefore,
turbulence flow and shear forces created in the bulk liquid and the
vicinity of the membrane surface could overcome the permeate
drag forces and dislodge the particles. Kyllönen et al. [130] also
investigated the effect of the TMP on the efficiency of the US-assisted
filtration process with the US traducers placed on the membrane
module. It was observed that the contaminants fouled the mem-
brane severely at the high-pressure conditions; thus, the surface
cleaning was more difficult.

In fact, pressure can have various effects on membrane clean-
ing and flux enhancement. The cleaning efficiency and the perme-
ate flux may vary (increase or decrease) under the pressure in-
crease and US irradiation owing to the pressure altering range, the
US transmitting properties, foulant characteristics and membrane
chemistry.
2-5. US Radiation Mode (Pulsed/Continuous)

US irradiation can take place in either continuous or intermit-
tent (pulsed) mode. In the pulsed mode of US irradiation, different
off intervals (US deactivation) are applied between US irradiation
cycles, which leads to the reduction of energy consumption. More-
over, pulsed irradiation may prevent membrane damage at high
US power intensities. Chen et al. [15] studied the effect of contin-
ued/pulsed US irradiation on the relative permeate flux improve-
ment of a cross-flow, flat sheet membrane system. The filtration
system was a cylinder with an ultrasonic probe located above the
membrane. Different pulse interval (0.1 s, 0.3 s, 0.5 s, 1.0, and 2.0 s
of US deactivation) were used between 1.0 s of US irradiation. A

relative permeate flux improvement of nearly 75% was obtained
with the continuous US mode, and it decreased to almost 27%
with pulsed US at 2.0 s interval (1.0 s on/2.0 s off), as compared
with that without US application. Thus, it was suggested that the
ultrasonically generated turbulence flow slowly faded, and more
particles tended to accumulate on the membrane surface when the
pulsed US was applied to the system. Aside from the flux improve-
ment, the energy consumption at a very short pulse interval (0.10 s
US deactivation) was almost 9% less than that for continuous US,
while its cleaning effect was so close to that of continous mode
(nearly 73% improvement over that without US).

Cai et al. [131] used continuous US irradiation and three differ-
ent intermittent modes (on-off duration: 1-1 s (A), 1-5 s (B), and
1-9.9 s (C)) to clean the fouled membrane in a UF cell. The stirred
UF cell was placed in a US bath. The filtration resistances were
measured, and it was observed that the resistance increased as the
US irradiation changed from continuous mode to the intermit-
tent mode and this increasing trend continued as the US on/off
duration ratio decreased. The permeate flux at the “B” and “C”
mode, as referred to above, was almost similar and lower than that
of the “A” mode (40% lower). Although continuous US irradia-
tion seemed to be more effective in fouling mitigation and flux
improvement, the “A” mode was chosen as an efficient US inter-
mittent cleaning since it is an economically viable process, under
which the membrane maintained its integrity. Similar results on
flux decay by increasing the time interval in intermittent mode
were reported by Lee et al. [17]. 

Kan et al. [141] investigated the effect of pulsed US irradiation
on natural organic matter fouling removal. The results showed that
as the on US cycle was reduced from 9 s to 3 s irradiation, the rel-
ative permeability decreased from 49.4 to 25 (almost 48% reduc-
tion). It was also mentioned that although cleaning efficiency is
always higher with the continuous US mode, pulsed US irradiation
results in a lower power consumption, and hence a more energy-
efficient cleaning process. Yu et al. [150] observed a similar trend
of cleaning efficiency for the pulsed mode as they increased the
US irradiation period from 3 min to 10 min. Mirzaie and Moham-
madi [140] also assessed the effect of pulsed US irradiation (on-off
duration: 0.8-0.2 s) on the cleaning efficiency and the flux recov-
ery of MF membrane using a milk solution as a feed. It was reported
that although the steady-state flux was 33% lower than that with
the continuous mode, the energy consumption was lowered by
almost 20%. Finally, the most effective radiation mode may vary,
depending on the type of membrane and feed properties [7,15].
2-6. US Transducer Position

Chen et al. [15] studied the effectiveness of the US source posi-
tion on the performance of a US-assisted filtration process. The
distance between the membrane module and the US probe was
chosen to be 3.5cm, 2.6cm, and 1.7cm. It was found that the smaller
distance was more effective in improving the relative permeate
flux. For larger particles (1.56m), as the distance was decreased
from 3.5 cm to 2.6 cm and 1.7 cm, the flux increased by 60%, 75%,
and 97%, respectively. However, fouling control was less effective
with smaller particles (0.22m) where the relative flux improve-
ment was only 29%, 30%, and 59% at similar distances. This find-
ing was attributed to the attenuation of the propagated sound
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intensity. As the distance from the US source to the membrane
decreased, stronger sound waves reached the membrane surface
and resulted in more turbulent flow, which facilitated a better re-
moval of foulant and hence flux improvement. A similar result
was reported by Lujan-Facundo et al. [14]. They placed the US
transducer at the bottom of a US tank and submerged a mem-
brane module inside the tank. Two positions of the membrane
unit were investigated: at the bottom of the tank (distance of 0.0
cm from the US transducer) and 3.0 cm above the bottom of the
tank. The results showed a slightly higher cleaning efficiency with
the former membrane position.

Mirzaie and Mohammadi [140] also employed US irradiation
to facilitate fouling removal in microfiltration of a milk solution.
They observed that as the distance between the US probe and the
membrane module got larger from 2.6 cm to 4.4 cm, the perme-
ate flux recovery was reduced from 228% to 145%. Also, mem-
brane damage (cracks at the center of membrane area) was ob-
served at a distance of less than 2 cm. As a result, although the
cleaning efficiency and the membrane permeate flux increased
with shorter distances, membrane damage could occur when the
membrane module is too close to the US source. In fact, at a very
close distance, energy density is extremely high and all the possi-
ble mechanisms (micro-jet, microstreaming, micro-streamers, acous-
tic streaming, and shock waves) may contribute to the membrane
cleaning process [15,151].
2-7. Feed Concentration

Generally, membrane flux is inversely proportional to the feed
solid/foulant concentration regardless whether filtration is with or
without US irradiation. However, in the case without US irradia-
tion, the flux decline with a high concentration of feed is more
severe. US irradiation was shown to be effective in enhancing the
permeate flux of dairy solutions even at a high solute/foulant con-
centration. However, the permeate flux of the whey solution de-
creased with increasing the feed concentration [139]. Feed solution
with a high particle concentration can readily increase the viscos-
ity, and hence reduce the probability of cavitation bubble produc-
tion within the solution. Thus, larger acoustic pressure is required
to overcome the natural cohesive forces of liquid molecules so to
create voids or cavities [11]. Chen et al. [152] reported that the
permeate flux restoration decreased from 100% to 65% as the feed
silica oxide concentration was increased from 0.5 g/L to 1.8 g/L,
using a membrane module and a US source at 1.7 cm apart. It also
was shown that US irradiation was more efficient at a low feed
concentration. In fact, higher feed concentration results in a greater
acoustic impedance, which leads to a significant sound wave atten-
uation [11]. Additionally, the interaction of the particles also in-
creases in this case, which may affect the US performance on the
foulant removal and the flux enhancement. It was noted that the
sound wave intensity was absorbed and scattered by cavitation
bubbles. In this regard, the wave intensity, reflected by the equilib-
rium temperature difference of the solution between the initial
stage prior to the sonication and during the sonication, was mea-
sured at different feed concentration to evaluate the effect of parti-
cle concentration on sound absorption as well as sound scattering,
which resulted in lower fouling mitigation. Fig. 10 shows that the
wave intensity was reduced with the particle concentration at the

cavitation region (at 1.5 cm distance from US source). In fact, par-
ticles acted as nuclei and caused additional cavitation bubble gen-
eration near the US sources, which resulted in sound wave at-
tenuation and propagation impedance due to the scattering and
absorption [152].

In addition to the particle concentration in the feed stream, the
particle size also has a substantial impact on the fouling layer for-
mation. Mah et al. [153] reported that smaller components tend to
form a denser fouling layer on the membrane surface, which leads
to a higher resistance and further permeate flux reduction. A simi-
lar result was also revealed by Lim and Bai [33].
3. Combination of US with other Cleaning Techniques

US cleaning is an effective method for pitting and eroding the
deposited particles and the reversible cake layer from the mem-
brane surface. However, irreversible fouling maintains after the US
irradiation and other cleaning methods (mostly chemical clean-
ing) are required to overcome this problem. In this regard, the com-
bination of the sonication technique with other cleaning methods
is employed in order to increase the cleaning efficiency, reduce
energy consumption, and minimize the utilization of chemical agents.

As mentioned, physical cleaning may be considered less effec-
tive than chemical cleaning. However, using physical cleaning such
as forward flushing, back flushing, gas sparging and hydraulic
washing under the US irradiation can facilitate cake layer removal
[147]. Li et al. [147] worked on the permeate flux recovery by US
cleaning, forward flushing, and US-associated forward flushing of
fouled nylon membrane. The permeate flux of membrane fouled
with DAF product from paper industry was 52.8 l/m2h; and the
flux increased to 86.4 l/m2h after washing fouled membrane with
water. On the other hand, the permeate flux reached 122.41 l/m2h
and 350 l/m2h by forward flushing and sonication, respectively.
Eventually, as forward flushing was employed under the US irradi-
ation, the permeate flux further increased to 738 l/m2h, which was
only 18% lower than the initial pure water flux. Similar results
were reported by Lee et al. [154] when they used sonication and
flushing as well as their combination for membrane cleaning.
Shahraki et al. [155] investigated the effectiveness of gas bubbling
on the flux improvement in a US-assisted ultrafiltration of a 1%

Fig. 10. Sound wave intensity as function of particle concentration
during the US radiation [152].
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skimmed milk feed solution. An ultrafiltration unit was submerged
in a US bath. It was reported that the membrane flux improve-
ment was about 72% and 180% by gas bubbling and US irradia-
tion, respectively. Moreover, the membrane flux increased further
to 384% when the combination of sonication and gas bubbling
was applied to the filtration process.

The combination of chemical cleaning with US irradiation was
studied by Muthukumaran et al. [156]. An anionic detergent was
used in combination with sonication for foulant removal from an
ultrafiltration membrane fouled with a dairy product. It was re-
ported that chemical cleaning and US acted synergistically and the
flux increased significantly. For a fouling time of 20 min and soni-
cation cleaning time of 20 min, the flux improvement was between
25% to 41%. However, under the combination of sonication and
chemical solution, the flux increased to 150%. A similar result was
demonstrated by Maskooki et al. [157] who investigated the com-
bined effect of EDTA and US irradiation in cleaning microfiltra-
tion membrane (milk was used as feed solution). Most recently,
Thombe et al. [9] showed that the use of NaOH, as a chemical

cleaning agent, under the US irradiation, increased the cleaning
efficiency and flux recovery to almost 90% in 4 min. The ability of
ultrasound cleaning technique for irreversible fouling removal was
studied by Lujan-Facundo et al. [133]. Ultrasound irradiation was
employed in combination with chemical cleaning (NaOH solu-
tion) after an initial rinse with distilled water. As mentioned, chemi-
cal cleaning is the most favorable method for breaking the severe
and irreversible fouling layer. It was reported that the membrane
flux recovery improved by 10% by using the US irradiation with
chemical cleaning. This shows a promising result as to the ability
of US cleaning for irreversible fouling mitigation.
4. Highlights, Challenges and Future Outlook of US Cleaning

First and foremost, an important advantage of the in-situ ultra-
sonic irradiation is that the filtration process is not interrupted by
the cleaning process as the case for physical, chemical or biologi-
cal cleaning methods. Thus, using US cleaning prevents system
downtime and improves filtration efficiency. US irradiation can be
carried out automatically and simply combined with other meth-
ods to achieve desirable fouling removal and permeate flux im-

Fig. 11. The SEM image (image magnification of 1 mm) from the surface of (a) neat membrane, (b) fouled membrane, (c) fouled mem-
brane under sonication, (d) fouled membrane cleaned by backwashing, (e) fouled membrane cleaned by chemicals, (f) fouled mem-
brane cleaned by combined method [33].
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provement. In addition, US-assisted fouling control processes avoid
chemical use and chemical disposal, which results in minimiza-
tion of environmental impact and improving the membrane life-
time as well as reducing the operating costs. Besides, ultrasonic
irradiation was shown to be a less energy-intensive method (energy
saving), in which little labor is required. Therefore, the use of US
cleaning leads to lower operating cost in large-scale applications
compared with other cleaning methods. According to Lujan-Fac-
undo et al. [158], only 19% of the daily cost in a membrane clean-
ing process (chemical cleaning plus US cleaning) was related to
US cleaning. Therefore, it can be concluded that the US cleaning
process is an economically viable method for fouling mitigation.

To compare the US cleaning efficiency to other cleaning meth-
ods, Lim and Bai [33] used sonication to clean a fouled membrane
in microfiltration of activated sludge and evaluated its efficiency by
measuring the permeate flux recovery. The result of their study
was compared with membrane cleaning by water backwashing
and chemicals as well as the combination method (sonication fol-
lowed by water backwashing and chemical agents). The SEM images
from the surface of the clean membrane, fouled membrane and
membranes after individual cleaning methods are given in Fig. 11.
According to their findings, the combined cleaning was the most
effective method giving an almost complete flux recovery (95.7%),
followed by chemical cleaning (76.8%), sonication for 10min (60.8%)
and deionized water backwashing (24.7%). As SEM images reveal,
US irradiation removed most of the cake layer and deposited par-
ticles on the membrane surface by breaking down the cake layer,
which resulted in permeate flux enhancement (Fig. 11(c)). How-
ever, foulants and cake layer can still be seen on the membrane
surface after chemical cleaning (Fig. 11(e)). Chemical cleaning in-
creased the flux recovery by increasing the attached biofilm per-
meability. In fact, chemical cleaning was more effective for adhe-
sive fouling causing the biofilm attachment within the pores or on
the membrane surface. Water backwashing was not effective for
this system, and only a small part of the foulants (loosely attached
particles) was removed from the surface or membrane pores (Fig.
11(d)). The combined method was found to be the most efficient
process for fouling removal and flux improvement. As shown in
Fig. 11(f), the membrane surface is clean and porous.

Aside from the strength of this novel and viable cleaning method,
several issues regarding the effect of US waves on the membrane
integrity and its weakness on the pore blockage fouling removal
should be considered. As mentioned, this method is not favorable
for the elimination of irreversible fouling and needs to be used
simultaneously with other cleaning techniques to remove the gel
layer or foulant within the pores. Moreover, US irradiation may
increase the particle deposition within the pores and result in pore-
blocking since the detached particles and broken foulant particles
tend to pass through the pores [33].

From the membrane damage point of view, membrane mate-
rial plays a pivotal role in maintaining membrane integrity. To
exemplify, PVDF is an excellent material to withstand the US irra-
diation despite the PES membrane, which is more susceptible to
be damaged under the identical condition. Ceramic membranes
are more stable than polymeric membrane under the US irradia-
tion due to their high chemical and mechanical stability. The mem-

brane stability under the US irradiation depends on not only the
material but also the membrane structure. For instance, the mem-
brane with larger pore size on the surface is more susceptible to
US irradiation and easily damaged. The reason is the cavitation bub-
bles are trapped in these larger pores and after a while the surface
and the spaces between pores are destroyed by bubble collapse, in
turn, cracks are formed [86]. Cai et al. [7] investigated the effect of
the US on the integrity of a hollow fiber membrane and compared
it with a flat sheet membrane. Their finding indicated that the hol-
low fiber membrane was more prone to the US irradiation and
some holes emerged in either inside or outside of the membrane.
The hollow fibre membrane has weaker mechanical strength owing
to the lack of support layer in its structure. A similar result was
reported by Li et al. [159] at high US power intensity and low fre-
quency. Another factor affecting the membrane integrity is the US
operation conditions. Wang et al. [148] observed some deteriora-
tion of the US-assisted filtration performance and attributed it to
the disruption of membrane integrity when the US intensity was
at 1.5 W/m2. Kyllönen et al. [130] studied the effect of the US fre-
quency on membrane integrity in a US-assisted filtration process,
in which the US transducer was placed inside the membrane
module. Membrane damage at some location was observed at fre-
quencies of 27 kHz and 40 kHz.

It was mentioned earlier that although increasing the power
intensity led to higher permeate flux recovery, it may negatively
affect the membrane integrity. To overcome the limitation of the
ultrasound cleaning technique, the combination of a membrane
surface modification method and US cleaning could be used in
membrane-based processes. In fact, changing the membrane sur-
face chemistry would help in preventing the irreversible fouling
formation (by controlling the particle deposition and cake layer
development). Moreover, the membrane flux could be improved
by enhancing the surface hydrophilicity. As discussed in section
4.5, modifying the membrane surface will alleviate the fouling
development and improve the filtration performance. Therefore,
the combination of surface modification and US cleaning could be
employed so as to prevent membrane damage and decrease the
energy demand.

According to preceding researches, it has been proven that apply-
ing ultrasound could improve the membrane cleaning efficiency
and permeate flux recovery. However, the main drawback in most
of those recent studies is the method being used for the US irradi-
ation. The practical strategy for reducing energy consumption is to
use the US transducer directly on a membrane module rather than
immerse the membrane module into an ultrasonic bath. In fact,
the power intensity of the sound waves is attenuated as it passes
through water to reach the membrane module [11]. This power
reduction results in higher energy consumption and higher oper-
ating cost. Aside from the high energy requirement, using the US
bath is only useful for laboratory-scale setups and it is not practi-
cal for industrial applications.

Furthermore, the detailed mechanism of particle detachment
and fouling control during the US irradiation has not been fully
investigated, and it needs to be addressed for prediction of the pro-
cess performance, estimation of the membrane permeate flux and
optimization of the filtration process. Mechanistic models are also
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needed for specification of the fouling mechanism, prediction, and
control of the fouling development during the filtration process.
5. Conclusion

Membrane performance improvement is not the only goal of a
fouling mitigation process. Cleaning strategies that are energy effi-
cient and have a low environmental impact are more favorable to
be exploited in the future. Fouling formation and its severity depends
on the type of foulants and feed solution properties, so finding an
appropriate method for fouling reduction is of great importance in
membrane-based separation processes. Pretreatment of the feed
solution, physical cleaning, chemicals, biological agents, and sur-
face modification are among the most commonly used fouling
control strategies. In addition, ultrasound irradiation provides an
alternative strategy for fouling mitigation and flux improvement.
The US cleaning method does not interrupt the filtration process
and is economically viable, in which no chemicals are used for
foulant displacement. This method increases the membrane per-
meate flux by breaking the cake layer and facilitating foulant detach-
ment from the membrane surface. However, US irradiation is not
able to detach adhesive fouling on the membrane surface or within
the pores. Although US irradiation is more effective at low frequency
and high-power intensity, surface cracking and membrane dam-
age may occur under these conditions. Thus, an optimal condi-
tion is required in order to obtain high cleaning efficiency, low
energy consumption, and maintain membrane integrity. Further-
more, to prevent energy loss and provide practical in-situ fouling
control, US transducers could be directly placed on the mem-
brane module instead of using an US bath since the US power
intensity is attenuated when passing through water. A combina-
tion of US irradiation and other cleaning methods (pre-treatment,
physical and chemical cleaning, and surface modification) can be
employed to improve the permeate flux without affecting the mem-
brane integrity. Bubble dynamics and mechanism of fouling re-
moval under the US irradiation needs to be investigated in order
to either develop a mechanistic model for the US-assisted filtra-
tion processes or modify the existing models by considering all the
operational parameters. The mechanistic model would help to
improve the filtration efficiency by facilitating the prediction of the
permeate flux and TMP changes during the filtration process.
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NOMENCLATURE

Symbol Physical Meaning
AP : cross-sectional area of a single pore [m2]
Am : area of membrane surface [m2]
2a : beam width [degree]
a0 : the initial clean membrane surface area [m2]
B : constant related to membrane porosity and rate of removal

of particles per unit area [s1]
B' : back flux factor [s1]
Cb : bulk protein concentration [kg·m3]
c : particle concentration [volume fraction]
c0 : particle concentration at bulk suspension [volume fraction]
cg : particle concentration at membrane surface [volume fraction]
cs : sound velocity [m·s1]
cw : speed of the US wave [m·s1]
D : particle diffusion coefficient [m2·s1]
Dp : mean pore diameter [m]
deq : identical spherical diameter [m]
E : erosion susceptibly constant
F : fragility
f : frequency [Hz]
f ' : fraction of proteins
G : resuspension factor [s1]
H : hardness [N·m2]
I : power intensity [W·m2]
J : membrane permeate flux [m·s1]
J0 : initial permeate flux [m·s1]
Jc, Ji, Js : critical fluxes [m·s1]
Jeq(x) : local equilibrium flux [m·s1]
Kb : complete blocking constant [s1]
Kc : cake filtration constant [s·m2]
Ki : partial blocking constant [m1]
Ks : internal blocking constant [m1]
K : constant related to the physical properties of the foulant

[m·kg1(m2·N1)0.82]
k : polytropic coefficient
kc : cake filtration constant [kg·m3]
L : pore length [m]
mp : mass of protein [kg·m2]
NFc : critical filtration number
NP : number of pores per unit area of membrane
n : available membrane pores
P : pressure [Pa]
PC : collapse pressure [Pa]
Q : flow rate [m3·s1]
Qblocked : flow rate through the blocked area [m3·s1]
Qopen : flow rate through the clean membrane [m3·s1]
R0 : initial cluster radius [m]
Ra : arithmetic roughness [m]
R : membrane resistance [m1]
R' : specific protein layer resistance [m·kg1]
Rpp0 : resistance of a single protein aggregate [m1]
Rpp : resistance of protein deposit [m1]
Rrs : critical size of the cavitation bubble [m]
rc : specific resistance of the cake layer [m2]
S : rate of erosion of cake per unit area [kg·m2·s1]
Sc : wall velocity of the cluster [m·s1]
s : compressibility factor of the cake layer
T : temperature [oC]
t : time [s]
ti : elapsed time [s]
V : permeate volume [m3]
VCav : volume of the cavitation bubble [m3]
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vP : flow velocity [m·s1]
WCav : energy within the cavities [J]
X0 : volume fraction of particles in suspension

Greek Symbol
 : pore blockage parameter [m2·kg1]
aP : particle radius [m]
 : void fraction of the cluster
m : membrane thickness [m]
f : fouling layer thickness [m]
 : membrane porosity
0 : clean membrane porosity
f : porosity of fouling layer
 : area of blocked membrane per unit of the permeate volume

[m2·m3]
C : shear stress created by the collapse of the cavity cluster [Pa]
EROS : erosion stress [Pa]
 : viscosity of water [Pa·s]
 : fraction of energy transfer
 : liquid density [kg·m3]
 : tangential particle flux [m·s1]
 : shear rate [s1]
 : absorption coefficient [m1]

Subscript
c : cake layer
cp : concentration polarization
d : diamond
f : fouling layer
g : glass
ir : irreversible
m : membrane
p : membrane pores
r : reversible
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