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Abstract

Membrane fouling is one of the major issues encountered in membrane filtra-
tion including microfiltration, ultrafiltration, nanofiltration, and reverse osmosis.
Membrane fouling can occur due to the reversible and irreversible deposition of par-
ticles, colloids, macromolecules, salts, and other types of elements. As a consequence,
fouling causes a significant decrease in the permeate flux due to plugging of membrane
pores, and adsorption of fouling material on the membrane’s surface and/or in the
pore walls. A lot of research efforts have been directed towards fouling remediation
techniques or membrane cleaning alternatives. Although most of these methods are
relatively functional, they have drawbacks and limitations. Among these methods, the
use of ultrasound has been shown to be effective in enhancing mass transfer, cleaning,
disinfection, and controlling fouling. In membrane filtration processes, ultrasound can
help accelerating the permeate flux towards the membrane and decreasing the concen-
tration of solutes accumulated in the membrane pores and on the membrane surfaces.
Ultrasonic fouling control does not require chemical cleaning and can maintain a high
permeate flux throughout the filtration process. In addition, wastewater contaminants
can be degraded by ultrasound. Therefore, ultrasound creates unique physicochemical
conditions, which can be used as an effective tool for membrane fouling control. In
this chapter, ultrasound radiation as a unique method to modify physical and chemical
properties of a complex fluid with applications in wastewater treatment and protein
purification process is highlighted. At first, ultrasonic parameters and how their ability
to enhance the delivery of fluid flow to the membrane surface and affect the physical
and chemical properties of foulants are discussed. Furthermore, various ultrasonic
methods, including continuous and intermittent waves, and its influences on mem-
brane fouling, permeate flux, membrane cleaning and flux recovery are reviewed. The
main role of wave streaming as a driving force for fluid acceleration and antifouling
control, and the impact of ultrasound-generated bubble cavitation on preventing and
removing fouling deposits are described. The challenges of current ultrasonic tech-
niques, which need to be addressed so as to facilitate their widespread and successful
implementation, are explored. This chapter examines how the periodic compression/
rarefaction cycles of ultrasound can influence mass transfer and membrane fouling.
Also, the current knowledge and approaches to advance ultrasonic technology as an
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effective method for membrane fouling remediation in wastewater treatment and
protein purification downstream processing are presented in this chapter.

Keywords: membrane fouling, ultrasound, mass transfer, physicochemical influence,
permeate flux, fouling control

1. Overview of membrane fouling mechanisms

Membrane processes are increasingly used in various applications, both
upstream and downstream processes, such as microfiltration (MF), ultrafiltra-
tion (UF), and emerging processes including membrane chromatography, high
performance tangential flow filtration, and electrophoretic membrane contactor.
Membrane fouling is an ongoing issue in pressure-driven membrane processes
such as UF, MF, nanofiltration (NF), reverse osmosis (RO), and forward osmosis
(FO). Membrane fouling is likewise unavoidable in other types of membrane-based
processes such as membrane distillation (MD) and membrane bioreactor (MBR). In
recent years, the application of UF has expanded as a promising alternative technol-
ogy to obtain drinking water [1-4]. In addition, UF has become particularly impor-
tant in concentrating proteinaceous solutions. Examples of commercial membrane
processes include filtration of protein solutions in the presence of electrolytes,
concentration of whey proteins in the dairy industry, protein recovery from blood
plasma, and protein concentration in downstream processing. NF is another
promising technology that separates solutes based on solute charge and size. Several
research papers on peptide fractionation by NF of model systems of amino acids
and peptides, which were based on molecular sieve effect and/or on charge effect
depending on the membrane type and the feed phase composition, have been
reported [5]. However, one of the major factors, which hinders more wide-spread
applications of membrane filtration, is that the permeate flux declines with filtra-
tion time [6-9]. This phenomenon is commonly known as membrane fouling,
which refers to the blockage of membrane pores by the combination of sieving and
adsorption of particulates and compounds onto the membrane surface or within the
membrane pores during the filtration process, as summarized in Figure 1.

In-depth understanding of fouling phenomenon mechanisms is vital for the
advancement of innovative methods for the control of fouling and cleaning of
membranes. Membrane fouling is a complex process since it involves chemical and
physical interactions between various foulants as well as between the membrane’s
surface and foulants [10-12]. Membrane fouling reduces the active area of the
membrane, blocks the membrane pores, or increases the resistance to the flow
though the membrane and hence directly contributes to a declined in the permeate
flux and an increased transmembrane pressure, which in turn results in an increase
in the power consumption [13, 14]. Membrane fouling presents in the form of pore
blockage, particle deposition, adsorption, or gel formation, as shown in Figure 1.
Adsorption of contaminants on the membrane surface, due to interactions between
foulants and the membrane surface, and the membrane’s pore walls produces higher
hydraulic resistance across the membrane. Alternatively, pore blockage is comprised
of the plugging of the membrane’s pores that in turn narrows the passage for the
permeate through the membrane, resulting in a lower permeate flux [7, 9]. The
deposition of foulants by layer-by-layer accumulation on the membrane surface
creates additional hydraulic resistance, which is otherwise known as cake resistance
[3]. When it comes to fouling caused by the gel formation, the cross-linked three-
dimensional networks of deposited particles, including colloidal substances and
macromolecules, are created on the surface of the membrane. These formed gel
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Figure 1.
Membrane fouling mechanisms.

layers lack connectivity between the pores and as a consequence offer greater resis-
tance to mass transport through the membrane. Once the gel layer is formed, any
increase in the transmembrane pressure will not result in any improvement in the
permeate flux, but it will compress the gel layer [3, 4]. Deposition of foulants on the
membrane’s surface is generally known as external fouling, whereas fouling within
the membrane’s pores is defined as internal fouling, as shown in Figure 1. In most
cases, the process of flux decline transpires in three specific stages due to the fouling
mechanisms. During Stage I, there is a rapid flux decrease because of the swift pore
blocking happening at the beginning of the process. During Stage II,

the flux continues to decrease due to the cake layer formation and consequent
growth. In this stage, the flux continues declining, while the cake layer increases and
attains greater thickness. During Stage III, the fouling process gets to a relatively
steady state, and the cake layer grows to its equilibrium thickness [3, 11, 12, 14]. The
change from the initial flux to the steady-state flux may be quite substantial. Diverse
foulant types can occur in membrane-based separation processes, dependent on the
properties of the feed stream. Membrane fouling can thus be classified based on

the foulant types [4, 13]. In this chapter, ultrasound radiation as a unique method

to modify physical and chemical properties of a complex fluid with applications in
wastewater treatment and protein purification process is highlighted.

1.1 Types of fouling
1.1.1 Organic fouling
The presence of the organic fouling is frequent in the membrane-based separa-

tion processes because of the pervasive occurrence of dissolved organic matter
(DOM) in wastewater, sewage, and surface water. DOM can be classified into three
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key categories: (1) natural organic matter (NOM), created through metabolic reac-
tions of organics in various sources of drinking water; (2) synthetic organic com-
pounds (SOC), discharged into wastewater streams and originating from industries
and household sources; and (3) soluble microbial products (SMP), produced during
biological water treatment processes [15]. When it comes to NOM, the primary
constituents in ground or surface waters are humic substances (fulvic acids, humic
acids, and humin) created through the decomposition of animal and plant residues.
As such, humic substances include aliphatic and aromatic constituents of phenolic
and carboxylic functional groups. Furthermore, NOM encompasses nonhumic frac-
tions that are based on amino acids, proteins, transphilic acids, and carbohydrates
[16]. There are several mechanisms in which NOM can create organic fouling. NOM
may form a gel layer on the membrane surface, be adsorbed or deposited within the
membrane pores, or bind to other particles in order to form a NOM/particle foul-
ing layer on the membrane surface. Organic fouling could likewise be produced by
transparent exopolymer particles (TEPs) created from polysaccharides and excreted
by microalgae [17]. Furthermore, effluent organic matter (EfOM), consisting of
SMP and NOM, from biological wastewater treatment may become the source of
membrane’s organic fouling. EfOM could include compounds including enzymes,
nucleic acids, antibiotics, polysaccharides, proteins, and steroids [17]. In general,
organic membrane fouling is a complicated phenomenon that is directly influenced
by the foulant-membrane surface interactions, foulant-foulant interactions, and feed
water’s chemistry. For the initial buildup of organic fouling layer, adsorption is a key
mechanism, which is responsible for irreversible fouling. It should also be noted that
the hydrophilicity or hydrophobicity and molecular size of NOM have a critical role
in the formation of the membrane’ organic fouling and flux decline [18].

1.1.2 Inorganic fouling

Inorganic membrane fouling is frequently referred to as “mineral scaling.” This
type of fouling is caused by the elevated concentrations of inorganic compounds
in the feed water. Examples of inorganic foulants are calcium carbonate (CaCO3),
barium sulfate (BaSO,), calcium sulfate (CaSO,), and silica (SiO,). The primary
cationic species that are responsible for inorganic fouling are Mg*?, Fe**, Ca*?, and
A1, Alternatively, the primary inorganic species that can be in equilibrium with
cationic scaling components are F~, CO;72, SO, 7%, OH™, silicic acids, and orthophos-
phate [19]. The scale formation or inorganic fouling on the membrane surface is
controlled by transport and crystallization mechanisms. Crystallization can happen
as a consequence of ion precipitation on the membrane surface. This occurs when the
overall ion activity in the feed water is above the saturation limit, a dynamic where
the feed is essentially supersaturated. Scaling caused by crystallization can occur
in two potential ways: surface (heterogeneous) crystallization and bulk (homo-
geneous) crystallization. During bulk crystallization, the crystal particles deposit
on the membrane surface and then create a cake layer, after being formed through
homogeneous crystallization in the bulk phase. Supersaturated solutes permit the
agglomeration of scale-forming ions because of the random collisions occurring in
the bulk phase. The coalescing ion cluster facilitates precipitation once it becomes
larger than a critical size. For surface crystallization, the crystals are formed on
the membrane surface, while the scale formation occurs through the lateral crystal
growth [19]. Inorganic fouling can be influenced by several parameters, including
degree of super saturation, shear across the membrane, transmembrane pressure,
membrane surface roughness, and the feed solution chemistry [20]. Membranes that
have rougher surfaces are more susceptible to inorganic fouling than those featuring
smoother surfaces. Greater surface roughness augments free energy on the surface
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and in turn raises membrane’s adhesiveness. Inorganic fouling is more frequent at
low-shear rates, higher degrees of super saturation, and higher transmembrane pres-
sure. Furthermore, inorganic fouling can become more aggressive in cases where the
wastewater contains smaller particles and greater concentrations.

1.1.3 Colloidal fouling

Common examples of inorganic colloids are colloidal silica, elemental sul-
tur, precipitated iron, silt, aluminum silicate clays, and corrosion products.
Alternatively, organic colloids can be carbohydrates, proteins, fats, oils, and greases.
During membrane filtration process, permeate flux is the primary mechanism for
the transportation of colloidal particulates from the bulk feed to the membrane
surface. Simultaneously, cross flow prompts reverse transport of colloids from
the membrane surface to the bulk feed. Reverse transport of colloids is generally
controlled by turbulent transport, particle rolling, inertial-lift forces, Brownian
diffusion, shear-induced diffusion, and particle-particle interaction forces [11].
For nonporous membranes such as NF or RO, colloidal fouling is triggered by the
buildup of particles on the membrane surface that causes the cake layer formation.
For porous membranes, including UF and MF, the pore size is large enough so as to
facilitate pore blocking; hence, colloidal fouling can be caused by surface accumula-
tion and pore plugging [13]. The surface charge and physiochemical properties of
colloids depend on the feed solution chemistry, such as pH, ionic composition, and
ionic strength [21]. Furthermore, colloidal fouling depends on other membrane
properties. Smoother and more hydrophilic membranes exhibit superior colloidal
fouling resistance potential during the initial fouling stage [11, 21]. Colloidal foul-
ing likewise relies on the hydrodynamic conditions, that is, the fouling becomes
more problematic at lower cross-flow velocity [21].

1.1.4 Biofouling

Biofouling is caused by the deposition, growth, and metabolism of microbio-
logical cells (bacteria, algae, protozoa, and fungi) or flocs, in conjunction with the
production of biofilm on the membrane. Biofouling poses a serious operational
problem in membrane-based processes and is a contributing factor to >45% of all
membrane fouling [10]. Biofouling begins as an attachment of microbiological
cells to the membrane surface, which then causes the formation of biofilm. After
the initial attachment, the microbiological cells continue to grow and multiply by
using the feed nutrients and/or the organics adsorbed in the membrane surface as
its resources. Simultaneously, the extracellular polymeric substances (EPSs) excrete
in a manner that anchors the microbiological cells and allows further settlement on
the membrane surface. Once their growth is completed, the cells begin to detach and
then diffuse to new locations on the membrane surface so as to once again initiate
biofilm creation [22]. The biofilm growth can be summarized as a series of steps:

(a) formation of a conditioning film through the absorption of organic species (macro-
molecules, proteins, etc.) on the membrane surface, (b) transportation of microbio-
logical cells from the bulk feed to the conditioning film, (c) attachment of cells to the
membrane surface, and (d) creation of biofilm through cell growth [22]. The process
of cell attachment is dependent on the membrane properties, including roughness,
hydrophobicity, material, and surface charge. The features of microbiological cells
and the properties of feed water influence the attachment of cells to the membrane
surface [22]. Furthermore, the EPSs play an important role in biofouling. EPS
substances tend to be higher molecular weight secretions of the microbiological cells,
such as proteins, nucleic acids, polysaccharides, and lipids. EPSs are distinguished as
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soluble EPS (or SMP) and bound EPS. Bound EPSs are sturdily bound to the micro-
biological cells, meanwhile the soluble EPSs are loosely bound and appear primarily
in the form of dissolved substances in the bulk liquid. EPSs contain hydrophobic and
hydrophilic functional groups that allow them to be positioned on hydrophobic and
hydrophilic membranes. EPSs offer a way to bind the cells together in three-dimen-
sional matrices. As such, EPS can influence the biofilm’s structural stability, adhesion
ability, surface parameters, and stability of the microbiological cells [22].

Fouling can be reduced by manipulating particle-to-membrane and particle-to-
particle interactions. For this purpose, a wide variety of feed pre-treatment options
can be used. However, this can rapidly increase operational cost and complexity [1-3].
Chemical cleaning consists of the use of acid, alkali, or biocide solution to prevent inor-
ganic fouling, organic fouling, and biofouling, respectively. Almost full recovery of per-
meate flux can be achieved through chemical cleaning; however, it can increase cost and
complexity of filtration process due to the use of hazardous chemicals. Furthermore,
it produces by-products that are threatening to the environment. Physical cleaning
includes periodic rinsing (backwashing and flushing), which consists of passing water
through the membrane in the reverse direction of the permeate flux. Backwash with air
can also be applied to remove particles through surface shear and increase in mass trans-
terring motion, but it is not compatible to all types of feed solution [7-10]. Another
physical technique is the use of pulsed electric or ultrasonic fields during the filtration
process to avoid particle deposition [7, 8]. As an alternative to these techniques, the use
of ultrasonic field in membrane cleaning and fouling control has been investigated.
Ultrasound (US) can create turbulence near the membrane surface and detach particles
through the action of cavitation bubbles. The characteristics of the bubbles formed
within the system play a major role in the effectiveness of the ultrasound application.
The particle detachment can significantly decrease the overall resistance to flow across
the membrane, increasing the filtration performance.

2. Theoretical aspects of ultrasound membrane fouling control

The ultrasound influence on membrane fouling control is function of wave
parameters, time, the fluid characteristics, pressure, and temperature.

2.1 Ultrasound phenomenon

Ultrasound is a sound (acoustic) wave traveling at a frequency greater than
20 kHz, which is above the normal human hearing range [23]. Unlike the audible
sound range, ultrasound has exceptional chemical and physical properties by trans-
mitting high mechanical power through small mechanical movements [24]. As shown
in Figure 2, ultrasound spreads through a fluid in a series of rarefaction (expansion)
and compression waves. Because of this propagation, the molecules within the fluid
are exposed to rarefaction and compression cycles in the direction of the wave propa-
gation. This generates an acoustic pressure (P,) in addition to the fluid’s hydrostatic
pressure (Py). The acoustic pressure generated can be calculated using Eq. (1) [24]:

P, = Py sin(2xft) (1)

where P, f, and ¢ stand for the acoustic pressure amplitude, frequency, and
time, respectively.

Three distinctive types of ultrasound are classified based on the sound fre-
quency range, specifically power ultrasound (20-100 kHz), high frequency ultra-
sound (100 kHz-1 MHz), and diagnostic ultrasound (1-500 MHz) [26].
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For processing and industrial cleaning applications, the ultrasound frequency range
between 20 and 500 kHz is usually used [26].

2.2 Acoustic cavitation

In the compression cycle, the molecules in the fluid are exposed to a positive
acoustic pressure that pushes the molecules closer to one another. Alternatively, in
the rarefaction cycle, a negative pressure is applied in order to pull the molecules
away from each other. The intermolecular forces are incapable of holding the mol-
ecules together, and small vapor-filled voids, or cavitation bubbles, are formed in
the liquid whenever the pressure amplitude and the subsequent tensile stress during
rarefaction are greater than the tensile strength of the liquid [27]. This phenomenon
is known as the acoustic cavitation. The minimum acoustic pressure necessary
to transcend the liquid tensile strength and form a cavitation bubble of an initial
radius Ry is termed the Blake threshold (P,) and is defined by Eq. (2) [27]:

(26/R,)?

3(P0 ¥ fz_c)
where P, is the hydrostatic pressure being applied on the liquid, and o is the lig-

uid’s surface tension. In Eq. (2), the expression (2%) signifies the cavitation bubble’s
surface tension. It should be noted that Eq. (2) doés not properly address inertial
and viscous effects and vapor pressure [28]. The creation of cavitation bubbles in
aliquid is usually linked to the nucleation phenomenon and the existence of weak
spots, including solid impurities, dissolved solids, free-floating gas bubbles, and gas
pockets in crevices of solids acting as nuclei [25]. Generally, the ultrasound cannot
create cavitation bubbles in pure liquids that naturally have excessively high-tensile
strength. However, the existence of impurities drastically lowers the liquid’s tensile
strength and, as a consequence, the required Blake threshold for the initiation of

cavitation. For example, the Blake threshold value for impure liquids is around
1-10% of the Blake threshold for pure liquids [27, 28].

P,=P,+2/3 (2)

2.3 Cavitation bubble growth

After cavitation bubbles are created, they can disperse in liquid and grow larger.
The cavitation bubbles grow because of the rectified diffusion and coalescence.
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Coalescence is the process during which smaller cavitation bubbles join together to
form larger bubbles. On the other hand, rectified diffusion occurs when the bubble
growth undergoes repeated rarefaction and compression cycles produced by the
ultrasound. During the compression cycle, the bubbles are compressed, while the
contained material, such as gases and vapors, is released into the liquid. The quan-
tity of material leaving or entering a bubble is directly proportional to the bubble
surface area. In general, the quantity of the expelled material during the compres-
sion cycle is less than the amount gained during the rarefaction cycle because of
the lower surface area accessible throughout the compression cycle. As a conse-
quence, the bubbles continue to grow in size, while the ultrasonic field is present.
Supplemental to the area effect, shell effect likewise needs to be addressed during
rectified diffusion [29]. Shell effect is connected to the liquid shell thickness around
the cavitation bubbles. In the compression cycle, the bubbles begin to shrink, while
the overall thickness of the liquid shell around them is increasing. As a result, there
is a decrease in the gas concentration close to the wall of the bubbles. Thus, a lower
concentration gradient exists for the gas movement out of the bubbles across thicker
liquid shells. In the rarefaction cycle, the bubbles begin to expand, while the overall
thickness of the liquid shell becomes thinner. This change incites an increase in gas
concentration close to the wall out of bubbles. A high concentration gradient comes
with a thin liquid shell on the bubble under rarefaction. In contrast to the compres-
sion cycle, a higher quantity of gas travels into the bubbles during the rarefaction
cycle. As a result, the overall outcome is the increase in the bubble size. Generally,
the bubbles grow to a maximum size of 2-150 pm [25].

2.4 Cavitational collapse

Once the bubbles have grown to a certain size, degassing can happen where
the bubbles leave the liquid due to buoyancy. If the bubbles continue growing to a
critical size by rectified diffusion, which is designated as the bubble resonance size
(R,), then they can continue fluctuating around the resonance size, or alternatively
growing to a larger size at which they collapse [29]. The bubble resonance size is a
function of ultrasound frequency and can be estimated using Eq. (3) [28]:

R, =42 (3)
P

where o stands for the ultrasonic angular frequency, vy is the specific heat ratio
of gas (Cp/Cyv, Cp, and Cv are specific heat of gas at constant pressure and constant
volume, respectively) within the bubble, and p is the liquid density. For air bubbles
in water, Eq. (4) [27] can be used to estimate the resonance radius:

R =3

f
where f stands for the ultrasound frequency. The collapse of the bubbles, or cavi-

tational collapse, is controlled by the bubble oscillation frequency (f;,) as expressed

in Eq. (5) [28]:
o=V H (P ) 9

where R represents the bubble radius.

The bubbles remain intact and continue their growth cycle if the resonant
bubble oscillation frequency (the bubble radius is at its resonance value) is smaller
than the ultrasound frequency at the end of the compression cycle. This particular
dynamic is defined as the noninertial, stable, or steady cavitation, during which

(4)
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the bubbles continue to oscillate over many rarefaction and compression cycles
until they grow larger and finally collapse. When the resonant frequency becomes
equal to or greater than the ultrasound frequency, the bubbles can grow incredibly
fast and then violently collapse into smaller bubbles within a single acoustic cycle
[25, 29]. This process is regarded as inertial or transient cavitation and implies
that the lifetime of the bubbles is quite short. Transient cavitation happens at high
ultrasound intensities, while the stable cavitation usually occurs at low ultrasound
intensities. It is relevant to note that stable cavitation may eventually lead to tran-
sient cavitation, and transient cavitation may generate smaller bubbles that then
experience stable cavitation. Figure 3 offers a summary of the cavitation bubble
growth and the cavitational collapse in an ultrasonic field.

2.5 Dynamics of bubble growth

The radial growth is governed by the Rayleigh-Plesset equation, as presented in
Eq. (6) [27]:

2 R, 3y 4
ey ek (®) R @) o
where R is the growing bubble’s radius, 4 is the liquid viscosity, and Po and Peo
are the pressure close to the bubble and pressure at an infinite distance away from
the bubble. In the system represented by Eq. (6), liquid is considered incompress-
ible, and the bubble is full of an ideal gas; thus, the system behaves adiabatically.
The pressure at an infinite distance from the bubble, P .., is dependent on time ()
and can be determined by Eq. (7) [25]:

P, = P,- Py sin (ot) 7)

Equation (8) [29] is applicable for radial growth of a gas-filled transient bubble [30]:

2
AR 3 (dR\* _ 11p(Ruar) |
Rdt2 +§(dt) - P[P< R ) Pn] ®

where Ry, stands for the maximum bubble radius before the bubble collapse,
P is the pressure (as a sum of the gas pressure, P,, and the vapor pressure, P,) inside

C: Compression

R: Rarefaction
C G 24 C

Time

(o

Acoustic Pressure, P,

Cavitational
R R R R collapse

°O°O°OOO§§%

Figure 3.
Schematic diagram of acoustic cavitation, bubble growth, and cavitational collapse [29].
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the bubble at the maximum radius value (P = P, + P,), and P,, is the liquid pressure
at the transient collapse moment (P,, = Py + P,). The bubble collapse time (z,,) can
be estimated using Eq. (9) [25]:

T, = 0.915R,,mx(1 + P£> (Pi) 9)
2.6 Effects of cavitational collapse

Cavitational collapse generates sonoluminescence, where short light bursts are
released [29]. Furthermore, forceful collapse of transient cavitation bubbles may
cause significant chemical and mechanical effects in liquid systems due to the con-
centration of ultrasound energy at the bubble collapse sites. Cavitational collapse
creates hotspots with extremely high local pressures and temperatures. Generally,
hot spot pressure and temperature can reach up to 1000 atm and 5000 K [31]. The
lifetime of a hotspot is rather short, which leads to a very high cooling and heating
rate, often surpassing 109 Ks™! [29, 31]. If the gas in a bubble is assumed to be ideal,
and the viscosity and surface tension of liquid are ignored, then the maximum pres-
sure (P,,,) and the maximum temperature (7),,,) within a collapsing bubble can be
calculated using Egs. (10) and (11) [31]:

Tmax: Ta[%(v_l)] (10)
Pmax = Pu [P?m(y - 1)] o (11)

where T, is the ambient temperature.

The local high pressure and temperature conditions at the bubble collapse sites
offer locations for high-energy sonochemical reactions that involve free radicals.
Such high-energy reactions are usually justified using the “hot spot” model. In this
model, there are three specific regions in the presence of sonochemical reactions:
(1) a hot gaseous nucleus (thermolytic center), (2) an interfacial region, and (3) the
bulk liquid at ambient temperature values [30].

2.7 Factors affecting acoustic cavitation and cavitational collapse in
membrane process

There are multiple factors affecting the acoustic cavitation and the subsequent
collapse of the cavitation bubbles in an ultrasonic field. Those key factors are
examined later.

2.7.1 Ultrasonic frequency and intensity

Lower ultrasound frequency augments the size of the produced cavitation
bubbles, thus leading to an intense cavitational collapse. For higher ultrasound
frequency values, acoustic cavitation and cavitational collapse are less frequent due
to two reasons. First, the negative acoustic pressure during the rarefaction cycle is
unable to initiate the cavitation. Second, the compression cycle is much faster and
does not provide enough time for the bubbles to collapse [25, 29].

Acoustic cavitation displays an optimal relationship with the ultrasound
intensity. The power intensity can be determined calorimetrically or by using the
input or output power per unit area of the ultrasound transducer [31]. Ultrasound
intensity (I) is directly proportional to the acoustic pressure amplitude (P,), as
expressed in Eq. (12):

10



Ultrasound for Membrane Fouling Control in Wastewater Treatment and Protein Purification...
DOI: http://dx.doi.org/10.5772/intechopen.89524

" 2pc (12)

where ¢ is the ultrasound speed.

An elevation in the ultrasound intensity raises the acoustic pressure amplitude.
This in turn lowers the collapse time (z,,), as per Eq. (9). In addition, the increase
in acoustic pressure amplitude augments the maximum temperature (T},,,) and the
maximum pressure (P,,) of bubble collapse, as reflected by Egs. (10) and (11).
Consequently, the bubble collapse becomes significantly more violent and quick at a
higher ultrasound intensity. It should be noted that the ultrasound intensity cannot
increase past a particular critical value. This critical cutoff point can be explained
by the fact that at extremely high acoustic pressure amplitudes, the bubbles are very
large, although the time available for the bubble collapse during the compression
cycle is insufficient [31]. Furthermore, the larger quantity of bubbles generated ata
high intensity can trigger a dampening effect and lower the ultrasound efficacy.

2.7.2 Transmembrane pressurve and liquid temperature

Equation (9) indicates that a raised external static pressure (Py) lowers the
collapse time. According to Egs. (10) and (11), the augmentation of the external
pressure increases T, and P,,,, at the point of bubble collapse. As a result, raised
external pressure will contribute to a more intense and quick cavitational collapse.
High external pressure likewise lowers the liquid vapor pressure. This leads to
higher ultrasound intensity that is necessary for the initiation of cavitation [25, 29].

Acoustic cavitation also varies with liquid temperature. A greater temperature
causes higher liquid vapor pressure (P,). As a result, the cavitational collapse is not
as intense because of the lower T, and P, as Egs. (10) and (11) indicate. For
the majority of liquids, higher temperatures imply lower viscosity, which in turn
enhances the bubble formation. Since viscous liquids are generally sluggish, they do
not let the cavitation bubbles to form easily [28].

2.7.3 Liquid feed and bubble gas characteristics

Cavitation bubbles form reasonably well in liquids with low surface tension,
low viscosity, and elevated vapor pressure. Higher vapor pressure, however, also
allows for a less aggressive bubble collapse, as outlined in Section 3.7.4. The higher
quantity of dissolved gases in liquid augments the number of nuclei available for
the subsequent growth of cavitation bubbles. On the other hand, the presence of
high concentrations of solid particles reduces the acoustic cavitation because of the
weakened and scattered of ultrasonic waves [25, 29].

The overall intensity of cavitational collapse is contingent on the specific heat
ratio of the gaslocated inside the bubble (y), as shown in Egs. (10) and (11).
Simultaneously, the growth of the gas pressure within the bubble (P,) causes a less
intense cavitational collapse since there is a decrease in T}, and Py, with Py, as
shown in Egs. (9) and (10). Thus, gases with lower thermal conductivity generate
noticeably higher local heating throughout bubble collapse [28].

3. Influence of ultrasound on membrane fouling remediation

Ultrasound has the capacity to incite critical physical phenomena in heteroge-
neous solid-liquid systems that can help separate particles from fouled membranes.
Ultrasound has been shown to be an effective way in enhancing mass transfer, clean-
ing, disinfection, and controlling membrane fouling. Some of these relevant physical
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phenomena include microstreaming, acoustic streaming, microjets, microstreamers,
and shock waves, as shown in Figure 4. For instance, acoustic streaming is a type of
fluid flow that is caused by the absorption of acoustic, or ultrasonic, energy and does
not necessitate a cavitational collapse [31]. When the ultrasonic waves propagate, the
wave momentum is absorbed by the liquid. As a consequence, unidirectional flow
currents are formed within the liquid [29]. Acoustic streaming produces a low flow
velocity of about 10 cms™ and happens within a few centimeters of the ultrasonic
transducer [29]. The flow velocity becomes greater at higher ultrasound frequencies
and increased power intensity. When it is near a solid surface, including the surface

Microstreamers Effective Range (cm)

Membrane
from top

Fouled surface o st
Bubbles travel along fouled
surface towards node

Micro-jet Acoustic Streaming  Effective
Range (cm
Effective range (um) - Transcgluéer )
/ m .l'r:'/; \W | Velocity
\ [-200m/s)/ W A ) ~10 cm/s
Fouling Layer
Membrane

Microstreaming

Bubble increases
and decreases in
size

Effective Range (pm)

Figure 4.
Influence of ultrasonic on membrane fouling and mechanisms for particle removal/detachment.
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of a fouled membrane, the liquid flow generated by acoustic streaming is blocked,
causing unidirectional flow parallel to the solid surface that could potentially detach
the foulants. Microstreaming is the time-dependent oscillation of liquid molecules
located in near the acoustically oscillating cavitation bubbles. Under rarefaction and
compression cycles, the oscillation of the cavitation bubbles instigates quick fluctua-
tions in the liquid movement direction and magnitude. Throughout the compres-

sion cycle, the cavitation bubbles continue to shrink, while the liquid molecules are
moved away from the membrane’ surface. Alternatively, in the rarefaction cycle, the
cavitation bubbles swell, and the liquid is pushed in the direction of the membrane’s
surface. The intent is to generate sufficient drag or shear forces that would be able to
effectively remove foulants from the membrane’s surface. The range of microstream-
ing effectiveness is relatively limited and generally within the range of 1-100 pm

[26, 31]. Microstreamers are produced as a consequence of standing waves created due
to the superimposition of the ultrasonic waves redirected from the solid membrane
surface and the incoming ultrasonic waves from the ultrasonic transducer. Because

of the Bjerknes forces, cavitation bubbles with sizes less than the resonance size are
drawn to the standing waves’ antinodes. However, cavitation bubbles featuring sizes
greater than the resonance size are collected at the nodes. The cavitation bubbles
follow a torturous path, forming ribbon-like structures and merging when they come
in contact with one another as they move toward the antinodes [26]. In this case, the
operational range of microstreamers is several millimeters, and the velocity is around
one order of magnitude greater than the average liquid velocity value [30]. It has been
shown that microstreamers are involved in detaching foulants from the membrane
surface when the antinodes on the membrane surface attract the cavitation bubbles
[26, 30]. In a supplement to microstreamers, the appearance of microjets is vital for the
release of particles from a fouled membrane. Microjets are created due to the asym-
metric cavitation. The liquid movement the vicinity the cavitation bubbles decreases
once they are near a solid membrane surface. This in turn produces a differential
pressure around the bubbles and a loss of the spherical bubble geometry [30]. Because
of the differential pressure, the bubbles tend to discharge strong water jets when they
collapse. The microjet’s velocity is usually 100-200 ms ™, where the effectual range is
in the order of the bubble diameter [31]. Due to the impact of high velocity, microjets
can offer a useful capacity for the removal of foulants through erosion and pitting
[26]. Lastly, the shock waves produced using ultrasound are critical for the removal

of particles from fouled membranes. Throughout rarefaction and compression cycles,
shock waves are constantly being generated. Toward the end of compression cycle, the
cavitation bubbles abruptly stop once they obtain to their minimum size. At this point,
the liquid molecules progressing in the direction of the bubbles are reflected, and this
creates high pressure shock waves in the direction of the membrane’ surface [25].

3.1 Ultrasound influence on flux improvement and fouling control in
wastewater treatment applications

The application of ultrasound for flux improvement in MF and UF processes
has been comprehensively investigated. Despite this, research studies linked to
ultrasound-assisted flux improvement in NF, MD, FO, RO, and anaerobic membrane
bioreactor (AMBR) are currently lacking. Flux improvement related to ultrasound
application can be attributed to several key factors. It should be noted that lower-
frequency ultrasound reduced the total fouling resistance (R;,;) and the reversible
fouling resistance (R,,) of polyethersulfone (PES) membrane with dextran feed
solution, even with a dead-end UF cell [32]. Lower resistance was linked to a decline
in concentration polarization effect because of the cavitation and acoustic streaming
generated by ultrasound. As a consequence, when comparing with the flux generated
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without ultrasound application, the flux at a transmembrane pressure of 0.4 bar was
83 and 33% larger with ultrasound at frequencies of 28 and 45 kHz, respectively. In
this study, the irreversible membrane fouling was insignificant. Reductions in revers-
ible and irreversible fouling in cross-flow UF of clay solution, using hollow fiber
polysulfone (PS) membrane, were observed at suitable lower ultrasound frequencies
[33]. Since there was a reduction in the fouling resistance, at a transmembrane pres-
sure of 175 kPa, a flux improvement of 33% was attained with the aid of ultrasound at
40 kHz. Furthermore, ultrasound has the potential to lower the filtration resistance
in AMBR processes [34, 35]. A number of studies have ascribed flux improvement

to acoustic streaming and higher turbulence potential [36-38]. For instance, with
dextran feed solution, the flux improvement in the UF process was suggested to be
due to the acoustic streaming generated by low-frequency ultrasound.

On the other hand, other study indicated that the application of ultrasound did not
offer substantial reduction of internal fouling or pore blockage. Furthermore, it was
also noted that the use of ultrasound had little to no influence on pore blocking and
adsorption of foulant onto hollow fiber in PS UF membranes. In most instances, when-
ever the membrane was close to the acoustic cavitation zone, the flux was improved
by the collaborative elements of acoustic streaming, microjets, microstreaming, and
shock waves. It should be noted that external to the acoustic cavitation zone, increased
turbulence and acoustic streaming are the primary influencing factors on the flux
improvement [37]. In addition, the implementation of ultrasound in ultrafiltration
of water containing 1 mM KClI, and 10 mg/L sulfate latex particles acting as foulants,
the ratio of final flux (after the duration of 4 hours) to the initial flux was 0.85 and
0.92, respectively, for applied powers of 0.8 W and 3.3 W [39]. This indicates that
the negative influences of fouling were practically eliminated. In a study of inorganic
fouling of commercial polyamide-based RO membranes using a CaSO, solution, the
effects of microstreaming in the membrane pores and on the membrane surface were
believed to be the primary reason behind membrane cleaning and the flux enhance-
ment obtained [40]. In general, for an experimental duration of 3 h, the permeate
flux increased by about 50.8% for the 500 mg/L CaSO, solution and 69.7% for the
1000 mg/L CaSO, solution with the application of the 20 kHz ultrasound, as compared
with the runs without ultrasound. The ultrasound irradiation could likewise improve
the flux through the agglomeration of small particles, thus lowering the chances of
pore blockage. In ultrafiltration of wastewater using PS hollow fiber membrane, an
agglomeration of small suspended particles was detected because of the vibration and
microstreamers. The agglomeration that occurs when the ultrasound was used resulted
in a greater turbidity removal, compared to the turbidity removal when ultrasound
was not employed.

Choi et al. also used 72 kHz ultrasound to lower silica colloidal fouling and calcium
sulfate scaling in a commercial cellulose acetate FO membrane [41]. Ultrasound
appeared to disassemble silica colloids and calcium sulfate crystals in the feed solu-
tion. In terms of flux improvement, the ultrasound-assisted FO (UAFO) process was
much more successful than FO. In comparison to FO processes, the initial flux with
UAFO was about 25% higher, and 166% higher with calcium sulfate scaling. For silica
colloidal type fouling, permeate flux decrease was only 21% for FO, compared to 50%
flux drop with FO without ultrasound. The ultrasound-assisted flux improvement
during FO filtration of tannin using a thin-film composite (TFC) membrane was also
examined. The flux improvement was caused by the lessening of concentration polar-
ization in the membrane’s porous support layer [42]. In addition, the reverse salt flux
was greater whenever ultrasound was applied. Also, ultrasound was found relevant
for the mitigation of silica colloid and calcium sulfate fouling during the membrane
distillation (MD) process. In a research study on the effects of ultrasound on the
performance of MD, the specific ratio of fouled-membrane flux to the initial flux was
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upheld at 93 and 97% with calcium sulfate and silica fouling, respectively, because of
the microstreaming and shock waves generated by the ultrasound [43].

3.2 Ultrasound influence on fouling control in protein separation/purification
downstream processing

The concentration polarization occurs when a concentration gradient of the
protein is formed on or near the membrane surface. Similarly, this phenomenon is
predominantly a function of membrane hydrodynamics. Conversely, fouling is the
result of accumulation of proteins drawn toward filtering surface by convective flow
of filtrate through the membrane. Membrane cleaning is significantly enhanced by
cavitation and acoustic streaming induced by ultrasonic waves. Ultrasound generates
acoustic streaming and cavitation bubbles in a liquid medium. Cavitation bubbles
cause microstreaming, microstreamers, microjets, and shock waves, as described in
Figure 4. Acoustic streaming and shear forces imposed by cavitation bubbles reduce
protein fouling on the membrane surface. This leads to an increase in permeate flux.
Several mechanisms of protein release from a protein-fouled surface by the effects
of ultrasound were proposed, as presented in Figure 4 for the removal/detachment
mechanisms. Acoustic streaming does not require the collapse of cavitation bubbles,
and it was defined as the absorption of acoustic energy resulting in fluid flow [44].
This protein removal mechanism is expected to be important near surfaces with loosely
attached particles or with readily dissolvable surfaces. Higher frequency ultrasound
tends to have higher energy absorption by liquid and thus greater acoustic streaming
flow rates than lower frequencies at the same power intensity [45]. In addition, higher
power intensities lead to greater acoustic streaming flow rates due to higher energy
gradients in liquid between acoustically and nonacoustically stimulated areas. Acoustic
streaming causes bulk water movement toward and away from the membrane cake
layer, with velocity gradients near the protein cake layer that may scour proteins from
the surface. The effect of ultrasound on the flux and solute rejection in cross-flow UF
of BSA-lysozyme binary protein mixture, using PES membrane (30 kDa MWCO), was
investigated and reported [44, 45]. The authors observed that ultrasonic wave not only
enhanced the UF flux but also increased the lysozyme rejection. Particularly, at ultra-
sound wave of 25 kHz and 240 W, increases in UF flux of 135 and 120% were obtained
with PES membrane at pH of 11 in the upward and downward modes, respectively,
in contrast to the case without ultrasound [44, 45]. Enhanced flux in continuous UF
processes was achieved with an interrupted ultrasound, and more hydrophilic ultrafil-
ter membranes in the upward operating mode were achieved [46]. It was noticed that
the effectiveness of ultrasound in membrane protein purification depends on many
factors, such as orientation and position of ultrasonic field, ultrasonic frequency and
power, ultrasonic radiation angle, position of ultrasonic vibration plate in the mem-
brane module, membrane material, membrane housing, operating pressure, and the
fouling material. It was widely believed that ultrasonic cavitation, acoustic streaming,
ultrasonic-induced vibration of membrane, and ultrasonic heating were the main
causes for the enhanced separation performance and permeate flux [44]. Electric and
ultrasonic fields can reduce membrane fouling and in turn of enhanced flux, when
both the fields were applied simultaneously [47]. Both electric and ultrasonic fields
reduced the fouling when applied individually, but the extent of improvement by the
ultrasonic field could be minimal. The improvement by the electric field is invari-
ably considerably greater than that due to the ultrasonic field, particularly when the
proteins are well dispersed (high zeta potential).

In another case study examined the filtration of whey solution, using a PS
membrane and a cross-flow UF apparatus, the flux improvement was primarily
caused by the mechanical vibrations and acoustic streaming instead of the acoustic
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cavitation. For shorter filtration times, the decline of the permeate flux was caused
by the pore blockage. On the other hand, the decline in flux was controlled by the
growth of cake layer with longer filtration times. Ultrasound lowered the resistance
of the initial deposit layer and the growing cake layer [26]. The specific ratio of the
steady flux with ultrasound in comparison to the steady flux without ultrasound
was determined at about 1.2 and 1.7 throughout the complete experimental range.

3.3 Fouled membrane cleaning and flux restoration

Ultrasound can be effectively used for cleaning fouled membranes. A number of
researchers have explored the use of ultrasound as a potential membrane cleaning
method. Ultrasound-assisted cleaning of membranes may be conducted in different
ways. For instance, the membrane can be cleaned in an ultrasonic cleaning bath or,
alternatively, washed online in a filter using cleaning chemicals or washed with water
while applying ultrasound irradiation. In a reported study, Anodisc™ y-Al,O; ceramic
membrane was exposed to ultrasound inside a closed washing vessel containing water
[39]. The membranes were specifically fouled with sulfate polystyrene latex particles.
Once the external cleaning was performed, a complete retrieval of clean water flux
was detected for all frequencies, with the exception of 1062 kHz, since the ultrasonic
treatment time and power intensity were higher than 30 s and 1.05 W cm™. In
addition, an exterior ultrasonic cleaning vessel using a 1 mM KCI solution was used to
wash the Anodisc™ y-Al,O; ceramic and polyvinylidene difluoride (PVDF) mem-
branes [39]. It was reported that the membranes were almost completely washed,
while the water flux after washing was near the original level of clean water flux
in new membranes. In a different study, cellulose MF and PS UF membranes were
washed inside a filtration cell using a combination of ultrasound and water washing
[48] The cellulose and PS membranes were initially fouled using milk solution and
peptone solution. Complete and partial washing for the PS and the cellulose mem-
brane was obtained at 28 kHz, respectively. Similar membrane washing procedures
have also been used in other research studies [49, 50]. Different ways of cleaning
nylon MF membrane that were fouled using Kraft paper mill effluent were compara-
tively examined. The experimental results obtained suggest that the washing efficacy
was best (97.8%) when ultrasound was implemented in conjunction with forward
flushing. Several studies combining EDTA chelating agent and ultrasound were car-
ried out to clean fouled spiral wound PES membranes in ultrafiltration of skimmed
milk solution. A synergistic effect was detected when EDTA and ultrasound were
simultaneously applied. The best cleaning was noted when 3 mM EDTA and ultra-
sound mixed waveform were applied simultaneously. Furthermore, it was stated that
a 5-minute period of forward flushing with ultrasound and sequestering agent EDTA
was sufficient for membrane cleaning without supplementary washing. Comparable
experimental results were obtained, where synergistic outcome was perceived in cases
where the ultrasound was applied together with EDTA during cleaning of PVDF MF
membranes fouled with a 1% milk solution [51].

4. Challenges in industrial applications of ultrasound

Although research has shown the efficacy of ultrasound as a method to improve
membrane cleaning and flux, hands-on ultrasound applications in membrane-
dependent separation processes still have a number of critical challenges. One such
issue is associated with membrane damage. When exposed to ultrasound, the mem-
branes can become vulnerable to damage due to the intense cavitational collapse
contingent on the power density, frequency, and the irradiation time of ultrasound.
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A number of research studies have offered examples of membrane integrity loss and
membrane damage due to ultrasound exposure [45, 52, 53]. The ultrasound power
intensity needs to be carefully coordinated so as to minimize energy consumption
and potential membrane damage. An in-depth study on the influences of 47 kHz
ultrasound on polymeric membranes was conducted. During this experiment,
three polymeric membrane were used: PES (MWCO: 3, 10, 30, and 100 kDa),
PVDF (MWCO: 40 kDa), and polyacrylonitrile (PAN; MWCO: 40 and 50 kDa).
Once a 2-hour ultrasonic treatment was completed, PES membranes were affected
over the entire surface area, while PVDF (40 kDa) and PAN (50 kDa) were influ-
enced on the edge areas. Except for PAN (40 kDa), other membranes showcased
significant differences in their water permeability, with membrane degradation
occurring primarily within the first 5 min of exposure to ultrasound. A research
study examined the effect of 40 kHz ultrasound on polymeric MF membranes [53].
The membranes used included mixed ester of cellulose nitrate and cellulose acetate
(CN-CA), PES, nylon 6 (N6), and PVDF. Except for PVDF membranes, at a power
intensity of 2.13 W/cm®, all membranes used showed partial damage that caused

an increase in water flux after 60 min of ultrasound session. PVDF membrane

had some damage only at a power intensity of 3.7 W/cm? after a 90-min exposure.
Another study likewise confirmed some impairment to ceramic Anodisc™ y-Al,0;
membranes after a sonication of 20 kHz for 5 min [39]. Membrane damage took the
form of pitting on the membrane surface, which was caused by microjets and shock
waves. Alternatively, it was found that PVDF hollow fiber UF membranes were
damaged by ultrasound at 8.68 kW/m” within 6 min of exposure [54]. The number
of research studies focused exclusively on ultrasound-induced membrane damage
is relatively low. There is a lack of research on membrane materials that can offer

a range of resistance potential against damage incurred by ultrasonic treatment.
Consequently, further research is necessary for the proper assessment of the effects
of ultrasound on the integrity of membranes consisted of diversified materials.
Another key challenge that needs to be addressed is related to the industrialization
of ultrasound-assisted membrane process. The vast majority of all research stud-
ies on the application of ultrasound to membrane cleaning and flux improvement
have been done with laboratory-scale cross-flow units. Although there are a high
number of such ultrasound studies, effective commercial application of ultrasound
technology requires further in-depth case studies with large-scale membrane
process; these, however, are currently not available. New research investigations
must be conducted on the relevance of ultrasound in cleaning of full-scale mem-
brane modules. There is a common agreement in scientific research community
that ultrasound is a highly encouraging method for membrane cleaning and flux
improvement; however, the economic value and industrial application feasibility
are still challenges that must be addressed. Contingent on the real-life operating
conditions, the power requirements of ultrasound could be so high as to constraint
its applicability on an industrial scale. Currently, there has been no study on the
specific economics behind membrane-based, ultrasound-assisted, or membrane
cleaning process types. Thus, the economic viability of ultrasound-assisted mem-
brane cleaning and flux improvement demands urgent response. The exact source
of ultrasound likewise poses another issue when it comes to the effective applica-
tions of ultrasound in large-scale membrane processes. In general, research studies
have been dependent on the usage of probes, horns, or ultrasonic baths. Due to their
limitations, all of these ultrasound sources will most likely to be ineffectual in large-
scale applications. As a result, research into ultrasound transducer technologies is
becoming essential. Additional experimental work is necessary for the examination
of the success of ultrasound in flux improvement and washing processes for diverse
membrane module types. The majority of research studies have concentrated on flat
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sheet membranes, and only a small number of studies on spiral wound or hollow
fiber membranes, for which the ultrasound applications are much more strenuous
due to membrane configuration. Another research gap is in the understanding of
the effects of ultrasound on cleaning and flux improvement in membrane processes
other than UF and MF. The absence of these critical research studies is a difficult
challenge for future implementation of ultrasound-assisted membrane processes on
a larger industrial scale.

5. Conclusion

This review paper recapitulates some of the critical research efforts currently
being made toward effective ultrasound-assisted membrane cleaning and flux
improvement. As the experimental outcomes reviewed in this chapter suggest, ultra-
sound, including continuous and intermittent waves, is an efficient method of flux
improvement, membrane fouling minimization, and membrane cleaning because it
has a distinctive capability to produce unique physical and chemical effects that can
successfully remove foulants from the membrane surface. Despite these advantages,
ultrasound application cannot significantly deter pore blockages and is limited to
external fouling. Although it is an effective method for membrane cleaning and
flux improvement in wastewater treatment and protein purification downstream
processing, ultrasound-assisted membrane technology is still in its developmental
stages due to a number of key limitations. The primary issues preventing a more
effective use of ultrasound-assisted membrane technology include concerns about
installation in large-scale systems, absence of suitable transducers, and scarcity of
relevant data on its economic feasibility. In addition, mathematical concepts and
model descriptions are needed to understand membrane fouling and permeate flux
as a function of ultrasonic parameters. Substantial research enquiries are neces-
sary for further analysis and remediation of membrane damage by ultrasound, the
efficacy of ultrasound applications for membranes other than those of the flat-sheet
type, and the economics of the ultrasound-assisted membrane process.

Nomenclature

A (m) wavelength of one pressure oscillation

f (Hz) frequency of the ultrasound wave, which is the number of pressure
oscillations per unit time, and the inverse of the time period of one
oscillation

fv(Hz) bubble oscillation frequency

¢ (m/s) ultrasound speed, which is the distance of wave propagation per
unit time [ultrasound speed = frequency x wavelength, (c = fA)]

P (W) power of ultrasound wave, which is the time rate of the energy of

ultrasound passing through a surface perpendicular to the direc-
tion of the wave propagation

I (W/m?) intensity of ultrasound wave, which is the ultrasonic energy
passing a unit surface perpendicular to the direction of wave
propagation per unit time

P, (Pa) acoustic pressure, which is the pressure created as a result of
compression or rarefaction zones relative to the fluid hydrostatic
pressure

P, (Pa) acoustic pressure amplitude, which is the maximum height of the
ultrasonic wave
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P (Pa) pressure inside the bubble at the maximum radius value [P = P,
(vapor pressure) + P, (gas pressure) ]

P,, (Pa) liquid pressure at the transient collapse moment [P, = Py + Py4]

Poo (Pa) pressure value at an infinite distance away from the bubble

Po (Pa) hydrostatic pressure being applied on the liquid or pressure value
close to the bubble

P, (Pa) maximum pressure

Pb (pa) Blake threshold pressure

o (Hz) ultrasound’s angular frequency

Y (unitless) specific gas heat ratio within the bubble

p (Kg/ m?) liquid density

¢ (cP) liquid viscosity

o (N/m) liquid’s surface tension

R, (m) cavitation bubble of initial radius

R0 (m) maximum bubble radius before the collapse

R (m) bubble radius

R, (m) bubble’s resonance size, which is a function of ultrasound
frequency

T, (s) time period of one oscillation

t(s) time

7, (s) bubble collapse time

Tpax (K) maximum temperature of the feed
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