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A B S T R A C T

Ultrafiltration has been proven to be very effective in the treatment of oil-in-water emulsions, since no chemical
additives are required. However, ultrafiltration has its limitations, the main limits are concentration polarization
resulting to permeate flux decline with time. Adsorption, accumulation of oil and particles on the membrane
surface which causes fouling of the membrane. Studies have shown that the ultrasonic is effective in cleaning of
fouled membrane and enhancing membrane filtration performance. But the effectiveness also, depends on the
selection of appropriate membrane material, membrane geometry, ultrasonic module design, operational and
processing condition. In this study, a hollow and flat-sheet polyurethane (PU) membranes synthesized with
different additives and solvent were used and their performance evaluated with oil-in-water emulsion. The
steady-state permeate flux and the rejection of oil in percentage (%) at two different modes were determined. A
dry/wet spinning technique was used to fabricate the flat-sheet and hollow fibre membrane (HFMs) using
Polyethersulfone (PES) polymer base, Polyvinylpyrrolidone (PVP) additive and N, N-Dimethylacetamide (DMAc)
solvent. Ultrasonic assisted cross-flow ultrafiltration module was built to avoid loss of ultrasonic to the sur-
rounding. The polyurethane (PU) was synthesized by polymerization and sulphonation to have an anionic group
(–OH; –COOH; and –SO3H) on the membrane surface. Changes in morphological properties of the membrane had
a significant effect on the permeate flow rate and oil removal. Generation of cavitation and Brownian motion by
the ultrasonic were the dominant mechanisms responsible for ultrafiltration by cracking the cake layers and
reducing concentration polarization at the membrane surface. The percentage of oil after ultrafiltration process
with ultrasonic is about 90% compared to 49% without ultrasonic. Ultrasonic is effective in enhancing the
membrane permeate flux and controlling membrane fouling.

1. Introduction

During oil production, the ratio of produced water can exceed oil
production while still in the economic life of a production field [1]. As
the oil and gas reach maturity, the amount of produced water keeps
increasing and can account for about 98% of the produced fluid in an
oil field [2]. Produced water is composed mainly of oil and grease
dissolved formation minerals, production chemicals, dissolved gases,
produced solid matters and sands (oil emulsion droplet, formation mi-
nerals and toxicants) [3,4]. Improper management of this fluid can
cause severe damage to the environment. Emulsion in produced water
has become a major problem in oil well production ranging from cost of
pumping and transportation to tainting and toxicity which can affect

marine life and corrode production equipment such as pipelines [5–7].
Generally, produced water should be reused for enhanced oil re-

covery (EOR) or discharged into the environment after treatment. But,
the oily emulsion makes it difficult to treat using conventional methods
such as settling [8], centrifugation [9], coagulation and flocculation
[10], flotation [11], electric methods [12,13], filtration and coales-
cence [14], vacuum evaporation [15,16] and membrane process
[17–19]. Ultrafiltration has been proven to be very effective in the
treatment of complex oily wastewater [6,20,21], since no chemical
additives are required. As such the cost is lower and the low chemical
oxygen demand makes the quality of the permeate obtain to be high
[6]. But ultrafiltration has its limitations, the main limits are con-
centration polarization resulting to permeate flux decline with time.
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Adsorption and accumulation of oil and particles on the membrane
surface which causes fouling of the membrane [20,21]. Fouling
shortens the membrane life span, due to frequent chemical and physical
cleaning [22]. Therefore, ultrasonic is one of the most effective cleaning
methods for ultrafiltration membranes [23,24].

Several researchers have used ultrasonic application in enhancing
membrane filtration performance and effective cleaning of the fouled
membrane. Matsumoto et al. [25] used model suspension to prevent
membrane fouling, cross-flow microfiltration with ultrasonic wave
cleaning. The steady-state flux obtained in filtration with ultrasonic
wave was 4–6 times greater than that without ultrasonic wave, and a
high flux was obtained even at a low feed velocity. Kyllonen et al. [26]
focused on the effect of the ultrasound propagation direction and fre-
quency as well as the transmembrane pressure, using on-line cleaning
for the membrane filtration. It was observed that ultrasonic field pro-
duced by the transducer was uneven in pressurised conditions.
Whereas, the ultrasonic treatment at atmospheric pressure during an
intermission pause in filtration turned out to be efficient, and a gentler
method in membrane cleaning. Various frequencies (37, 80 Hz and
tandem) and sonication mode (continuous, pulsed, sweeping and de-
gassing) using a flat-sheet membrane in cross-flow ultrafiltration was
investigated by Shahraki et al. [27]. They concluded that to obtain a
high permeation flux and fouling percentage, the filtration process
should be performed at a low frequency and pulsed radiation mode.
This was also reported by Naddeo et al. [28] when they studied the
performance of sonochemical oxidation and membrane filtration of
ultrasonically assisted ultrafiltration at various frequencies. They
agreed with Shahraki et al. [27] that low frequency can slow down the
fouling formation, but higher frequency can improve the organic matter
removal. In-situ cleaning using ultrasound cavitation on the other hand,
allows cleaning while filtration is still in operation. There is no need for
a pause or pulsed mode as this method can reduce the cost of membrane
cleaning [29]. Therefore, the combination of ultrasonic with membrane
ultrafiltration can reduce membrane fouling rate at higher membrane
flux and lower frequency [22].

However, Chakrabarty et al. [3] synthesized polysulfone membrane
using different additives and solvents to evaluate their performance in
treating oil in water emulsion. They showed that the increase in cross-
flow rate, the flux increases significantly. But, the oil rejection showed a
decreasing trend less than 80% which was not up to the acceptable limit
of 90% rejection rate. They suggested that the membranes need further
modifications to improve their properties such as pore size and pore
size distribution. To tackle the difficulty of lower oil separation due to
penetration of smaller oil droplets along with the permeate. A selection
of appropriate membrane material, module design, operational and
processing condition is needed to achieve most economical process.
Therefore, the design of a successful cross-flow filtration system relies
on choosing the right membrane geometry that can be used econom-
ically and provides consistent predictable results. In this study, the
application of synthesized hollow and flat-sheet polyurethane (PU)
membrane for oil-in-water emulsion separation is presented. The
membrane performance and the characterisation of ultrasonic assisted
cross-flow ultrafiltration module built to avoid loss of ultrasonic to the
surrounding were applied to oil-in-water emulsions. The steady-state
permeate flux and the rejection of oil in percentage (%) at two different
modes were determined.

2. Materials and methods

2.1. Materials

The PU was fabricated at Advanced Membrane Technology
Research Centre (AMTEC), Universiti Teknologi Malaysia.
Polyethersulfone (PES) with molecular weight 4500 g/mol was sup-
plied by Solvay Advanced Polymer, USA. Polyvinylpyrrolidone (PVP)
with molecular weight 360,000 g/mol and N, N-Dimethylacetamide

(DMAc) with molecular weight 87.12 g/mol and purity ≥99% were
supplied by Sigma Aldrich, USA. Tween 20 with molecular weight of
1228mol wt and a purity of 99% was supplied by Sigma Aldrich, USA.
Sodium Chloride (NaCl) used in the preparation of the different brine
solution was supplied by Acros Organic Company with molecular
weight of 58.44 g/mol and a purity of 99% assay. Liquid paraffin which
represents moderate viscosity oil was used as a substitute to crude oil.

2.2. Methods

2.2.1. Preparation of PES membrane incorporated with PU
The different weight percentage of PU were incorporated with the

same weight percentage of PES and PVP. The PVP acted as the forming
agent. The PES pellet was dried in the oven at 50 °C for 24 h to remove
moisture prior to the dope solution preparation. PES was dissolved in
DMAc solution for few hours prior to adding the PVP. Once the PES and
PVP were completely dissolved, PU was added to the solution and
stirred to ensure the polymers blended homogenously. Table 1 shows
the composition of each component in the dope solution.

2.2.2. Hollow fibre membrane fabrication
The hollow fibre was fabricated using the same composition shown

in Table 1. The PU was synthesized by polymerization and sulphonation
to have an anionic group (–OH; –COOH; and –SO3H) on the membrane
surface. A dry/wet spinning technique was used to fabricate the PES/
PVP/PU hollow fibre membrane (HFMs) with pore size 0.05 µm. A
temperature of 27 °C and pressure 1–5 bar were used. This is to de-
termine the desired structure of the membrane [30]. The spinning
parameter for the PES/PVP/PU composite HFMs fabrication was based
on the result obtained in the study of the suitable spinning parameters.
The PES/PU HFMs was compared with PES/PVP HFMs in terms of their
morphology and characteristics. The spinning parameters for the
hollow fibre membranes fabrication are shown in Table 2.

2.2.3. Flat-sheet membrane fabrication
The flat-sheet membrane was fabricated using the same composition

shown in Table 1. The polymer dope solution prepared was poured on a
flat glass plate of dimension (300mm×200mm×3mm). A glass rod
of length (300mm) and diameter (18mm) was used to spread the

Table 1
Composition of each component in the dope solution.

Samples PES (wt
%)

PVP (wt
%)

PU (wt
%)

DMAc (wt
%)

Dope Viscosity
(mPa·s)

1 18 3 0 78 1301.0
2 18 3 1 77 1272.8
3 18 3 2 76 1262.0
4 18 3 3 75 1246.0
5 18 3 4 74 1169.0
6 18 3 5 73 1127.3

Table 2
Spinning parameter for HFMs fabrication.

Air Gap (cm) 50
Dope Prepared (ml) 200
DER (cm3/min) 1
DER (rpm) 3.33
BFFR (cm3/min) 1
LER (cm/s) 7.86
CD Speed (s/rev) 6.98
CD Value (Hz) 4.0
CD (m/min) 10
Min/100m 10
Coagulated Bath Tap Water
Coagulated Bath Temperature Room Temperature
Bore Fluid Distilled Water
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solution to a uniform thickness by applying a layer of masking tape at
both edges of the glass plate as shown in Fig. 1. The glass plate was then
immersed in the coagulation bath. This is to enable precipitation of the
membrane film as exchange between the solvent and non-solvent take
place. The water was used as the coagulant at room temperature. The
film detached from the glass plate after solidification and was immersed
in water for 24 h before drying for another 24 h.

2.2.4. Emulsion samples preparation
The oil-in-water emulsion was prepared by mixing 0.94 wt% of

brine with 1.1 wt% of surfactant to act as the emulsifying agent.
1000ml of paraffin was slowly added to the mixture at a constant rate
of agitation (2000 rpm). The salinity concentration was chosen to de-
pict a typical Malay Basin oilfield salinity which varies between 9000
and 22,000 ppm. The salinity also correlates between the oilfield brine
and interfacial tension (IFT), which is the lowest IFT to form a stable
emulsion [31]. Low IFT as well as small droplet were obtained from the
stable emulsion. The emulsion created turned to milky white in colour
after agitating for 6 h. The properties of the simulated O/W emulsion
are shown in Table 3.

2.3. Ultrafiltration experiment

2.3.1. Ultrasonic module
An ultrasonic generator provided the energy which was emitted to a

water bath through an immiscible transducer. A Crest Genesis™ XG-
500-6 ultrasonic generator with a frequency of 40 kHz and power
output of 500W provided the ultrasound. The cross-flow ultrafiltration
filter was installed inside a stainless-steel cartridge housing filled with
deionized water and immersed totally in an ultrasonic bath. The bath
(W: 21 cm×L: 50 cm x H: 30 cm) was designed to make a suitable
surrounding for the application of the ultrasound.

2.3.2. Cross-flow filtration membrane and ultrasonic
The experiments were performed at 2 bars using a cross-flow ul-

trafiltration system (Fig. 2) containing polymeric ultrafiltration mem-
brane immersed in ultrasonic water bath. Deionized water was injected
into the system to evacuate any impurities and allow the permeate flux

to stabilize. O/W emulsion was placed in a feed tank and heated for
30min as a pre-treatment to the emulsion. The permeate side was then
open to the atmosphere. The permeate was collected in a beaker and the
permeate flux was acquired by the volume of the permeate at a certain
time. The membrane was returned to the feed tank after 25min of the
filtration process. The membrane undergoes cleaning for another
10min. During the membrane cleaning, the filtration process is stopped
allowing clean water to pass through the membrane. Hence, the oil
retentate can be flushed out of the membrane. The experiment was
conducted for filtration process without ultrasonic and with continuous
ultrasonic and constant power. The permeate flux, J was calculated;

=J V
A tΔ (1)

whereas J is the permeate flux (L/m2h), V is the volume of permeate
collected (L), A is the membrane area (m2), and tΔ is the permeation
time (h).

The separation efficiency or oil rejection efficiency (Ro) of the filter
is the ability to retain dispersed oil phase from flowing across the filter
surface;

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×R
C
C

1 100%o
p

f (2)

whereas Cp and Cf are the measured oil concentration of the permeate
and feed respectively. The rejection ratios (Ro) of the oil were calcu-
lated by determining the oil concentration in the feed and permeate
solutions using UV-spectrophotometer.

The flux declination can be obtained from the initial influx as;

⎜ ⎟= ⎛
⎝

− × ⎞
⎠

flux delination J
J

1 100%t

i (3)

whereas Jt is the permeate flux at a certain time, and Ji is the initial flux.

2.3.3. Oil concentration determination using UV-spectrophotometer
The UV-spectrophotometer was used to determine the concentration

of oil in the synthetic emulsion. It measures the attenuation of the beam
of light that passes through a sample or after reflection from a sample
surface. The adsorption measurement can be a single wavelength or
over an extended spectral range. Six emulsion samples with different
percentage oil ranges (0–50%) were used to construct a calibration
curve. The percentage of oil in the permeate was determined from the
calibration curve. The rejection ratio was calculated using Eq. (2).

3. Results and discussion

3.1. Morphology of composite PES/PVP/PU membranes

The SEM image of the membrane module is shown in Fig. 3

Fig. 1. (a) Glass plate and rod with doped solution before spreading, (b) Glass plate and rod with doped solution after spreading.

Table 3
Properties of simulated O/W emulsion.

Parameters Values

Interfacial Tension (mNm) 34.60
Viscosity (mPa·s) 6.872
pH 6.5
Water Salinity (%) 0.94
Oil Concentration (ppm) 1000
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whereas, the cross-section and surface of the composite HFMs are
shown in Figs. 4 and 5 respectively. The cross-section shows that the
outer diameter ranges from 369 µm to 398 µm. Whereas, the inner
diameter ranges from 266 µm to 283 µm, each of the membrane has a
dense area in the inner surface near the lumen and a finger-like struc-
ture near the end of the outer membrane (Fig. 6). The finger-like
structure near the edge of the outer membrane eased the movement of
the emulsion during cross-flow and prevented back flow to occur. The
finger-like porous structure might be responsible for the mechanical
strength of the whole structure, thereby preventing the HFMs from
collapsing [32]. The porous membrane matrix can promote coalescence
of micron and submicron oil droplet into larger ones that can be easily
separated by gravity [33]. The membrane was denser near the inner
surface and the skin layer acted as a selective layer in retaining and
releasing of the retentate and permeate.

The asymmetric, microporous ultrafiltration hollow-fibre was suc-
cessfully produced for each different composition of the membrane as
shown in Fig. 6. Similar result was also observed by Kumar et al. [4].
The formation of the asymmetry structure is due to the manipulation of
the spinning parameters [34]. Also, the high mutual affinity of PES to
water resulted in instantaneous demixing might be responsible [4]. The
air gap of 50 cm was used during the spinning inversion process. The

high air gap distance gave additional stretching to the membrane,
consequently reducing the fibre dimension (200–300 µm). Also, the
solvent/non-solvent exchange during the phase inversion process could
have determined the structure of the membrane. Longer dry phase in-
version prolonged the solvent (DMAc) and the non-solvent (water)
demixing process. Resulting in the fast phase separation at the outer
skin and slow phase separation at the inner layer [35].

As the concentration of PU in the membrane increased, the finger-
like pore structure became more porous. Also, from the SEM images of
the surface morphology for each membrane with different PU con-
centration (Fig. 4), the PES/PVP membrane without any PU added has a
typical pore size range from 40 to 60 nm. In contrast, the pore size of
the membrane decreased and was uniformly distributed as more PU
(1–3wt%) was added. Similar result was observed by Kumar et al. [4]
however, as more PU was added (4–5wt%), the pore size increased.
This could be because of the viscosity of the dope solution and the
fabricated membrane during phase inversion. The viscosity of the dope
might have affected the time taken for the solvent/non-solvent ex-
change during phase inversion. As the concentration of PU added to the
dope solution increased, the viscosity of the dope was decreased. Si-
milar result was also reported by Ismail et al. [36] when they reported
that low viscosity of dope solution can fasten the exchange rate of

Fig. 2. Schematic representation of ultrafiltration membrane and ultrasonic process.

Fig. 3. SEM image of HFMs.
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Fig. 4. SEM image of hollow fibre membrane spun from 0 to 5% of PU surface at different magnification. (a) PES/PVP, and (b) PES/PVP/PU3%; magnification
5000×.

Fig. 5. SEM Image of PES/PVP/PU4%.

Fig. 6. SEM image of PES/PVP/PU4%, showing dense skin layer and finger-like structure.
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solvent.
Figs. 7 and 8 show the SEM images for the cross-sectional and

surface morphology of the composite flat-sheet membrane. The flat
sheet membrane has a dense skin layer near the inner surface of the
membrane and porous finger-like structure close to the edge of the
membrane. A wave-like porous finger-like structure was formed close to
the edge of the membrane (Fig. 7). The result for the composite flat-
sheet membrane corresponds to the composite hollow fibre. As the
concentration of PU increased, the finger-like pore structure became
porous. The surface morphology of the flat-sheet membrane showed the
same pattern of pore size increment, where the pore size increased as
the concentration of PU increased [37,38].

3.2. Permeate flux without ultrasonic

The experiment without ultrasonic was conducted at room tem-
perature, the membrane was cleaned twice without ultrasonic for
10min each. Fig. 9 shows the permeate flux filtration without ultra-
sonic. As the filtration time increased, the permeation flux decreased
from 40.23 to 32.18 L/m2h. The permeate flux decline after 15min of
filtration (Fig. 9). Similar result was observed by Sablani et al. [39] and
Kumar et al. [4] when they reported adsorption of particles at the

membrane pores causing blocking after 10min filtration [3]. This de-
cline of the permeate flux could be due to the resistance of the mem-
brane surface. Due to the compact nature of the fouling layer of the
filtration without ultrasonic [40]. The longer the filtration process, the
increase in resistance at the membrane surface, whereas the resistance
is proportional to the filtration time. Also, the membrane fouling be-
came severe because of the cake formed at the surface. The adsorption
of the particles on the membrane pores and concentration polarization
which is caused by the permeate flux, will cause particles to deposit on
the membrane surface [3,4]. The flux approached a steady state con-
dition during the last minutes of the filtration. This is in line with
previous study by Chakrabarty et al. [3] when they reported that the
permeate flux of membranes decreases with time and approaches a
steady state after a certain duration of time. Theoretically, when the
convention flow towards the membrane and the permeate flow passing
through, the membrane achieve equilibrium condition, the permeate
flux is in steady state [41]. The formation of cake layer around the
membrane surface prevented the flux from going through the mem-
brane walls thus decreasing the flux. The permeate flux pattern also
decreased slowly, this is due to the oil droplet blocking the pores [3,4].

Fig. 7. SEM image of flat-sheet membrane spun from 0 to 5wt% of PU cross-sectional region at different magnification (a) PES/PVP (b) PES/PVP/PU 3wt%.

Fig. 8. SEM image of flat fibre membrane spun from 0 to 5wt% of PU surface at different magnification (a) PES/PVP, and (b) PES/PVP/PU 3wt% magnification
2000×.
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3.3. Permeate flux with continuous ultrasonic and constant power

Fig. 10 shows the changes in the permeate flux with operating time
carried out with ultrasonic. When the ultrafiltration was carried out, the
permeate flux initially decreased rapidly and reached a steady state
(Fig. 10a). After the second and third membrane cleaning by ultrasonic
(Fig. 10b and c), the permeate flux improved and became higher but
with slight declination compared to the first filtration (Fig. 10a) and
without ultrasonic (Fig. 9). This is because the continuous use of ul-
trasonic has a high cleaning efficiency which is very effective in re-
moving the cake layer formed on the membrane surface [25,42]. The
increase in the flux is because the ultrasonic dislodged more tightly
bound material at the surface. The membrane surface shows floccula-
tion with ultrasonic, the flocculating fouling resistance was less com-
pared to that of the compact fouling layer without ultrasonic. Which led
to the high permeate flux, the ultrasonic-assisted filtration changed the
morphology of the membrane fouling surface. Resulting in reduced
adhesion strength between the fouling layer and membrane surface
[40]. The mechanism responsible for this is cavitation during the

ultrasonication that caused the cake to be physically disrupted. This
agrees with previous studies by Kobayashi et al. [43] when they re-
ported the enhanced permeability during sonication between individual
protein and lactose molecules, further enhanced the cleaning effect.
Ultrasonic can be used to separate physical aggregation of such mole-
cules by disrupting the intermolecular forces. Cavity bubbles grow
during long rarefaction cycle of sonic waves [44]. The number of ca-
vitation bubbles increase with size [26] and the cleaning effect could
increase due to turbulence [27]. The cleaning of the particles adhered
to the surface is achieved by shear forces which are available by os-
cillating the bubble cavitation near the wall. The generated cavitation
by ultrasonic cracked the cake layer and help the gas bubble to detach
from the membrane surface. In these mechanisms, the fluid is sucked
and ejected away from the bubble and from the wall in a sweeping
mode [45]. As such concentration polarization is reduced leading to
improved ultrafiltration flux. Also, acoustic streaming and shock waves
produced by the ultrasonic might set the particles in motions (Brownian
motion), thereby dislodging them from the membrane surface and
preventing deposition of the particles that results in membrane fouling

Fig. 9. Permeate flux filtration without ultrasonic (The red lines show 3 points moving average trendline) (a) First filtration process, (b) Second filtration process
after first membrane cleaning, and (c) Third filtration process after second membrane cleaning. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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[46–49].

3.4. Oil concentration in the permeates

The ultrafiltration with continuous ultrasonic was the most

significant result with a small amount of residual oil and high amount
of oil rejected. Whereas, the amount of residual oil for ultrafiltration
without ultrasonic was relatively high (Table 4). The percentage of oil
after ultrafiltration process with ultrasonic is about 90% whereas,
without ultrasonic is about 49%. These results show that ultrasonic
waves can enhance the process of ultrafiltration and increase its ef-
fectiveness. Ultrasonic is effective in enhancing the membrane
permeate flux and controlling membrane fouling.

4. Conclusions

The performance of ultrafiltration flow for the treatment of polluted

Fig. 10. Permeate flux with ultrasonic (40 KHz; 200Watts) (The red lines show 2 points moving average trendline) (a) First filtration process, (b) Second filtration
process after first membrane cleaning, and (c) Third filtration process after second membrane cleaning. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 4
Percentage of oil after ultrafiltration process.

Condition/Parameters Adsorption Oil Volume (%) Rejection Ratio (%)

Continuous Ultrasonic 0.225 0.5 90
Without Ultrasonic 0.400 1.2 49
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oil-in-water emulsion to fulfil the regulatory requirements for purified
effluent in the sea was evaluated. After performing laboratory experi-
ments, analysing data and discussing the results, the following con-
clusions were made:

(a) The pore size of the membrane increased as the concentration of the
PU increased for both hollow and flat-sheet membranes.

(b) The formation of finger-like structure close to the edge of the
membrane eased the movement of the emulsion during cross-low
and prevented back flow. The finger-like structure was also re-
sponsible for the mechanical strength of the structure.

(c) Ultrasonic assisted cleaning of membrane can improve the quality
of the filtration process and enhance the quantity of permeate thus,
increasing the flux through the membrane pores.

(d) The generation of cavitation and Brownian motion by the ultrasonic
were the dominant mechanisms responsible for ultrafiltration by
cracking the cake layers and reducing concentration polarization at
the membrane surface.
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