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ABSTRACT

Membrane processing has found many applications in various industries as an advanced
method of separating materials in liquid or gas. The greatest obstacle in using membrane
filtration technology is fouling, particularly in porous membranes. The fouling phenomenon
is the result of organic and inorganic materials depositing on the surface and pores of mem-
brane. In this study, the effect of ultrasound frequency (37, 80 kHz, and tandem) and ampli-
tude of sonication (30, 60, and 90%) were evaluated on flux recovery during and after
microfiltration. Results showed that the 37 kHz and tandem frequencies significantly
improved the permeate flux at earlier minutes, particularly when tandem frequency was
applied. In addition, the permeate flux was increased as the sonication power increased.
However, the interaction effects between frequency and sonication power showed that the
ultrasound frequencies were more effective than sonication power on flux recovery. Further-
more, the calculation of fouling percentage showed that both low frequencies and high
amplitude together significantly reduced the fouling agents during the cleaning process.
However, there were no remarkable statistical effects among the same levels of sonication
power during the cleaning process. The interaction effects of various frequencies and pow-
ers of ultrasound on cleaning membranes were evaluated and more cleaning efficiency was
observed in comparison to sonication power when low frequency applied.
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1. Introduction

Membrane filtration technology has been applied
to a wide range of various industries including water
and wastewater treatment, Food (dairy, juice, and
brewery) biotechnology (bioreactors), and medicine
(hemodialysis). The most important techniques of
membrane processing are microfiltration (MF), ultrafil-
tration (UF), Nanofiltration, and reverse osmosis [1].

These techniques are widely used in many separation
procedures as well. The major disadvantage of mem-
brane separation processing is fouling [2]. Fouling
phenomenon is due to accumulation of feed consti-
tutes such as colloids, proteins, macromolecules, and
inorganic materials on the membrane surfaces and
pores [3–5]. In this situation, the permeate flux signifi-
cantly reduces while the maintenance and operating
costs increases. Moreover, the concentration polariza-
tion assists to flux decline due to the formation of
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boundary layer in the vicinity of membrane surface or
reducing the feed flux velocity during cross flow filtra-
tion [6]. Many procedures are being applied to reduce
fouling and cleaning of the membrane by adopting
hydrodynamic and back-flushing technique [7,8], and
modifying the membrane material [9]. The conven-
tional cleaning protocols recommended by membrane
manufacturers, is included in a series of acid–alkaline
or enzymes cleaning cycles depending on the feed and
the membrane materials. The other techniques based
on pretreatments such as coagulation, adsorption, and
ozonation are usually utilized before membrane filtra-
tion to minimize fouling problems [10,11]. Although,
pretreatments might have been employed to minimize
fouling, most membrane cleaning techniques are still
practically inadequate for membrane filtration sys-
tems. Typical methods of membrane cleaning that
have been used in industrial applications are forward
flushing (spiral wound and tubular) and backwashing
(hollow fiber), which are useful with colloidal suspen-
sions [12]. In the meantime, other techniques, such as
hydraulic, chemical, mechanical, and electrical clean-
ing processes, were also utilized to mitigate fouling
problems [2,10]. In spite of numerous cleaning proce-
dures, it seems that the conventional techniques still
appear to be inadequate for practical membrane filtra-
tion systems. Among new techniques, ultrasound has
been a promising method in such membrane applica-
tion. Power ultrasound has been well known as an
effective method for cleaning materials because of the
cavitation phenomenon [12]. Cavitation is occurred
when acoustic waves transmitted in a liquid medium,
such as water, because of the dispersion of ultrasonic
waves in liquid medium; the medium is subjected to
alternating rarefaction and compression cycles. If the
distance of water molecules are longer than the dis-
tance of wander walls radius during the rarefaction
cycle, bubble cavities are formed. This cavity may dis-
sipate back into the liquid or grow to a resonant size
and fluctuate about this size, and or grow to a size, at
which the surface tension forces of the liquid cause it
to collapse on itself. The latter phenomenon is termed
cavitational collapse. The collapse of cavities results in
extreme conditions producing light emission, shock
waves, and localized high temperatures (up to 400˚C)
and pressures (up to 100Mpa) [13]. Cavitational
effects also produce a number of phenomena that
result in high velocity fluid movement and sufficient
energy to overcome the adhesion between the foulant
and the membrane, and remove the foulant from the
surface of membrane. Therefore, cleaning effects of
ultrasound is due to cavitation phenomenon. Further-
more, the creation of turbulence in feed and permeate
in the vicinity of membrane can assist on flux recovery

and reducing foulants [14]. Many investigations were
carried out to use of power ultrasound for cleaning
the polymeric membrane. However, the main parame-
ters of sonic waves such as frequency, amplitude,
combinational frequencies, and their interactions are
still unknown. The aims of this investigation are to
evaluate the majority effect of wavelength, amplitude,
interaction of power, and intensity of sonication on
cleaning of membrane during MF of milk as feed solu-
tion, as well as cleaning efficiency of ultrasound and
deionized water in forward flushing cleaning method
on fouled membranes.

2. Materials and methods

2.1. Materials

Skimmed milk powder was purchased from the
local market and used as feed with 1wt% solid con-
tent concentration during MF processing and provide
the fouled membrane. The Physicochemical properties
of feed samples were shown in Table 1.

Flat-sheet polyvinylidene fluoride (FDA-Approv-
able PVDF–MFB Sheet Membrane) Sepro Company
USA MF membrane with 0.2 μ pore size and effective
membrane area 112 cm2 was used in Minitan S (Milli-
pore Inc.).

The membrane (15 × 11 cm) was placed between
two large perforated silicon rubbers in order to create
a series of linear crossflow channels. Two acrylic man-
ifolds of thickness 2.3 cm were placed in upper and
lower sides of membranes, which were covered by
two stainless steel plates of 1.1 cm thickness in the
upper side.

2.2. Methods

2.2.1. Separation

The experimental setup used for this investigation
is shown in Fig. 1. The system consists of a feed tank
that connected to an N2 gas cylinder for supply suffi-
cient and constant pressure. The inlet of feed solution
and outlet of retentate pressure were measured using
two pressure gauges.

The difference between feed and retentate flow
was measured by flow meter and considered as the
flow of permeate. In order to achieve more accuracy,
the volume of permeate was also measured by the
permeate weight as a unit of time on an electronic bal-
ance A&D Co.0.01 mg. The permeate flux and hydro-
dynamic resistance of membranes were expressed as
volumetric flux (m3/m2/s) and resistance of mem-
brane, respectively. During the fouling process,
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permeate and retentate were recycled to the feed tank
to maintain the feed concentration.

2.2.2. Sonication

The Minitan S. device consists of flat sheet mem-
brane which was directly placed in ultrasonic cleaning
bath. The dimensions of ultrasonic cleaning bath were
200 × 300 × 505 mm (Elmasonic, Germany) that was
connected to temperature control circulator. The mem-
brane unit was kept 10 cm above the bottom and 7 cm
far from the transducers. Generally, the ultrasound
power with low frequencies and high intensities are
used in the range of 20–100 kHz, and up to 1,500 W,
respectively [15]. The sonicator generated 37 and
80 kHz frequencies and output power 1,250 W. The
ultrasonic experiments were performed in 37, 80 kHz,
and tandem (switch on 37 and 80 kHz alternatively
for each 1min) in various sonic power 30% (375 W),
60% (750 W), and 90% (1,125 W).

All of experimental tests were carried out for 30
min and in each test, a new membrane was used. We
experimentally found that this time duration is
enough to obtain the constant value. However, the MF

processing by milk solution was continued when the
flow rate of permeate reached below of 1 ml/min to
produce fouled membrane.

Evaluating the cleaning effects of ultrasound on
fouled membranes was carried out by a forward flush-
ing method using deionized water under same condi-
tions of ultrasound for 30min. During cleaning, the
filtration was continued with deionized water as feed
under different ultrasonic treatments. The fluxes and
hydrodynamic resistances of new and cleaned mem-
branes were separately measured by passing deion-
ized water through membranes in the same condition
in each experiment. The measured values were used
as reference to membrane permeability. The viscosity
of permeate was measured by Brookfield viscometer
Tokimec model BL.

2.2.3. Parameters calculation

The permeate flux (J) was measured by using the
following Eq. (1):

J ¼ ðW ti �W ti � 1Þ � ðd� DtÞ � 1 (1)

Table 1
Physicochemical properties of skimmed milk as feed sample

Ash
(g/100 g)

Lactose
(g/100 g)

Protein
(g/100 g)

Density
(g/100 ml)

Viscosity
(cp)

Conductivity
(μs/cm)

Brix
(%)

TDS
(ppm) pH

Particle size
of powder
range (μm)

0.00721 0.04657 0.03035 1.032 1.47 910 1.11 460 6.93 20–250

Fig. 1. Experimental setup of cross flow MF under sonication (PG represented of pressure gage).
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where Wti is permeate weight in time i; Wti− 1 is per-
meate weight in time i − 1; d is density of permeate;
and Δt is time interval.

The hydrodynamic resistance was calculated by
Eq. (2):

R ¼ DP=l� J (2)

where ΔP is the steady-state system pressure; μ the
viscosity; and J the permeate flux.

ΔP could consider as crossflow pressure and was
defined as Eq. (3):

DP ¼ ðPF � PR=2Þ � PP (3)

where PF is feed pressure; PR retentate pressure; and
PP is permeate pressure.

For quantify of the effect of ultrasonic waves on
permeation flux, flux enhancement factor was defined
as Eq. (4):

EF% ¼ ðJUS � JÞ � J�1 � 100 (4)

where JUS is the permeate flux under US treatment;
and J is the control permeate flux.

In order to evaluate the effect of US membrane
cleaning, cleaning efficiency was defined as Eq. (5):

CE% ¼ ðRF � RCÞ=ðRF � RNÞ � 100 (5)

where RF is the fouled membrane resistance; RC is the
cleaned membrane resistance; and RN is the new
membrane resistance.

The differences between deionized flux before and
after membrane fouling per unit of cleaning time were
represented as fouling percent and calculated using
Eq. (6):

Fouling ð%Þ ¼ ð1� Jwp=JwÞ � 100 (6)

where Jwp and Jw are flux of membrane after and
before fouling, respectively.

2.2.4. Statistical analysis

Each treatment was performed at least three times.
The acquired raw data were statistically analyzed
using multifactor design in ANOVA table. The least
significant differences calculated and the obtained
means evaluated by Duncan’s multiple range test. Sta-
tistical analysis was performed using SigmaStat 3.1
and Microsoft EXCEL software.

3. Results and discussion

3.1. Permeate flux

Changing in US frequency had a significant effect
on permeate flux. By decreasing in US frequency, the
permeate flux was increased. As expected, the 37 kHz
of US frequency and tandem mode significantly
enhanced the permeate flux in comparison with
80 kHz and control, although, there was no significant
difference between 37 kHz and tandem mode of US
input frequencies. The effects of frequency changing
on permeate flux (Tandem mode) and their compari-
sons with control (no US treatment) were shown in
Fig. 2. The highest permeate flux was obtained in the

Fig. 2. Changing in permeate flux with US frequencies during MF and their comparison with control.
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tandem mode of US frequencies, in other words,
changing in US input frequency from 37 to 80 kHz
every one min, led to increase the turbulence near the
active zone of membrane and resulted in concentra-
tion polarization reduction. In addition, because of the
bubbles created by cavitation in 37 kHz led to
mechanical removal of sedimentations and prevention
of membrane fouling. The bubbles created in 80 kHz
of US frequency are smaller than 37 kHz and they are
able to penetrate to the pores of the membrane and
remove the sedimentations inside pores. In the initial
stages of the filtration process, no filtration cake was
formed and it can be the reason that the US treatment
more effective than the initial stages of the process.
Maskooki et al. showed the US input frequency chang-
ing by intensifying effect, which can lead to decrease
in the fouling of polymeric membrane. These results
were approved by Avila et al. and Shahraki et al.
[16,17].

The results showed that the 37 kHz and tandem
frequencies significantly improved the permeate flux
at earlier minutes, particularly when tandem fre-
quency was applied. The reason could be that during
the MFprocess, the gel layer thickness was increased
and led to reduce the effects of ultrasound treatment
as much [18].

3.2. Hydrodynamic resistance

Hydrodynamic resistance of membrane shows inhi-
bition across the membrane against total flux. This resis-
tance is included in intrinsic resistance, concentration
polarization resistance and resistance of electrically
charged particles, Van der Waals, and other factors.

Because the new membrane resistance is constant
and the other system parameters such as feed flow
rate and type of particles are fixed in this process.
Thus, membrane resistance was affected by factors

such as pressure changes caused by the deposition of
fouling material and the concentration polarization.
Therefore, to calculate the hydrodynamic resistance,
viscosity of permeates and the difference between
input and output pressure are important. Highest
hydrodynamic resistance was obtained for control
with any US treatment and it had a considerable dif-
ference with 80 kHz of US treatment. Although the
difference between 37 kHz and tandem mode of US
treatments was not significant, 37 kHz and tandem
mode of US treatments had a lower resistance in com-
parison with 80 kHz and control treatments. In gen-
eral, reducing in the membrane hydrodynamic
resistance increases the permeation flux. Same result
has been reported by Maskooki et al. [14].

3.3. Effect of US frequency on flux enhancement during
filtration

The effect of high intensity of US frequencies was
investigated on MF. During the first 10 min, a high
decreasing was observed. Since the flux numbers in
the first 10 min were much greater than after 10 min,
the first 10min was removed and after 10min are
shown in Fig. 3.

As expected, the 37 kHz of US frequency and tan-
dem mode significantly increased enhancement of the
permeate flux in comparison with 80 kHz and control,
although, there was no significant difference between
37 kHz and tandem mode of US input frequencies.

At low frequencies, the compression (and rarefac-
tion) cycles are long enough to grow the bubble to a
size sufficient to cause disruption of the liquid. As a
result, lower ultrasound frequencies had higher clean-
ing efficiencies than higher frequencies [2,19]. The
increase in permeate flux was because of an increase
in turbulence and resulted in a decrease in concentra-
tion polarization that can be used in the enhancement

Fig. 3. Permeation of flux under different frequencies after 10min during MF.
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of flux in UF and MF. It seems that regularly changing
of input waves or tandem mode of US has led to regu-
larly resize of the cavitation bubble and a more desir-
able condition can be created. The graph of tandem
mode is not smooth and showed distortions. The rea-
son of this distortion can be input frequency changing
during filtration that led to more turbulence near the
active zone of separation.

3.4. Effect of US frequencies on flux recovery during
cleaning

The fouled flux recovery during 30 min with deion-
ized water under different frequencies is shown in
Fig. 4. By increasing the ultrasonic frequencies, the pro-
duction and intensity of cavitation in liquids decreases,
which resulted in a decreased membrane cleaning.

The tandem mode of US frequencies had a higher
effect on flux recovery. As demonstrated, the tandem
mode of irradiation was too effective to be caused by
a change in the size and differences in the collapse
power during the cavitation process [6]. Higher fre-
quencies have more cavitation bubbles with time; they
are smaller in size and collapse less energetically.
They may not be capable of detaching particles from
the cake layer as readily as lower frequencies, but they
may have more penetration [18].

Results showed that ultrasonic waves were very
effective on cleaning efficiency. Best EC (96.2%) was
obtained at tandem mode. Other cleaning efficiency
under different condition is shown in Table 2.

3.5. Effect of US power intensity on flux during filtration
and cleaning

The results of US power intensity is shown in
Fig. 5, indicating that the permeate flux increased

linearly with ultrasonic power, confirming previous
results [2,20,21]. Also, there is an indication that fur-
ther increases in ultrasonic power could lead to higher
cleaning efficiency. The same results were obtained on
the effect of power intensity in cleaning and filtering.
Although in the first seconds of cleaning process, the
effects of all power intensity were same, but during
cleaning, this difference increased [22,23].

In tandem mode, the flux enhancement factor
during filtration, increased from 110.7 to 197.6% by
increasing in power intensity of ultrasonic waves
from 30 to 90%. Increasing in amplitude of ultrasonic

Fig. 4. Effect of different frequencies on membrane cleaning during MF and comparison with control.

Table 2
Cleaning efficiencies of fouled membrane under various
frequencies and power of ultrasound

Treatment
Cleaning
efficiency (%)

Cleaning (without US) 20.374
Cleaning under 37 kHz 91.302
Cleaning under 80 kHz 77.613
Cleaning under Tandem mode 93.833
Cleaning under power 30% 65.601
Cleaning under power 60% 71.832
Cleaning under power 90% 74.909
Cleaning under 37 kHz and power 30% 88.596
Cleaning under 37 kHz and power 60% 90.388
Cleaning under 37 kHz and power 90% 94.922
Cleaning under 80 kHz and power 30% 61.627
Cleaning under 80 kHz and power 60% 83.049
Cleaning under 80 kHz and power 90% 88.164
Cleaning under tandem mode and

power 30%
91.806

Cleaning under tandem mode and
power 60%

93.517

Cleaning under tandem mode and
power 90%

96.177
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waves led to an increased number of cavitation. It
could lead to more turbulence in fluid medium,
improving detachment and movement of foulant
particles from the membrane holes [21].

Changing in flux recovery by increasing the frequency
of ultrasound in fixed power intensity, was more than by
increasing the power intensity in fixed frequency, so the
selected ultrasound frequencies were more effective than
selected sonication power on flux recovery.

Fig. 5. Effect of power intensity of ultrasonic waves on flux during MF.

Fig. 6. Fouling percentage of membrane under different US frequencies.

Fig. 7. Fouling percentage rate of membrane under different frequencies.
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3.6. Fouling percentage of membrane under various
ultrasound frequencies

Fouling percentage indicates the performance of
membrane cleaning under different factors as US
treatment and deionized water. The fouling percent-
age for membrane cleaning under tandem mode and
37 kHz of US frequencies treatment were obtained
20 and 25%, respectively, demonstrating the ability
of high-frequency ultrasonic cleaning (Fig. 6). The
fouling percentage for membrane under cleaning
with 80 kHz of US frequency was more than 60%
and showed no good cleaning performance. But,
regardless of the overall process time and power, It
is observed that ultrasound sonication could reduce
the large number of membrane fouling and be used
instead of chemical detergents. It should be noted
that the control samples without sonication cleaning
had very low capability for cleaning. The same
results were obtained by Mutakumaran et al.
[20] and Hashemi Shahraki et al. [17]. They
investigated cleaning capability instead of fouling
percentage and also, they have reported that the
cleaning capability increased as the US intensity
increased.

In Fig. 7, the rate of membrane fouling during
the washing process is observed. In all treatments,
especially in high frequency 37 kHz, the membrane
fouling is reduced during process. The highest
fouling percentage was related to the cleaning by
using pure water without ultrasonic that was about
30 percent at the end of 30 min, while fouling
percentage was over 90% for 37 kHz of US frequency
treatment.

3.7. Fouling percentage of membrane under various
ultrasound powers

It is observed in Fig. 8 that fouling percent of mem-
brane decreases by an increase in US power intensity.
The highest reduction in fouling was obtained at 90% of
US power after 30 min of sonication and the lowest
cleaning percentage was obtained at 30%.
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Fig. 8. Fouling percentage rate of membrane under different US power.

Symbols

J — permeate flux
Wti — permeate weight in time i
d — density of permeate
Δt — time interval
R — hydrodynamic resistance
ΔP — steady–state system pressure
μ — viscosity
PF — feed pressure
PR — retentate pressure
PP — permeate pressure
JUS — permeate flux under US treatment
RF — fouled membrane resistance
RC — cleaned membrane resistance
RN — new membrane resistance
Jwp — flux of membrane after fouling
Jw — flux of membrane before fouling
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