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ABSTRACT

In this study, bi-frequency online ultrasound was applied to a submerged membrane biore-
actor (SMBR–US) to mitigate the membrane fouling. The transmembrane pressure (TMP)
was used as an indicator of membrane fouling, and it was observed at different ultrasound
parameters to investigate the alleviating effect of membrane fouling. The wastewater treat-
ment experiments were then carried out to explore the effects of online ultrasound on efflu-
ent quality and activated sludge concentrations in SMBR system. The results show that the
TMP were relatively low when the ultrasonic cleaning time continued for three minutes
with an ultrasonic frequency at 50 kHz, or bi-frequency of 25–50 kHz, or tri-frequency of
25–50–90 kHz and an ultrasonic power of 200 or 300W. The results of wastewater treatment
experiments show that both the SMBR–US and the SMBR-Control system had high COD,
ammonia, and TN removal efficiency, indicating that the ultrasound did not have a negative
influence on the properties of activated sludge and effluent quality. The mixed liquor sus-
pended solids (MLSS) in SMBR–US system decreased apparently, about 7.1% when compar-
ing to the SMBR-Control system, after 40-day operation, which suggested that the ultrasound
can reduce extra sludge production.

Keywords: Online ultrasonic cleaning; Submerged membrane bioreactor; Membrane fouling;
Sludge reduction

1. Introduction

Membrane bioreactor (MBR) is a new wastewater
treatment process with high efficiency. It is the
combination of membrane separation technology and
biological treatment [1]. The new type of submerged
membrane bioreactor (SMBR) can improve N and P

removal efficiency by introducing the biological to
MBR. MBR has many advantages, such as high mixed
liquor suspended solids, high wastewater treatment
efficiency, low sludge production, and small covering
area requirement. These make the more extensive
application of MBR in wastewater treatment. How-
ever, the membrane fouling is still the key issue con-
ditioning the stability of the process [2–4]. Membrane
fouling results in increased operating costs due to the
higher pressures needed to maintain permeate flux,
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the time and materials needed for membrane cleaning
[5], and membrane replacement [6].

Membrane fouling is due to the physical and
chemical effects in the particles, colloidal particulates
or solute molecules in process materials [7]. Mem-
brane fouling is also caused by concentration polariza-
tion on membrane surface and membrane pore
blocking due to the adsorption and deposition of
materials on membrane surface or in membrane holes
[8–10]. In general, the fouling occurring in membrane
bioreactors is attributable to three aspects: adhesion of
macromolecules on membrane surface, deposition of
sludge particle, as well as pore obstruction by small
molecules.

Backwashing and chemical washing are the main
methods for cleaning polluted membrane modules
[11]. Backwashing applies to the removal of low-con-
centration solute particles on membrane surfaces
using pulse caused by water, gas, or gas–water mix-
ture. For the removal of microbes and macromolecules
adhering in membrane pores, it does not work well
[12]. In addition, backwashing is applicable only to
tubular membrane module. Chemical washing can
remove the contaminants on membrane module
entirely. But this must be operated offline. And the
membrane module is asked to be against the destruc-
tion from chemicals [13].

Compared with the proposed processes, ultrasonic
techniques provide an alternative method for mem-
brane fouling control and cleaning. Online ultrasonic
cleaning has more advantages of simplicity in opera-
tion, such as ease for automatic control, wide applica-
bility range and without secondary pollution [14].
Thus, ultrasonic cleaning of membrane fouling has
gained a considerable amount of research [15–18]. In a
liquid medium, ultrasound creates oscillating regions
of high and low pressure. Cavitation bubbles are
formed when the pressure amplitude exceeds the ten-
sile strength of liquid during the rarefaction of sound
waves [19].

In addition, there is a discrepancy in the litera-
ture regarding the integrity of membranes after expo-
sure to ultrasound. Masselin et al. [20] observed
damage to polyethersulfone membranes by ultra-
sound, while other researchers [21–25] showed that
the integrity of membranes was maintained through-
out sonication. The integrity of the membrane during
sonication is of critical importance for the practical
application of this technology to control membrane
fouling. Therefore, the mechanism of membrane
damage by ultrasound is examined in this study. But
ultrasound inhibits the sludge activity [26]. Therefore,
ultrasonic cleaning may affect the wastewater
treatment efficiency.

The effect of ultrasonic cleaning is directly bound
up with ultrasonic power, frequency and working
time. With the exception of these, the ununiformity of
the ultrasonic field distribution is also an important
factor for membrane fouling control [27]. A single fre-
quency ultrasound is accustomed to make a stationary
wave field in the SMBR, which leads to an uneven
distribution of ultrasonic field and a negative effect on
the wastewater treatment efficiency. For this reason,
an online ultrasound with three frequencies (25, 50
and 90 kHz) and adjustable operating power and time
was adopted in this experiment. This article studies
the effect of controlling the pollution of SMBR mem-
brane by changing the combination of different ultra-
sonic frequency, ultrasonic power, and duration of the
ultrasound [28].

2. Materials and methods

2.1. Experimental facilities

In order to identify the impact of operating param-
eters of ultrasound on fouled membrane in SMBR sys-
tem, an online ultrasound with three frequencies (25,
50, and 90 kHz) and adjustable operating power was
adopted in a laboratory-scale SMBR treating synthetic
domestic wastewater, meanwhile an additional SMBR
with the same structure and volume but without
ultrasound was used as a control (SMBR-Control)
(Fig. 1).

The working volume of each SMBR was 20L, and
a curtain hollow fiber membrane module made of
polypropylene (Kaihong Membrane Technology Co.,
China) with a filtration area of 0.2m2 and a pore size
of 0.4lm was submerged in each SMBR. Within the
two reactors, there were filled by suspended-carriers
that were made by rubber powder, active carbon, and

Fig. 1. A schematic diagram of experimental devices. (1)
Feed reservoir; (2) inlet pump; (3) level controller; (4)
outlet pump; (5) perforation aeration tube; (6) membrane
module; (7) pressure gauge; (8) filler carriers; (9) cycle
baffle; (10) ultrasound generator and adjustor; (11)
ultrasound transmitter.
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adhesive and with a diameter of around 5mm and
the carrier dose in this study was 10% (carrier volume
vs. total effective volume of SMBR). Perforated pipe
sparger was employed to aerate under the membrane
module. To maintain the water levels of the SMBRs,
liquid level controller and dual head peristaltic pumps
were used to feed influents as well as to obtain
effluents.

Activated sludge taken from a sewage treatment
plant’s secondary sedimentation tank was used as
seeding sludge for the experiment. The activated
sludge had not been discharged during the experi-
ment.

While carrying out the experiment, synthetic
wastewater was used as inflow. The COD, BOD5, and
ammonia concentration were kept at 300–600mg/L,
160–300mg/L, 30–50mg/L, respectively. The COD of
the influent was occasionally measured and the aver-
age COD was 430mg/L. Table 1 shows the inorganic
composition of the synthetic wastewater.

2.2. Operating condition

To investigate the alleviating effect of different
ultrasound parameters on membrane fouling, batch
experiments were carried out as follows: When the
TMP of the SMBR membrane module increased up to
27–33 kPa, the membrane module was taken out from
the microbial reactor and put into another reactor
filled with water and an ultrasonic transmitter. The
membrane module was then cleaned with an ultra-
sonic lasting time of 5min every 15min. The power of
the ultrasound generator was kept at 300W to get the
best ultrasonic frequency combination for cleaning.
We studied 7 kinds of frequency combinations, which
were low frequency at 25 kHz, mid-frequency at
50 kHz, high frequency at 90 kHz, bi-frequency of 25
and 50 kHz, 50 and 90 kHz, 25 and 90 kHz,
tri-frequency of 25, 50 and 90 kHz. The TMP of the
membrane module was observed.

Based on the best operating frequency of ultrasonic
gained from above experiments, the impact of

ultrasonic executing time on cleaning effect was inves-
tigated. The ultrasonic lasting time was set to 2, 3, 5,
and 7min respectively, and the corresponding interval
time was 13, 12, 10, and 8min At last, the effect of
ultrasonic power on membrane cleaning was carried
out at 200, 300, 400, and 500W, respectively. Each
cleaning experiment process lasted for 180min.

We also studied the effect of online ultrasonic
cleaning on sewage treatment efficiency during a
long-term experiment. The initial flux of membrane
module in each SMBR system was set to 1.5 L/h,
which was under the critical flux according to previ-
ous studies, and the air flow of oxygen supply for
reactors was 0.5m3/h. The operating parameters of
ultrasonic used in the long-term experiment were
based on the above batch experiments.

2.3. Analysis items and methods

MLSS and the conventional water quality monitor-
ing indicators were measured in accordance with stan-
dard methods [29]. CTL-12 (Chengde, Huatong Co.,
China) was adopted to measure COD.

3. Results and discussion

3.1. The optimization of ultrasonic frequency combinations

The ultrasound generator could supply on the
fouling membrane.

We investigated the effects of seven kinds of ultra-
sonic frequency combinations on TMP to confirm the
suitable frequency combination. In this case, the
change of TMP is a mark of the membrane fouling.
The higher the TMP, the more serious membrane foul-
ing was. The TMP values were measured every
15mins, and the results were shown in Fig. 2.

When the ultrasonic cleaning started, TMP values
declined quickly in the early stage, but the decline
was not as steep as it in the initial 60min over time.
After 150min operating, the TMP began to stabilize.
Significant differences can be seen among the ultra-
sonic cleaning of different frequency combinations
from Fig. 2.

The ultrasonic cleaning at high frequency of
90 kHz, bi-frequency of 90–50 kHz and 90–25 kHz did
not have a telling cleaning effect. The TMP decreased
rather slowly when compared with other ultrasonic
combinations. Ultrasound at other frequency can
make an obvious downtrend on TMP, which means a
promising cleaning result.

It was also showed in Fig. 2 that the cleaning
effects were corresponding with the low-frequency,
mid-frequency and middle-low-frequency ultrasonic.

Table 1
Inorganic composition of feed solution

Element Reagent M.W. Concentration
(mg element/L)

Reagent
(mg/L)

NHþ
4 NH4Cl 53.49 30.28 90

Na NaHCO3 84.01 20.54 75

K KH2PO4 136.09 7.16 25

Fe FeCl2 126.75 1.32 3

Ca CaCl2 110.98 2.16 6
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The TMP was declined to 16 kPa. Because the
low-frequency ultrasound was used to cleaning the

hard dirt, it may cause damage to fragile material [30].
Furthermore, low-frequency ultrasound creates noise
jamming [29]. So, for a more comprehensive consider-
ation, we chose mid-frequency, middle-low-frequency,
and high-mid-low frequency in the following
experiments, since there is no significant difference in
membrane module cleaning effect for these frequency
combinations. On one hand, it can reduce the injury
on the membrane surface texture. On the other hand,
it can form a relatively even sound field [31].

3.2. The optimization of ultrasound cleaning lasting time

We carried out the consecutive ultrasound experi-
ments on the polluted membrane module at three
optimized frequencies. The variation of the TMP was
investigated to find out a suitable ultrasonic lasting
time. The results were shown in Fig. 3.

Fig. 3 showed the cleaning effect of different ultra-
sonic lasting time to the fouled membrane when the
ultrasonic power was at 300W, and the ultrasound

Fig. 3. The effect of ultrasonic lasting time on TMP. (a) High-mid-low frequency; (b) mid-low frequency;
(c) mid-frequency.

Fig. 2. Effect of different ultrasonic frequency combinations
on TMP.
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was of high-mid-low frequency, mid-low frequency,
and medium frequency, respectively. The downtrend
of TMP was step down gradually with the extending
of ultrasound time. The TMP became stable gradually
when it reduced to a certain degree, and it would not
continue to reduce along with the experiment time.
This may explain that the membrane surface pollution
could be removed by ultrasound cleaning, but because
of the membrane pollution brought by the blocking of
membrane hole internal, it would be removed hardly
[32]. The conclusion was consistent with lots of
results. This phenomenon was also probably due to
parts of the micro-particles entering into the internal
hole of membrane with the suction action of water
pump when the sludge particles of membrane surface
mud cake layer were broken by ultrasonic cavitation
effect, which caused the film hole being blocked and
led to a final stable TMP [33]. The cleaning effect at
the early stage of operation was relatively poor when
the ultrasound time was 2 or 3min. But compared
with the ultrasound time of 5 and 7min, the differ-
ence of cleaning effect was nearly the same. Therefore,
combining with the above analysis and considering
the economic benefits, we chose a better ultrasonic
cleaning time of 3min which can confirm the cleaning
effects and save cost.

3.3. The optimization of ultrasonic power

We carried out the consecutive ultrasound experi-
ments on the polluted membrane at different ultra-
sonic powers of 200, 300, 400, and 500W. The changes
of TMP over time were shown in Fig. 4.

The higher the ultrasonic power was, the more the
TMP decreased, suggesting a better cleaning effect
with higher ultrasonic power. As the time going on,
the downward trend had slowed. When the TMP fell
to about 17KPa, it was tending toward stability. We
can also see from Fig. 4 that there is no significant dif-
ference of ultrasonic cleaning effects among different
powers. Considering higher ultrasonic power could
lead to the deterioration of mixed liquor characteris-
tics and the damage of membrane module [33]. So 200
or 300W would be suitable ultrasonic powers for a
long-term experiment.

According to the above-mentioned experiment
analysis we could draw a conclusion that the parame-
ters suitable to the online ultrasonic cleaning were:
200 or 300W, mid-frequency, mid-low frequency or
high-mid-low frequency, 3-min ultrasound lasting
time. Based on this, we chose 300W, middle-
frequency and 3-min ultrasound lasting time for the
further wastewater treatment experiment.

3.4. The impacts of online ultrasonic on SMBR sewage
treatment efficiency

During the ultrasonic cleaning, hydraulic shear
force caused by the ultrasonic cavitation destroyed the
microbial cell structures in the mixed liquor. The
organic carbon in the microbial cells flew into the acti-
vated sludge mixed liquor, making the organic load-
ing increased by changing the particulate COD into
dissolved COD [34]. Fig. 5 shows the impacts of
online ultrasonic cleaning on COD removal rate in
SMBR systems.

Fig. 4. Effect of different ultrasonic power on TMP.

Fig. 5. Effect of online ultrasound on COD removal
efficiency.
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The COD removal rates of SMBR–US and SMBR-
Control were 95.75 and 96.11%, respectively, while the
ultrasonic cleaning was at 300W, middle-frequency,
making no significant difference, which indicated
long-term online ultrasonic cleaning did not have
much influence to the SMBR COD removal rate.

The average removal rate of ammonia nitrogen of
the ordinary SMBR and ultrasound SMBR were 98.45
and 98.29% from Fig. 6. The ammonia nitrogen
removal rates of two systems are all very high and
relatively stable. Particulate filler was added in the
membrane biological reactor and it helped the nitrify-
ing bacteria attached and grew on it. So the systems
could maintain a high ammonia nitrogen removal
rate. Fig. 6 illustrated that online ultrasound almost
had no effect on the ammonia nitrogen removal rate.

It can be seen from Fig. 7 that the average removal
rate of total nitrogen of SMBR-Control and SMBR–US
were 66.18 and 66.73%, respectively. The removal rate
of total nitrogen presented an upward trend in the
two systems at the later running period. However, the
upward trend had not fully appeared due to the short
system running time. The middle-frequency online
ultrasound had no effect on the removal rate of total
nitrogen. This showed that the middle-frequency
ultrasonic radiation did not destroy the activated
sludge flocculent structure which attached to the sur-
face of the filler particles and had no effect on the
microscopic oxygen-deprived environments in fillers’
surface. Therefore, it had no obvious influence on
denitrification.

MLSS was a key factor to the membrane fouling.
A high MLSS could accelerate the process of

membrane fouling [35]. As a result, we studied the
changes of MLSS in the SMBR–US and SMBR-Control
during the continuous ultrasonic cleaning. The results
were showed in Fig. 8.

Because there was no mud discharge during the
experiment, the MLSS of the SMBR–US and SMBR-
Control both showed growth trends. When the system
came to the 26th day, the MLSS of the SMBR–US was
500mg/L lower than that of SMBR-Control, indicating
that about 7.1% activated sludge was reduced by
online ultrasonic.

This result suggested that the hydraulic shear
stress caused by the ultrasonic caviation would

Fig. 6. Effect of online ultrasound on ammonia nitrogen
removal efficiency.

Fig. 7. Effect of online ultrasound on total nitrogen
removal efficiency.

Fig. 8. Effect of online ultrasound on MLSS.
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destroy the sludge flocculation and the microbial cell
structure [36]. Then growth rate of the MLSS was
restrained. As a result, long-term ultrasound may
cause the reduction of sludge in the membrane biore-
actor and help controlling the membrane fouling.

4. Conclusion

(1) When the ultrasonic frequency combinations
were 50 kHz, or bi-frequency of 25–50 kHz, or tri-
frequency of 25–50–90 kHz, ultrasonic powers
were 200 or 300W, ultrasonic lasting time was
three minutes, the online ultrasonic could pro-
duce a good control of membrane fouling in
SMBR system.

(2) In the process of continuous wastewater treat-
ment operation, intermittent online ultrasound
cleaning that continued for 3min every 24 h with
an ultrasonic frequency at 50Hz, and an ultra-
sonic power of 300W had no obvious influence
on the COD, ammonia nitrogen and total nitro-
gen removal rate, indicating that the ultrasound
did not have a negative influence on the proper-
ties of activated sludge and effluent quality.

(3) Sludge concentration in the online ultrasound
SMBR system was significantly lower than that of
SMBR-Control system. Because the low sludge
concentration could slow down the membrane
fouling to a certain extent, so it can be conclude
that online ultrasound played a positive role in
controlling membrane fouling.
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