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Optimization of aeration conditions in the hybrid process
of coagulation-ultraﬁltration with air sparging
Meibo He, Chen Chen, Can Guo, Shuai Wang, Haiqing Chang
and Baicang Liu

ABSTRACT
To optimize the aeration conditions in the hybrid process of coagulation-ultraﬁltration with air
sparging, a series of air ﬂow rates under continuous and intermittent sparging were investigated.
The water quality characteristics that surrounded membranes, bubble characteristics, fouling
resistances, and energy consumption under different aeration conditions were analyzed. The results
showed that increasing air ﬂow rates generated more bubbles with a wider size distribution (i.e.,
more favorable hydrodynamic conditions). The turbidity and ultraviolet absorbance at 254 nm (UV254)
of the water that surrounded membranes were reduced as the air sparging kept ﬂocs away from
membranes. Thus, the membrane fouling was effectively mitigated by increasing air ﬂow rates
despite aeration modes. For a given air ﬂow rate, less fouling was obtained under continuous
sparging than the intermittent mode. With respect to intermittent sparging, the mode of 40-min
aeration per hour more effectively alleviated membrane fouling than the mode of 30-min aeration per
hour. Weighing the energy consumption and membrane fouling, optimum air ﬂow rates under
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continuous mode were between 15 and 30 mL/min, and the optimal aeration condition for
intermittent mode was set at the air ﬂow rate of 30 mL/min under the mode of 40-min aeration per
hour.
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INTRODUCTION
Ultraﬁltration (UF) has gained increasing popularity in the

Due to the effectivity to remove NOM and particles, the

ﬁelds of water and wastewater treatment, but membrane

coagulation pretreatment has been applied to alleviate mem-

fouling remains inevitable. The natural organic matter

brane fouling (Howe & Clark ; Chen et al. ).

(NOM) and particles in water play an important role in

Different from the conventional drinking water treatment

membrane fouling (Yamamura et al. ; Meng et al.

process, the coagulation prior to the UF process can be oper-

). Jermann et al. () suggested that the fouling

ated without ﬂocculation or sedimentation, which means

caused by the association between particles and NOM was

the coagulated water with ﬂocs will directly enter the mem-

even greater than the sum of NOM and particles fouling

brane modules. As a result, the ﬂocs that cannot pass

as the NOM serving as bridges helped the absorption of par-

through the membrane pores accumulate on the membrane

ticles on the membrane. In order to alleviate the membrane

surface forming a porous cake layer with a relatively low

fouling caused by NOM and particles, pretreatments and

hydraulic resistance (Guigui et al. ; Choi & Dempsey

hydrodynamic disturbance methods have been investigated

). Additionally, the cake layer composed of ﬂocs can

in detail.

absorb small ﬂocs and uncoagulated NOM (neutral or
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hydrophilic fraction of NOM), further reducing the mem-

(1) to investigate the effect of air ﬂow rate and aeration

brane fouling (Guigui et al. ; Chen et al. ).

mode on membrane fouling and (2) to optimize the aeration

In term of hydrodynamic disturbance methods, air sparging is commonly used to mitigate membrane surface

conditions in the hybrid process of coagulation-UF with air
sparging.

fouling by limiting the deposition of foulants on membrane
surfaces (Cui et al. ). The extent of fouling mitigation
is dependent on the magnitude, amount, and ﬂuctuation of

MATERIALS AND METHODS

shear stress induced by air sparging (Chan et al. ,
). Air sparging conditions largely determine shear

Materials

stress proﬁles and consequently have an important inﬂuence
on the fouling control (Chan et al. ). On one hand,

Surface water obtained from Mingyuan Lake in Sichuan

membrane fouling can be reduced with incremental air

University was used as raw water. The raw water had

ﬂow rates, but further increasing the air ﬂow rate above an

steady pH (8.44–8.91), slightly ﬂuctuant turbidities (5.08–

optimal value has little impact on the fouling reduction

9.62 NTU), and ultraviolet absorbance at 254 nm (UV254)

(Xia et al. ). On the other hand, membrane fouling can

(0.095–0.141 cm1) during all experiments.

also be effectively controlled by altering the aeration

The aluminum sulfate hydrate (Al2(SO4)3 · 18H2O,

mode. For instance, Abdullah et al. () suggested that

Sigma Aldrich, reagent grade) was dissolved in ultrapure

intermittent sparging could more effectively alleviate mem-

water to prepare a stock solution for coagulation with a con-

brane fouling as it induced greater shear stress than

centration of 5 g/L as Al2(SO4)3 · 18H2O. Ultrapure water

continuous sparging did at a given air ﬂow rate.

with a resistivity of 18.2 MΩ cm was provided from an

Although numerous studies have demonstrated that

ULUPURE ultrapure water puriﬁcation system (Chengdu,

coagulation and air sparging can effectively control mem-

China). Jar tests were applied to determine the optimal

brane fouling, the adverse effects of both measures on

coagulant dosage based on the removal of turbidity and

membrane fouling control have also been reported in pre-

UV254 for the hybrid process of coagulation-UF with air

vious literature. For example, Howe et al. () suggested

sparging.

that ﬂocs larger than 1 μm functioned as membrane fou-

Commercially available outside-in hollow ﬁber UF

lants. On the other hand, Drews et al. () reported that

membranes were used in this work. Polyvinylidene ﬂuoride

air sparging might worsen membrane fouling due to the

membranes with an average pore size of 0.02 μm were pro-

pore blockage caused by particle classiﬁcation or segre-

vided by Litree Purifying Technology Co., Ltd (Haikou,

gation resulting from aeration. Furthermore, most studies

China). The contact angle of the virgin membrane was

on the effects of coagulation or air sparging were conducted

26 . The inner and outer diameters of the ﬁbers were 1.0

individually. Only recently have researchers recognized the

and 1.8 mm, respectively. A hand-made membrane module

integration of coagulation, air sparging, and membrane ﬁl-

consisting of 16 hollow ﬁbers with an effective length of

tration as a potential way to address the problems

200 mm and a total surface area of 0.018 m2 was used in

mentioned above (Liu et al. ; Rojas-Serrano et al.

each experiment. New membranes were employed for

), despite Müller & Uhl () doubting the ability of

each test. The membranes were soaked in ultrapure water

air sparging to eliminate membrane fouling in the coagu-

for at least 24 h and rinsed carefully to remove preservatives

lation-UF process.

before use.

The effect of the association between coagulation and
air sparging on membrane fouling is still poorly understood.

Experimental setup

Therefore, this study was conducted to investigate the effect
of aeration conditions on membrane fouling and to optimize

The schematic diagram of the experimental setup for the

them in the coagulation-UF with air sparging hybrid process.

hybrid process of coagulation-UF with air sparging is

Speciﬁcally, this work was carried out with two objectives:

shown in Figure 1. The experimental setup comprised a
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Schematic diagram of the experimental setup.

high-level tank, a constant-level tank, a coagulation system,

to make sure the membrane ﬁltration maintained a constant-

an air sparging system, a UF module, and a data recording

ﬂux mode.

system. The coagulation system contained a rapid mixing
tank and a ﬂocculation tank that were placed on two mag-

Experimental protocol

netic stirrers. The air ﬂow was produced by an aeration
pump (LP-60, Guangdong Risheng Group Co., Ltd, China)

During the coagulation, raw water was mixed with alum at

and transported into the membrane module through a gas

the rotate speed of 300 rev/min for 1 min in the rapid

ﬂowmeter with a measuring range of 100 mL/min (Cole-

mixing tank and then stirred at the rotate speed of 60 rev/

Parmer Instrument Company, LLC, USA). Air bubbles

min for 20 min in the ﬂocculation tank (Liu et al. ).

were generated when the air ﬂow passed through a porous

The optimal coagulant dosage for this hybrid process was

steel disk (Nanjing Institute of Metallic Membrane, China)

determined at 70 mg/L as Al2(SO4)3 · 18H2O. After coagu-

with pore sizes of 0.1–5.0 μm located at the bottom of the

lation, coagulated water without settling was transported

UF module. The UF module consisted of two cylinder col-

into the inner column as UF feed. Membrane ﬁltration

umns and 16 hollow ﬁbers. The gap between the two

was performed under a constant ﬂux of 18 L/m2 · h as rec-

columns was 2 mm wide and used for the settling of ﬂocs.

ommended by the membrane manufacturer. A new

Permeate water from hollow ﬁbers was sucked by a peristal-

membrane was ﬁrst ﬁltered by ultrapure water for 2 h at a

tic pump (BT100-2 J, Longer Precision Pump Co., Ltd,

constant TMP, and the membrane intrinsic resistance (Rm)

China). The transmembrane pressure (TMP) was simul-

was obtained in this step. Then, the feed water was ﬁltered

taneously measured by a pressure sensor (UNIK 5000,

for 8 h. Consequently, the total resistance (Rt) (consisting

General Electric Company, USA) and a pressure gauge to

of Rm, reversible resistance (Rrev) and irreversible resistance

guarantee the accuracy of pressure data. Pressure data

(Rirr)) was determined. After the 8 h ﬁltration, the fouled UF

were collected by a Data Acquisition card and automatically

membranes were backwashed with ultrapure water for

recorded by a computer every 100 s. The permeate mass was

5 min. Finally, the UF membranes ﬁltered ultrapure water

acquired and logged using an electronic balance (CAV 8101,

for another 2 h or until the ﬂux remained constant, and

Ohaus Co., Ltd, USA) and Collect 6.1 software every minute

the resistance including Rm and Rirr was determined.
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During ﬁltration, continuous or intermittent air sparging

USA) using supernatant liquid after at least 30 min of

was carried out. Continuous sparging was conducted at air

settlement.

ﬂow rates of 15, 30, and 60 mL/min. For intermittent sparging, two modes of 40-min aeration per hour and 30-min

Membrane fouling resistance

aeration per hour were performed at air ﬂow rates of 30
and 60 mL/min. All tests were carried out at room tempera-

In this study, resistances in series model were adapted from

ture (25 C). In order to ensure the reliability of the

Kimura et al. (). In this model, the Rt which consists of

experimental results, all experiments were repeated three

Rm, Rrev, and Rirr was calculated using Equation (1):

times, and the mean values were reported.
Rt ¼ Rm þ Rrev þ Rirr ¼
Analytical methods
Bubble characterization
The images of bubbles were captured by a single-lens reﬂex
camera (D7000, Nikon Co., Ltd, Japan) in the absence of the
hollow ﬁbers and the inner column. When capturing the
images of bubbles, a black board was vertically placed
behind the transparent outer column, and the light source
was set at the top of the column. To make the measurements
of bubbles as accurate as possible, each image was analyzed
three times by Image Pro Plus software (Version 6.0, Media
Cybernetics Inc., USA). The brightness of the images was
ﬁrst enhanced, then followed by the application of the
erode ﬁlter to tailor the edges of bubbles and remove impurities of images. Next, the contrast of images was improved

ΔP
μJ

(1)

where J is permeate ﬂux (18 L/m2 · h), ΔP is TMP, and μ is
dynamic viscosity (0.899 × 106 kPa · s).
Energy consumption
The energy consumption of air sparging was calculated
according to the equation adapted from Tian et al. ():
E¼Q×ρ×g×T ×H

(2)

where E is energy consumption, Q is the air ﬂow rate, ρ is
the density of water (997.05 kg/m3), g is the gravitational
acceleration (9.81 m/s2), T is the air sparging time, and H
is the height of the membrane module (0.25 m).

to separate bubbles from the background, and the dilate
ﬁlter was used to restore the lost characterizations. The command of count/size of Image pro plus was executed to
determine bubble size and number by using the diameter
of the outer column as scale.

RESULTS AND DISCUSSION
Bubble analysis
The images and the size distributions of bubbles at various air

Water quality analysis

ﬂow rates are presented in Figure 2. As shown in Figure 2(a)–
2(c), the bubbles were predominantly spherical, which indi-

The permeate water quality including turbidity and UV254

cated the gas-liquid two-phase ﬂow pattern remained as

was monitored during the whole experiment. As well, the

bubble ﬂow regardless of the increase in the air ﬂow rate.

water quality inside the inner column was measured because

Only the number and the size distributions of bubbles differed

membrane fouling was mainly inﬂuenced by the water

at various air ﬂow rates. The number of bubbles increased

directly contacting membranes. The UV254 of samples preﬁl-

in the order of 15 < 30 < 60 mL/min as displayed in Figure

tered through 0.45-μm polytetraﬂuoroethylene membranes

2(a)–2(c). A large number of bubbles not only gave rise to

was measured by a UV-VIS spectrophotometer (ORION

more intense shear stresses (Chan et al. ) but also

AQUAMATE 8000, Thermo Fisher Scientiﬁc Inc., USA).

enhanced the number of ﬁbers that could be affected by

Turbidity was determined by a turbidimeter (2100Q, Hach,

shear stresses. When air ﬂow rates were low, most bubbles
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Bubbles at the air ﬂow rate of: (a) 15 mL/min; (b) 30 mL/min; (c) 60 mL/min; (d) bubble size distributions at different air ﬂow rates (error bar indicates standard deviation).

only impacted the outer ﬁbers and the inner ﬁbers were shel-

ranges were able to induce greater magnitudes and stronger

tered from the effects of shear stresses, which resulted in the

ﬂuctuations of shear stresses, which were in favor of fouling

unevenly distributed fouling of hollow ﬁbers and a conse-

control (Cui et al. ; Yeo et al. ). Although bubble

quent rapid deterioration of membrane performance (Yeo

sizes were similarly distributed at air ﬂow rates of 30 and

et al. ). At higher air ﬂow rates, the shear stress induced

60 mL/min, the number of bubbles at air ﬂow rate of

by an increased number of bubbles affected more ﬁbers, thus

60 mL/min were remarkably larger than that at air ﬂow

alleviating the extents of entire fouling of hollow ﬁber bun-

rate of 30 mL/min. Hence, the shear stress conditions

dles on account of the less unevenly distributed fouling.

were expected to be more advantageous to mitigate mem-

As shown in Figure 2(d), the size of bubbles was nar-

brane fouling at air ﬂow rate of 60 mL/min.

rowly distributed at the ranges of <1 mm and 1–2 mm at
the air ﬂow rate of 15 mL/min. Bubbles with sizes of

Water quality

>2 mm appeared occasionally. At air ﬂow rates of 30 and
60 mL/min, most bubbles still had sizes of <1 mm and

During the whole experiment, the permeate water quality

1–2 mm, but relatively larger bubbles with sizes of >2 mm

remained quite steady (turbidity: 0.18–0.26 NTU; UV254:

appeared more frequently. The larger sizes and wider size

0.051–0.054 cm1).
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membrane fouling was not severe enough to deteriorate the

of 30 mL/min were not deleterious enough to offset the

permeate water quality. Different from the permeate water

positive effects of shear stresses on mitigating membrane

quality, the turbidity and UV254 of water samples inside

fouling. When the air ﬂow rate increased from 30 to

the inner column (i.e., the water which directly contacted

60 mL/min, the dTMP/dT was quite similar. This result

but did not pass through the membranes) changed at differ-

suggested that further increasing air ﬂow rate above

ent air ﬂow rates. The values of turbidity and UV254 at air

30 mL/min was not able to reduce membrane fouling signiﬁ-

ﬂow rates of 0, 15, 30, and 60 mL/min were 2.6, 1.4, 1.8,

cantly in the hybrid process of coagulation-UF with air

and 1.91 NTU, and 0.048, 0.039, 0.043, and 0.042 cm1,

sparging, and similar results have been reported in bub-

respectively. A part of ﬂocs were brought out of the inner

bling-membrane

column by the gas-liquid two-phase up-ﬂow and settled

researchers (Xia et al. ). In Figure 3(a), the depicted

inside the gap according to the experimental observations.

TMP lines at the air ﬂow rates of 0 and 15 mL/min inter-

The turbidity and UV254 were slightly higher at air ﬂow

sected because the air sparging changed the fouling

rates of 30 and 60 mL/min than those at air ﬂow rate of

mechanisms. Due to the ﬂoc breakage caused by the direct

15 mL/min. The probable explanation for this is that ﬂocs

strike and tangential shear stress induced by bubbles, the

were transported into the gap without serious ﬂoc breakage

ﬂoc size decreased while the fractal dimension increased,

as aeration was not intense at the air ﬂow rate of

leading to the formation of a tighter cake layer (Barbot

ﬁltration

hybrid

processes

by

other

15 mL/min. However, when air ﬂow rate increased to 30

et al. ; Liu et al. ). In contrast, no ﬂoc breakage hap-

and 60 mL/min, the enhanced hydrodynamic disturbances

pened in the case of no aeration, indicating the cake layer

not only brought ﬂocs out of the inner column but also

was loose. Moreover, the low air ﬂow rate of 15 mL/min

caused part of ﬂocs to break up inside the inner column.

had limited inﬂuence on reducing membrane fouling. There-

As the breakage of ﬂocs might lead to the formation of

fore, within the ﬁrst 6 hours, the growth of TMP was greater

small ﬂocs and release of NOM (Liu et al. ; Rojas-

at the air ﬂow rate of 15 mL/min than that at the air ﬂow

Serrano et al. ), the turbidity and UV254 at air ﬂow

rate of 0. However, the air sparging led to a continuous ero-

rates of 30 and 60 mL/min were higher than those at the

sion of surface fouling, while the cake layer was being

air ﬂow rate of 15 mL/min but still lower than those without

compacted without aeration. Thus, the growth of TMP

aeration. These results indicated that the water qualities

gradually slowed down at the air ﬂow rate of 15 mL/min

inside the inner column were improved by aeration, which

but remained fast under no aeration, causing the intersec-

in part explained the fouling mitigation as discussed below.

tion of the two lines.
Figure 3(b) shows the TMP buildups varied at different

Effect of sparging conditions on membrane fouling

aeration conditions under intermittent mode. Under the
mode of 40-min aeration per hour, the dTMP/dT were

Figure 3 shows the TMP buildups and fouling resistances

decreased from 0.54 and 0.47 kPa/h by increasing the air

under different aeration conditions. As presented in

ﬂow rate from 30 to 60 mL/min. Similarly, under the

Figure 3(a), under the continuous sparging, the dTMP/dT

mode of 30-min aeration per hour, the dTMP/dT at the air

at the air ﬂow rates of 0, 15, 30, and 60 mL/min were

ﬂow rate of 30 and 60 mL/min were 0.73 and 0.50 kPa/h,

0.83, 0.58, 0.29, and 0.25 kPa/h, respectively, indicating

respectively. As a result of the different dTMP/dT, the differ-

that increasing air ﬂow rate led to the reduction of mem-

ence in TMP buildups might be quite signiﬁcant in long-term

brane fouling. These results agree well with the bubble

operation although it was not obvious after an 8 h ﬁltration.

analysis. The bubbles generated at higher air ﬂow rates pro-

Additionally, the TMP buildups changed slightly as the air

duced more favorable hydrodynamic conditions and thereby

ﬂow rate increased from 30 to 60 mL/min under two inter-

led to less severe membrane fouling. Although the turbidity

mittent modes. This was expected as the size distributions

and UV254 increased as the air ﬂow rate varied from 15 to

of bubbles and water qualities at air ﬂow rates of 30 and

30 mL/min, the fouling was still reduced, which indicated

60 mL/min were both similar. Differences in TMP buildups

that the increased turbidity and UV254 at the air ﬂow rate

between air ﬂow rates of 30 and 60 mL/min were more
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Effect of air ﬂow rate on TMP buildups (a) and (b) and membrane fouling resistances (c) and (d) under continuous sparging: (a) and (c) and intermittent sparging: (b) and (d).

obvious in the mode of 30-min aeration per hour than in the

sparging time resulted in more foulants accumulating on

mode of 40-min aeration per hour. This discrepancy will be

the membrane surface and decreasing the total number of

discussed below.

shear stresses. Furthermore, when air ﬂow rate increased

Figure 3(a) and 3(b) also illustrate the effect of aeration

from 30 to 60 mL/min, the dTMP/dT decreased by 31.5%

mode on TMP buildup. For a given air ﬂow rate, TMP

in the mode of 30-min aeration per hour, whereas the

increased at a much slower rate with continuous sparging

dTMP/dT decreased by 13.0% in the mode of 40-min aera-

compared with intermittent one, which suggested that mem-

tion per hour. These results suggested that the effect of air

brane fouling was better controlled under continuous

ﬂow rate on TMP buildup was more remarkable in the

sparging mode. There were two reasons for the more

mode of 30-min aeration per hour. In this mode, membrane

severe fouling under intermittent mode. First, water qualities

fouling was more severe due to the less favorable shear

were expected to be less advantageous with intermittent

stress conditions and water qualities. Hence, the reduction

sparging than those with continuous one for a given air

of fouling was more obviously observed as the air ﬂow

ﬂow rate because ﬂocs could not be transported out of the

rate increased, according to the study of Sur & Cui ()

inner column during the pauses. Second, the effects of

that suggested membrane performance could be most signiﬁ-

shear stresses on mitigating fouling were limited when aera-

cantly improved by aeration when the cake layer or the

tion was periodically employed. In addition, the dTMP/dT

polarization fouling was more severe.

increased as the aeration time per hour shortened from 40

Figure 3(c) and 3(d) show the membrane fouling resist-

to 30 min for a given air ﬂow rate because the shorter

ances under various aeration conditions. Under the
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resistance

consumption (47.09 J) was high. In contrast, at the air ﬂow

declined with the incremental air ﬂow rate (Figure 3(c)).

rate of 30 mL/min in the mode of 40-min aeration per

The reduction of reversible resistance was mainly due to

hour, the dTMP/dT (0.54 kPa/h) was similar to that at air

the elimination of fouling layer on membrane surface by

ﬂow rate of 15 mL/min in continuous mode (0.58 kPa/h)

aeration. As also presented in Figure 3(c), the irreversible

and the energy consumption (23.54 J) was within the accep-

resistance was reduced by increasing air ﬂow rate. There

table range of 17.66–35.32 J. Hence, this condition can be

was a transition for the fouling layer from initially reversible

another optimal choice. When the aeration was conducted

to irreversible fouling during the long-term operations as

under the mode of 30-min aeration per hour, the energy con-

reported by Peldszus et al. (). Thus, the alleviated irre-

sumption at the air ﬂow rates of 30 and 60 mL/min were the

versible resistances might be related to the retarded

same as those at 15 and 30 mL/min in the continuous mode,

transitions of fouling type by continuous aeration. Under

respectively. Unfortunately, the dTMP/dT under the former

the intermittent sparging mode (Figure 3(d)), total fouling

two conditions were 0.73 and 0.50 kPa/h, which were much

resistance at air ﬂow rate of 30 mL/min (8.97 × 1011 m1)

higher than the 0.58 and 0.29 kPa/h under the latter two

was slightly different from that at air ﬂow rate of 60 mL/

conditions. As a result, air sparging in the mode of 30-min

min (8.03 × 1011 m1) in the mode of 40-min aeration per

aeration per hour was not recommended.

continuous

sparging

mode,

the

reversible

hour. However, as air ﬂow rate increased from 30 to
60 mL/min in the mode of 30-min aeration per hour, the
decline of total fouling resistance from 12.25 × 1011 m1 to
8.61 × 1011 m1 was much more signiﬁcant. These results
can be explained by the summarization in the review
made by Cui et al. (). The improvement in membrane
performance was more signiﬁcant when the total fouling
resistance was increased.
Optimization of air sparging

CONCLUSIONS
To optimize the aeration conditions in the hybrid process of
coagulation-UF with air sparging, we mainly investigated the
effects of aeration conditions on membrane fouling. The
conclusions can be drawn as follows:
1. The water quality including turbidity and UV254 of water

Under the continuous sparging mode, the energy consump-

that directly contact membranes were lowered in the

tion of air sparging at the air ﬂow rate of 15, 30, and

presence of air sparging. More favorable shear stress pro-

60 mL/min was 17.66, 35.22, and 70.63 J, respectively. The

ﬁles and better water qualities were responsible for the

energy consumption at the air ﬂow rate of 60 mL/min was

less severe fouling in the hybrid process.

two times the energy consumption at the air ﬂow rate of

2. Increasing air ﬂow rates led to the generation of more

30 mL/min, while the fouling rates at these two air ﬂow

bubbles with a wider size range, and membrane fouling

rates were almost the same. This result suggested that the

could be effectively controlled regardless of aeration

air ﬂow rate of 30 mL/min was more efﬁcient in reducing

modes. Further increasing air ﬂow rate was not able to

membrane fouling. When air ﬂow rate was 15 mL/min,

achieve a signiﬁcant reduction of fouling under continu-

although the dTMP/dT (0.58 kPa/h) was two times as

ous sparging mode.

much as that at 30 mL/min (0.29 kPa/h), the energy con-

3. The continuous sparging mode was more effective in

sumption was only half of that at 30 mL/min. Weighing

eliminating membrane fouling than the intermittent

the extents of fouling and energy consumption, the optimum

one. For intermittent sparging, a longer aeration resulted

air ﬂow rates were from 15 to 30 mL/min under the continu-

in less membrane fouling. The mode of 40-min aeration

ous mode.

per hour was superior to that of 30-min aeration per hour.

As for the intermittent aeration, the best membrane foul-

4. Weighing the energy consumption and the extents of

ing control was achieved at the air ﬂow rate of 60 mL/min in

membrane fouling, the optimum aeration conditions

the mode of 40-min aeration per hour. However, the energy

went to air ﬂow rates between 15 and 30 mL/min with
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continuous sparging and 30 mL/min in the mode of
40-min aeration per hour in this study.
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