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a b s t r a c t
Microporous membranes have been widely used in various water treatment systems, including 
pressure-driven separation processes such as microfiltration (MF) and ultrafiltration (UF) and ther-
mally-driven separation processes such as membrane distillation (MD). However, control of mem-
brane fouling is key to the successful design and operation of these processes. In this study, the effect 
of aeration on the fouling control was investigated in MF and MD processes, which have different 
driving forces. Experiments were carried out using the same microporous membranes in MF and 
MD processes to compare the difference in fouling propensity and the antifouling effect by the aer-
ation. The reversibility of the foulants deposited on the membrane was also compared. Hermia’s 
fouling models were applied to analyze the aeration effect in both MF and MD but failed to fit the 
experimental data in most cases. Accordingly, a novel fouling model was suggested and used to 
interpret the experimental results. The specific fouling potential (φ) was introduced to show how the 
fouling potential changes during the operation of the membrane processes. It was confirmed from 
this analysis that the aeration effect was different between MF and MD, which is attributed to the 
inherent difference in the driving forces.
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1. Introduction

With the growth in water demand and water quality
deterioration, the use of microfiltration membranes in water 
industries has become increasing important. A micropo-
rous membrane is defined as a structure having pores typ-
ically ranging from 0.03 to 10 μm in diameter. One of the 
usages of such membrane is microfiltration (MF), which is 
a pressure-drive process for water and wastewater treat-
ment [1–3]. A typical configuration of MF is the cross-flow 
microfiltration (CFMF) where the feed solution flows along 
the membrane surface with only a small portion of the 
liquid passing through the membrane as a permeate [4]. 
The CFMF is preferably applied for the filtration of liquids 

with a high solids concentration [5]. Another usage of the 
microporous membrane is membrane distillation (MD), 
which is a thermally-driven separation process. The sepa-
ration by MD is enabled due to phase change using hydro-
phobic membrane [6,7]. MD allows a very high rejection for 
ionic species in feed water and has the advantage of using 
renewable energy technology [8–10]. Accordingly, MD has 
been considered for seawater desalination and near-zero 
liquid discharge.

Nevertheless, membrane fouling is a common problem 
in processes using microporous membranes [11–14]. The 
occurrence of membrane fouling has been reported to be 
closely related to foulant properties such as surface energy 
[15]. Inorganic foulants were found to reduce the effective 
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membrane area of the membrane, leading to a decrease in 
water production [16,17]. Since membrane fouling results 
in an increase in operation and maintenance cost of the pro-
cess, its retardation or minimization of membrane fouling 
is important.

Accordingly, there have been a lot of studies on the 
control of fouling for microporous membranes. For example, 
Oh et al. [18] introduced the sequence of physical cleaning 
by changing cross-flow velocity. Zhang et al. [19] applied 
ultrasonic to control membrane fouling and enhance process 
performance. Racar et al. [20] compared chemical cleaning 
methods to remove membrane fouling. Although ultrasonic 
and chemical cleaning may be effective to remove foulants 
from the membrane, they may also damage membranes 
with excessive exposure. With this reason, aeration has 
been widely applied in practical membrane processes.

Understanding the fouling behaviors is also important 
for preventative management of membrane fouling. This 
has led to substantial amounts of study on the develop-
ment of fouling models [21,22]. These fouling models may 
be also used to identify the dominant fouling mechanisms 
based on the model fit results. Unfortunately, relatively 
few works have been done to develop fouling models that 
can be applied not only to MF but also MD because of the 
inherence difference between the two processes.

In this study, the control of membrane fouling in MF 
and MD processes was attempted by applying an aera-
tion technique. The same microporous membrane and 
foulants were used for both processes to understand their 
differences. The fouling patterns and the effectiveness of 
the aeration were theoretically analyzed using modeling 
approaches. Based on these results, a novel fouling model 
was derived and applied to provide in-depth information 
on fouling control in MF and MD processes. The novelty of 
this work lies on (1) the comparison of aeration effect in MF 
and MD using the same membrane and (2) the development 
of the fouling model that can be applied to both membrane 
processes.

2. Material and methods

2.1. Experimental materials and methods

A hydrophobic polyvinylidene fluoride (PVDF) 
flat sheet membrane supplied by Merck Millipore Ltd., 

(GVHP14250, U.S.A) was selected for the experiments. Since 
the membrane was hydrophobic, it was immersed into an 
alcohol solution for 30 min prior to MF experiments. The 
membrane parameters and relevant process conditions 
are listed in Table 1. The feed solution containing the colloi-
dal silica (ST-ZL, SNOWTEX, Japan) of 5,000 mg/L was used 
for accelerated fouling testing. The experimental sets are 
summarized in Table 2.

2.2. Experimental set-up

Fig. 1 shows the experimental set-ups for MF (Fig. 1a) 
and MD (Fig. 1b). The size of the membrane module was 
the same. The feed flow rate was also adjusted to be same 
in both processes. The applied pressure for MF was 0.05 bar 
and the temperature difference between the feed and the 
permeate sides for MD was 40°C. The pressure was adjusted 
with a valve at the outlet of the module and the tempera-
ture of feed and permeate side were maintained constantly 
by a hot plate stirrer and water bath. The thermometers were 
used for measuring the inlet and outlet temperature of feed 
and permeate flow. The air pump was placed in front of 
the module to affect the membrane directly. The flow rates 
of air were fixed at 50 and 150 mL/min, respectively. The 
Reynolds number of the feed solution was 2,620, which 
indicates the laminar flow regime. During the aeration, 
the bubble size was measured at approximately 5.5–18 mm 
(Fig. 1c).

2.3. Theory

2.3.1. Hermia’s fouling model

The blocking filtration models based on the Herima’s 
model equations were used to fit the changes in flux with 
time. The fouling mechanism can be divided into three 
categories: pore blockage, pore constriction, and cake fil-
tration. Table 3 summarizes Hermia’s model equations 
and parameters. Here, A is the effective area of the mem-
brane surface, αblock is the measure of the pore blockage 
efficiency, J0 is the initial filtrate flux through the clean 
membrane and N0 is the initial pore density. The variables 
were assigned to K and created a function for time. Each 
foulant identified a dominant mechanism for flux reduction 
by time.

Table 1
Summary of membrane parameters and process conditions

Microfiltration (MF) Membrane distillation (MD)

Membrane type Flat sheet membrane
Membrane material Hydrophilic polyvinylidene fluoride (PVDF) Hydrophobic polyvinylidene fluoride (PVDF)
Pore diameter (μm) 0.22
Porosity (%) 75
Effective area (cm2) 12 (6 cm × 2 cm)
Feed temperature 20 60
Permeate temperature 20
Feed pressure (bar) 0.05 –
Feed velocity (cm/s) 14.58
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Fig. 1. Schematic diagram of laboratory-scale experimental set-up. (a) MF, (b) MD, and (c) photograph of air flowing inside 
the module.

Table 2
Summary of experimental case

Case Microfiltration (MF) Membrane distillation (MD)

1 2 Basic condition (non-aeration)
3 4 Case 1,2 + Aeration 50 mL/min
5 6 Case 1,2 + Aeration 150 mL/min
7 8 Case 1,2 + Initial flux checked after flushing (15 min)
9 10 Case 3,4 + Initial flux checked after flushing (15 min)
11 12 Case 5,6 + Initial flux checked after flushing (15 min)
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2.3.2. Model derivation

In addition to Hermia’s model, the following model 
equation was derived for both MF and MD processes. The 
flux both processes was calculated by the following flux 
equations:

J P
Rt

MF =
∆
µ

 (1)

R R Rt m f= +  (2)

where J is the MF flux and ∆P is the transmembrane pres-
sure, μ is the viscosity, Rt is the total resistance, Rm is the 
membrane resistance, and Rf is the fouling resistance.

J B PMD vap= ∆  (3)

where Jw is the MD flux and B is the membrane coefficient 
(the membrane permeability). ∆Pvap is the transmembrane 
pressure difference of water vapor, and the water vapor 
pressure calculated by the Antoine equation is 0.175.

The fouling resistance may be assumed to be linearly 
proportional to the amount of foulant deposited on the 
membrane surface. Using this assumption, the following 
equations can be obtained for MF.
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where md is the amount of the foulant, A is the membrane 
area, and φ is the specific fouling potential. Similarly, the 
following equations can be obtained for MD.
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where Bnew is a permeability coefficient for a new membrane, 
the φ value can be also calculated in MD through Eq. (9). 
The φ value is a measure of the possibility of contamina-
tion per unit mass of foulants. It is proportional to the con-
tamination possibility and resistance value.

2.3.3. Modeling approach

As shown in Fig. 2, the model algorithm to calculate the φ 
value by time. After measuring the flux on time, the Rt value 
is calculated. The Rf value was obtained from the calculated 
Rt value. After obtaining the φ value through the deduced 
equation, model fitting was performed by updating the Rm 
value. In both processes, the values of φ with and without 
aeration were compared.

3. Results and discussions

3.1. Comparison of fouling propensity in MF and MD

To begin, the fouling behaviors of the microporous 
membranes in MF and MD were examined without apply-
ing the aeration. In Fig. 3a the flux was initially high in the 
MF process but rapidly decreased to reach a steady-state 
flux after 30 min. On the other hand, the flux gradually 

Table 3
Three typical Hermia’s fouling model

Filtration model Model equation Model parameter
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Fig. 2. Algorithm of the modeling approach.
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decreased in the MD process. This is attributed to the dif-
ference in the driving force between MF and MD processes. 
In the MF process, the driving force is the hydraulic pres-
sure, which induces compaction of the foulants on the 
membrane surface. As a result, fouling can be accelerated. 
In the MD process, however, the driving force is the vapor 
pressure difference caused by the temperature difference. 
Accordingly, there is no hydraulic pressure onto the fou-
lant layer. Moreover, the initial flux values for MF (–500 L/
m2 h) and MD (–23 L/m2 h) processes was also different, 
thereby affecting the fouling behaviors.

3.2. Effect of aeration and flushing

A set of experiments were carried out to investigate the 
effect of aeration on fouling in MF and MD. The aeration 
rates were 50 and 150 mL/min, respectively. As shown in 
Fig. 4a, the initial flux in MF increased by 20%–25% with 
the application of the aeration. The rate of flux decline in the 
initial phase of the filtration was also reduced but the final 
flux at 60 min was similar. On the other hand, the aeration 
seems to be more effective to control fouling in MD than in 
MF, as demonstrated in Fig. 4b. After 30 min, the difference 

in flux between the runs without and with aeration became 
significant. The final flux at 60 min was also higher with 
the aeration than without the aeration. This suggests that 
the aeration can be successfully applied to control fouling 
in MD.

Fig. 5a compares the fouling resistances in the MF pro-
cess. As the aeration intensity increases, the fouling resis-
tance decreases, which supports the results in Fig. 4a. 
The initial and final flux values in MD were compared in 
Fig. 5b. Again, the aeration appears to increase the final 
flux by more than two times with the application of the 
aeration at 150 mL/min.

The effect of aeration on the flushing efficiency was 
also examined in both MF and MD. After each experiment 
was completed, the flux was measured after the flushing of 
15 min. The Rt value was directly calculated from the flux and 
the Rf value was also obtained. Then, the flushing efficiency 
(f) value was estimated as:

Flusing efficiency f
R R
R
f f

f

( ) =
−

× ( )′ 100 %  (10)

where Rf’ is the fouling resistance and Rf is the fouling 
resistance after flushing. As shown in Fig. 6a the f value 

 

 

 

(a) 

(b)

Fig. 3. Comparison of fouling propensity in basic condition, 
(a) MF and (b) MD.

 

 

(b)
 

(a) 

Fig. 4. Effect of aeration each case in (a) MF and (b) MD.
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was 41% and 82%, which improved the cleaning efficiency. 
In Fig. 6b, the relative initial flux increased with the addi-
tion of aeration and the recovery rate improved up to 18%. 
In summary, it appears that the aeration enhances the flush-
ing efficiency by making the foulant layer more reversible.

3.3. Fouling model

3.3.1. Hermia’s model fit

The conventional fouling model (Hermia’s model) was 
applied to fit the flux data and identify the major fouling 
mechanisms. Unfortunately, the model fits were not successful 
to fit the experimental results in both MF and MD as shown 
in Figs. 7 and 8. Except for Fig. 7f, the R2 values were too low 
to be used for further interpretation. It seems that more than 
two fouling mechanisms were involved in the fouling, which 
failed the reasonable model fits by the Herima’s model.

3.3.2. Model for the analysis of specific fouling potential

As an alternative to Hermia’s model, the model derived 
from section 2.3.2 (model derivation) was applied to inter-
pret the fouling behavior on the membrane surface due to 
the presence of the aeration. The information that can be 
obtained from this model analysis the changes in the specific 

fouling potential (φ) with time, allowing an in-depth analy-
sis of fouling propensity under different conditions. Fig. 9a 
shows the dependence of φ on time in the basic condition 
(without aeration) and with the aeration in the MF process. 
The φ value rapidly increased in the beginning and then 
gradually decreased when there was no aeration. However, 
the rapid increase in φ at the initial phase was not observed 
when the aeration was applied. This suggests that the aer-
ation was effective to suppress the initial fouling in MF 
by affecting the fouling potential.

In Fig. 9b, the changes in φ were shown with time in the 
basic condition and with the aeration in the MD process. 
Unlike MF, there was no rapid increase in φ in the initial 
period of time. Instead, φ began to increase after 20 min 
without the aeration. When the aeration was applied, the 
increase in φ with time was significantly reduced. It is 
evident that the probability of the foulant deposition and 
attachment on to membrane surface in the MD process 
decreased by introducing the aeration, which was effec-
tive to suppress the fouling occurred after a certain period 
of time.

Using the results in Fig. 9, box plots were made to 
visualize the statistical information on the data. Without the 
aeration in MF (Fig. 10a), the mean and standard deviation 
of the data was high, indicating the widespread distribution 

 

 

(b) 

(a) 

Fig. 5. (a) Comparison of fouling resistance value in MF and 
(b) comparison of initial and final flux in MD.

 

 

(b)
 

(a) 

Fig. 6. Effect of aeration on flushing efficiency. (a) Comparison of 
total resistance value (Rt = Rm + Rf) in MF and (b) comparison of 
permeability in MD.
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(f) 

Fig. 7. Hermia’s fouling model fitting in MF. (a) Pore blocking, without aeration, (b) pore constriction, without aeration, (c) cake 
formation, without aeration, (d) pore blocking, aeration at 150 mL/min, (e) pore constriction, aeration at 150 mL/min, and (f) cake 
formation, aeration at 150 mL/min.
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(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

 
(e) 

 
(f) 

Fig. 8. Hermia’s fouling model fitting in MD. (a) Pore blocking, without aeration, (b) pore constriction, without aeration, (c) cake 
formation, without aeration, (d) pore blocking, aeration at 150 mL/min, (e) pore constriction, aeration at 150 mL/min, and (f) cake 
formation, aeration at 150 mL/min.
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Fig. 9. Calculation of φ in MF and MD (a) MF and (b) MD.

 

(a) 

 

(b) 
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(d) 

 

(e) 

 

(f) 
Fig. 10. Calculation of φ in MF and MD using box plot. (a) MF without aeration, (b) MF with aeration at 50 mL/min, (c) MF with 
aeration at 150 mL/min, (d) MD without aeration, (e) MD with aeration at 50 mL/min, and (f) MD with aeration at 150 mL/min.
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of φ. By applying the aeration in MF (Figs. 10b and c), both 
mean and standard deviation were reduced, indicating that 
the performance became more stable. Similar results were 
observed in MD, as indicated in Figs. 10d–f. But it also seems 
that the effect of the aeration on the mean and standard 
deviation of φ was greater in MD than in MF.

4. Conclusions

In this work, the effect of aeration on the control of foul-
ing caused by the colloidal silica was investigated in MF and 
MD processes. The following conclusions were withdrawn:

• Although these experiments were used under the same 
membrane and similar hydrodynamic condition, the 
fouling propensity in MF was higher than that in MD. 
This is probably because of the difference in the hydrau-
lic pressure and the initial flux.

• As expected, the application of aeration reduced the 
fouling in both MF and MD. Aeration also affected the 
flushing efficiency, suggesting that the foulant properties 
may be altered by aeration.

• Hermia’s model fit was not applicable to explain the 
fouling mechanisms. Accordingly, a new model was sug-
gested to analyze the fouling behaviors without and with 
aeration. In both MF and MD, the aeration was found 
to significantly reduce the specific fouling potential (φ). 
The aeration was more effective to decrease the fouling 
potential in MD than in MF. By applying the aeration 
in MF and MD, both mean and standard deviation for 
φ were reduced, indicating that the membrane perfor-
mance became more stable.
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