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ab s t r ac t
Although membrane distillation (MD) can treat high-salinity feedwater such as reverse osmosis (RO) 
brine and produced water, the control of fouling resulted from scale formation is mandatory in such 
applications. As one of the attempts to alleviate fouling and scaling, this study applied an in-line air 
injection into the feed inlet of the membrane module in MD systems. Experiments were carried out 
in a bench-scale direct contact membrane distillation systems using a saturated CaSO4 solution as 
the model feedwater. It was revealed that the air injection was effective to retard flux decline due to 
CaSO4 scale formation. As the air flow rate and feed flow velocity increased, the flux reduction volume 
concentration factor increased from 1.17 to a maximum of 1.27. The critical concentration factor (CCF) 
that is defined as the concentration factor of rapid flux decline increased by the aeration. Since the MD 
fouling due to scale formation was attributed to the bulk crystallization, it is likely that the aeration can 
control the deposition of crystal particles on the membrane surface. In addition, the feed flow velocity 
was found to be an important factor affecting the effectiveness of aeration for MD scale control. 
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1. Introduction

Water shortage is becoming a serious problem all over 
the world, which results from an increase in water demand 
and a decrease in available water resources [1]. In this con-
text, seawater desalination has drawn attention as an ongo-
ing supply of freshwater from saline water sources. There are 
various desalination technologies including multi-stage flash 
distillation, multi-effect distillation, reverse osmosis (RO), 
and electrodialysis [2]. Among them, RO is a leading tech-
nology for seawater and brackish water desalination [3,4]. 
However, RO has a limited capability of treating high salin-
ity feedwater. In general, RO cannot be applied to feedwater 
that exceeds total dissolved solids (TDS) of 45,000 mg/L [4]. 
Moreover, RO is an energy-intensive process and its energy 
consumption can account from 45% for up to 60% of the 
total cost of the RO desalination [5]. Accordingly, it is nec-
essary to explore novel desalination technologies that have 

capability of treating high-salinity water with affordable 
energy consumption. 

Membrane distillation (MD) is an emerging technology 
that can overcome the current limitations of RO [5–7]. It is a 
thermally driven separation process, in which only vapors 
transfer through a microporous hydrophobic membrane 
[7–13]. Since MD is less sensitive to feedwater TDS than RO 
[7,14], it is more suitable to treat feedwaters of high salinity. 
Moreover, MD is typically driven with low grade heat and is 
therefore suited for the utilization of waste heat from indus-
trial processes or generators as well as heat from renewable 
energy sources [15,16]. 

However, one of challenges associated with the use of 
MD is membrane fouling due to scale formation [14,17–20]. If 
MD is applied to treat high salinity feedwaters, the potential 
for scale formation is high, leading to serious fouling due to 
depositions of crystals on the membrane surface [21]. In MD, 
fouling development by inorganic salts such as CaSO4 and 
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CaCO3 has been analyzed in detail, highlighting the influence 
of thermal operation and hydrodynamic condition on crystal 
size formation, wetting phenomena and scaling reversibility. 
Accordingly, it is essential to understand and control MD 
fouling due to scale formation [22–24]. 

The membrane fouling is an inevitable phenomenon due 
to the deposit of the contaminants on membrane surface and/
or within membrane pores. In MD systems, there are two types 
of foulants, including particles/colloids and scale-forming 
ions. During the MD operation, particles may deposit on the 
membrane surface and block the membrane pores. In com-
plete blocking, it is assumed that each particle reaching to the 
membrane surface blocks the membrane pores without super-
imposing with other particles and the pore area open to water 
flow is reduced by blocking membrane pores [25,26]. If the 
feed solution contains sparingly soluble salts such as CaCO3, 
CaSO4, and silica, fouling occurs due to scale formation. The 
mechanisms of MD scale formation may be divided into two 
main categories [27,28]. The first mechanism is surface crys-
tallization [27]. Through the heterogeneous nucleation, the 
inorganic salts form thin crystal layer on the surface of the 
membrane. As a result, the effective surface area decreases 
due to surface crystallization. The other mechanism of bulk 
crystallization [27]. Through the homogeneous nucleation, 
the crystal particles are formed and suspended. They may 
also deposit on the surface of the membrane and create cake 
layer, leading to flux decline. These two mechanisms make the 
crystallization process difficult to predict and control [29]. 

Previous works on MD fouling and scale formation 
have focused on the analysis of fouling mechanisms, modi-
fication of membrane surface, and cleaning of fouled mem-
branes [18–20]. Aeration has been also considered as a novel 
approach to control MD fouling [30–32]. Nevertheless, little 
information is available how aeration affects scale formation 
mechanisms in MD processes. Moreover, the effect of oper-
ating conditions on the aeration effect has not been widely 
investigated. Accordingly, this study focused on aeration 
effect on fouling control and CaSO4 scale formation mecha-
nisms in MD processes. 

2. Materials and methods

2.1. DCMD with aeration

The Fig. 1(a) shows the schematic diagram of laborato-
ry-scale direct contact membrane distillation (DCMD) sys-
tem, which has apply aeration to MD membrane module. 
This system consists of a feed solution tank, a permeated 
water tank, two gear pumps, a heater, a water bath, an aer-
ation generator and a plate-and-frame membrane module. 
The membrane cell was made of acrylic resin with depth, 
width, and length of 2, 20, and 60 mm, respectively. A hot 
feed and a cold distillate were supplied at constant flowrate 
using the two gear pumps. Air was directly injected into the 
feed solution and the amount of air was measured by an air 
flow meter. As shown in Fig. 1(b), the air bubbles flow in the 
channel of the flat-sheet MD module. The mass of permeated 
water collected and measured using an electronic balance 
connected to a personal computer. The experiments were 
duplicated to confirm the reproducibility. The run order was 
also randomized to minimize experimental errors. 

2.2. Experimental conditions

A hydrophobic polyvinylidene fluoride (PVDF) flat sheet 
membrane, which has the nominal pore size of 0.22 μm was 
used. The effective membrane area was 12 cm2. A feed solu-
tion containing CaSO4 of 2,000 mg/L and 2 L volume was used 
as a feedwater for this experiment. The feed flow velocity 
was 8.33, 14.58, and 20.83 cm/s depending on the Reynolds 
number, respectively. The feed stream is recirculated over 
time to concentrate. The flow velocity of the distillate was 
4.17, 8.33, 12.5 cm/s, respectively. The aeration was applied 
to MD module to control the fouling during the operation. 
The size of air bubbles were approximately 0.2–0.3 mm. The 
bubble size was measured by analyzing captured images by 
a digital camera (Samsung NX500, Korea), which had the res-
olution of 28 mega pixels. The temperature of feed solution 
and distillate were maintained at 60°C and 20°C, respectively, 
using a heater and a water bath. The operating conditions are 
summarized in Table 1.

2.3. Cartridge filter

Fig. 2 shows the cartridge filter (5 μm) used in experi-
ment and the schematic diagram of laboratory-scale DCMD 
system with the cartridge filter. To distinguish surface crys-
tallization and bulk crystallization, an on-line cartridge fil-
ter was applied to the MD system. The cartridge filter was 
installed after the feed into the membrane module to con-
tinuously remove the suspended crystal particles during 
the recirculation of the feed solution. Since the feed passed 
through the membrane at relatively high crossflow veloc-
ity, the location of the cartridge filter did not provide a 

(a)

(b)

Fig. 1. (a) Schematic diagram of laboratory-scale DCMD sys-
tem setup with in-line aeration; (b) flat sheet MD module with 
aeration.
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noticeable difference. If fouling occurs with the use of the 
cartridge filter, it implies that the contribution of crystal par-
ticles in the bulk solution is negligible. In this case, it can be 
concluded the dominant scale formation mechanism surface 
crystallization. On the other hand, if fouling does not occur 
with the use of the cartridge filter, it suggests that the fouling 
is caused by the bulk crystals. Accordingly, bulk crystalliza-
tion should be the domination fouling mechanism in such 
cases. In this study, a 5-μm cartridge filter was introduced to 
the recirculation line of the MD system to allow continuous 
removal of bulk crystals in the recirculating feed solution. 
The flux profiles without and with the cartridge filter were 
compared to determine which scale formation mechanism 
was dominant.

2.4. Field-emission electron microscope 

A field-emission scanning electron microscope (FESEM; 
JSM-7610F) was used to identify morphology of fouling 
on membrane surface. In order to observe morphology of 
foulants, membranes were dried and coated by platinum. 
FESEM images could identify morphology of the scale shape 
and size depending on the flow rate and the amount of 
aeration.

3. Results and discussion

3.1. Fouling due to CaSO4 scale formation in DCMD

Fig. 3 shows the changes in flux and turbidity during a 
DCMD experiment using the feedwater of CaSO4 2,000 mg/L 
solution. The feed and distillate flow velocity were 14.58 and 
8.33 cm/s, respectively. The Reynolds number of the feed 
flow was 3,057, which corresponds to the transition zone. 
The Reynolds number is an important dimensionless quan-
tity in fluid mechanics that used to help predict flow pat-
terns in different fluid flow situations. The Reynolds number 
is given as:

Re = υ ρ
η
d  (1)

where v is the mean velocity of the fluid (cm/s), d is the 
inside diameter if the pipe is circular (cm), ρ is the density of 

the fluid (g/cm3) and η is the dynamic viscosity of the fluid 
(kg/m·s). Based on the calculated values, the experiment was 
conducted of feed flow velocity condition such as the laminar 
flow, the transition zone and the turbulent flow. 

The feed and distillate temperatures were 60°C and 20°C, 
respectively. The results were shown as a function of volume 
concentration factor (VCF), which is the ratio of remaining 
feed volume (or retentate) to the initial feed volume. 

Table 1
Operating conditions for membrane distillation process

Operation type Direct contact membrane 
distillation (DCMD)

Membrane type PVDF flat sheet membrane
Effective membrane area 12 cm2

Feed solution CaSO4 2,000 ppm solution, 2 L
Feed flow velocity (cm/s) 8.33/14.58/20.83
Permeate flow velocity (cm/s) 4.17/8.33/12.5
Volume of air (mL/min) 100/200
Air bubbles size (mm) 0.2–0.3
Temperature (°C) Feed side: 60

Permeate side: 20

(a)

(b)

Fig. 2. (a) Cartridge filter of 5 μm; (b) schematic diagram of labo-
ratory-scale DCMD system with cartridge filter.

Fig. 3. Changes in flux and feedwater turbidity with VCF during 
DCMD operation without cartridge filter. (A) Induction period, 
(B) initial fouling period, (C) rapid fouling period.
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As illustrated in Fig. 3, there were three stages of DCMD 
operation. The first stage was the induction period rang-
ing from VCF of 1.0 to VCF of 1.17. During this stage, there 
was no flux decline, suggesting that no fouling occurred. 
Although the feed solution was saturated with CaSO4, it takes 
time to initiate the crystal formation. In fact, the turbidity of 
the feedwater slightly increased after VCF of 1.12, indicat-
ing that CaSO4 crystal formation occurred in the bulk phase 
under this condition. The second stage was the initial fouling 
period. Between VCF of 1.17 and 1.21, MD flux was gradually 
reduced and the turbidity of the feedwater quickly increased. 
It is likely that fouling occurred due to the formation of crys-
tals in the bulk phase. 

The final stage is the rapid fouling period. After VCF of 
1.21, the flux rapidly decreased with an increase in the feed-
water turbidity. In this period, not only bulk crystallization 
but also surface crystallization occurred, leading to MD foul-
ing. Since the surface crystallization began from the VCF 
of 1.17, it was presumed that it continued above this VCF. 
The driving force of the surface crystallization is the higher 
concentration of inorganic ions near the membrane surface 
due to the concentration polarization. Accordingly, if bulk 
crystallization occurs, surface crystallization also occurs. 
Similar behaviors were also reported in the literature [27]. 
Nevertheless, it is not possible to quantitatively estimate the 
contributions of the two crystallization mechanisms from the 
results in Fig. 3 because both bulk and surface crystals existed 
at the same time. 

3.2. Application of cartridge filter in MD to determine dominant 
fouling mechanism

To determine the domination crystallization mechanism 
in the DCMD system, the 5-μm cartridge filter was introduced 
to continuously remove bulk crystals. Under this condition, 
MD fouling due to bulk crystallization was suppressed. As 
shown in Fig. 4, the flux maintained constant from the begin-
ning and no flux decline was observed up to VCF of 1.5. 

Considering the fact that the flux decline occurred after VCF 
of 1.17 without the cartridge filter (Fig. 3), it is evident that MD 
fouling did not occur in the presence of the cartridge filter up 
to VCF of 1.5. The test was ended at VCF of 1.5 because it took 
more than 50 h to reach the VCF and thus it does not seem to be 
meaningful to have a longer operation time in a batch system. 
These results imply that the MD fouling by bulk crystallization 
is much more important than that by surface crystallization. In 
other words, the surface crystallization had negligible effect on 
fouling and thus bulk crystallization is the dominant mecha-
nism of the flux decline due to crystal formation. 

To visually confirm the results in Fig. 4, the membrane 
surfaces were examined using FESEM after the MD tests. 
Figs. 5(a) and (b) show the MD membranes without the car-
tridge filter (Fig. 3) and with the cartridge filter (Fig. 4), respec-
tively. It is evident from the SEM images that the amount of 
foulants was much smaller when the cartridge filter was used. 
Moreover, the crystal particles on the membrane surface was 
loosely deposited and do not seem to affect the MD flux. The 
difference in the amount of crystal deposition is attributed to 
the suppression of bulk crystallization. Accordingly, it can be 
also concluded that the bulk crystallization is the dominant 
fouling mechanisms in this DCMD system. 

Fig. 4. Changes in flux with VCF with application of cartridge 
filter in MD.

(a)

(b)

Fig. 5. FESEM images, (a) MD membrane without the use of car-
tridge filter, (b) MD membrane with the use of cartridge filter, 
red circles indicate the membrane surface without the deposition 
of crystal particles.
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3.3. Effect of feed flow velocity on MD fouling due to scale 
formation 

The feed flow velocity is one of the important factors 
affecting MD flux decline due to scale formation. If the feed 
flow velocity is high, the deposition of the bulk crystals is 
interfered, leading to decreased fouling. On the other hand, 
the flow velocity of distillate is not important because it 
cannot directly affect the formation of fouling layer on the 
membrane surface. To quantitatively examine the effect of 
feed flow velocity, MD experiments were carried out by 
varying the feed flow velocity to 8.33, 14.58, and 20.83 cm/s 
as depicted in Fig. 6. The corresponding Reynolds numbers 
were 1,747 (laminar flow), 3,057 (transition flow), and 4,367 
(turbulent flow), respectively. As expected, flux decline in 
MD was reduced with an increase in the feed flow veloc-
ity. Moreover, the critical concentration factor (CCF) that 
is defined as the concentration factor of rapid flux decline 
increased by the aeration increased with the feed flow 
velocity, indicating that fouling due to scale formation is 
mitigated [27]. Nevertheless, above VCF of 1.24, a rapid 
flux decline occurred even at the highest feed flow velocity. 
Accordingly, it is necessary to apply additional techniques 
to further control MD fouling due to scale formation. 

3.4. Effect of aeration on MD fouling

To mitigate MD fouling, the air flow was applied to the 
feed side of the MD system. A series of experiments were 
carried out to examine the effect of aeration on MD scale for-
mation under three feed flow velocities. Two air flow rates 
including 0.1 and 0.2 L/min were considered. The experi-
ments of cases are summarized in Table 2 and the results are 
shown in Fig. 7. 

As expected, the air bubbles in the membrane chan-
nel retarded the deposition of bulk crystal particles on the 
membrane surface, leading to a decrease in flux decline. 
When the feed flow velocity was 8.33 cm/s (Fig. 7(a)), the 
initial flux was averagely 16.3 kg/m2 h. The CCF value with-
out aeration was 1.08 while those with the air flow rate of 
100 and 200 mL/min were 1.14 and 1.18, respectively. With 
the feed flow velocity of 14.58 cm/s (Fig. 7(b)), the initial 
flux was averagely 16.9 kg/m2 h, which was similar to that 
of 8.33 cm/s. However, the CCF value without aeration was 
1.17 while those with the air flow rate of 100 mL/min and 
200 mL/min were 1.20 and 1.23, respectively. When the feed 
velocity was 20.83 cm/s, the initial flux was the highest, 
which was 21.9 kg/m2 h. In this case, the CCF value with-
out aeration was found to be 1.23 while those with the air 
flow rate of 100 mL/min and 200 mL/min were 1.24 and 1.27, 
respectively. These results suggest that the aeration was 
effective to mitigate MD scale formation regardless of the 
feed flow velocities. Nevertheless, the effect of the aeration 
was the most important at the high feed flow velocity, as 
indicated in Fig. 7(c). The reduction in MD scale formation 
by the aeration was attributed to the scouring effect of air 
bubbles flowing in the MD module. 

Fig. 8 compares the changes in feedwater turbidity 
during the MD experiments shown in Fig. 7. At the feed 
flow velocity of 8.33 cm/s, the aeration did not affect the 
feedwater turbidity. However, with the feed velocity of 
14.58 and 20.83 cm/s, the feedwater turbidity slightly 
decreased with the application of the aeration. For example, 
the feedwater turbidity at VCF of 1.25 without aeration was 
200 NTU at the feed flow velocity of 14.58 cm/s while that 
with the aeration of 200 mL/min was only 25 NTU. In addi-
tion, the feedwater turbidity at VCF of 1.25 without aeration 
was 170 NTU at the feed flow velocity of 20.83 cm/s while 
that with the aeration of 200 mL/min was 20 NTU. These 
results suggest that the amount of bulk crystals decreased 

Fig. 6. Effect of feed flow velocity on flux decline due to scale for-
mation (Case 1: 8.33 cm/s, Case 2: 14.58 cm/s, Case 3: 20.83 cm/s).

Table 2
Summary of experimental conditions

Case Reynold’s number Feed flow velocity (cm/s) Permeate flow velocity (cm/s) Aeration (mL/min) dT (°C)

1 1,747 (Laminar flow) 8.33 4.17 0 40
2 8.33 4.17 100
3 8.33 4.17 200
4 3,057 (Transition 

zone)
14.58 8.33 0

5 14.58 8.33 100
6 14.58 8.33 200
7 4,367 (Turbulent flow) 20.83 12.5 0
8 20.83 12.5 100
9 20.83 12.5 200
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by applying the aeration, which may be another reason why 
the aeration is effective to control MD fouling due to bulk 
crystal formation. 

3.5. FESEM analysis of MD membrane surfaces

After the MD experiments, the surface of the membranes 
was examined using the FESEM. Fig. 9 shows the imagesof 
membrane surface covered by crystal scales. The size and 

(a)

(b)

(c)

Fig. 7. The flux decline graphs based on VCF, (a) Cases 1–3 the 
flux decline when Laminar flow, (b) Cases 4–6 the flux decline 
graph when transition zone, (c) Cases 7–9 the flux decline graph 
when turbulent flow. The condition for each case is given in 
Table 2.

(a)

(b)

(c)

Fig. 8. The turbidity graphs based on VCF, (a) Cases 1–3 the tur-
bidity at VCF point, (b) Cases 4–6 the turbidity at VCF point, (c) 
Cases 7–9 the turbidity at VCF point. The condition for each case 
is given in Table 2.
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morphology of the crystals were analyzed under different 
feed flow velocities and aeration conditions. At the feed 
flow velocity of 8.33 cm/s without the aeration, the size of 
the crystals on the membrane surface was the largest. The 
crystal size decreases with an increase in the feed flow 
velocity as well as the air flow rate. The smallest crystals 
were found at the feed flow velocity of 20.83 cm/s with aer-
ation of 200 mL/min. 

There are two reasons for these results. As pointed out 
in the previous section, the formation of bulk crystals was 
retarded by the application of the aeration. This implies that 
the rate of crystal formation decreased, thereby affecting 
the size of the bulk crystals. The evidence for this was con-
firmed by measuring the turbidity. At higher air flow rates, 
turbidity increased later, another reason of the shear effect 
by the feed flow and aeration. Since the wall shear rate near 

the membrane increases with feed flow velocity and aeration 
intensity, relatively large crystal particles cannot be depos-
ited due to the back transport to the bulk solution phase. In 
fact, it is likely that these two effects simultaneously occurred 
in this MD system (Fig. 9).

3.6. Comparison of CCF

In Fig. 10, the CCF values were summarized as a func-
tion of the feed flow velocity and aeration intensity. As 
increasing the feed flow velocity and the aeration intensity, 
the CCF increased. The lowest CCF was 1.08 at the feed flow 
velocity of 8.33 cm/s and no aeration. The highest CCF was 
1.27 at the feed flow velocity of 20.83 cm/s and the aeration 
of 200 mL/min. It is interesting to note that the CCF can be 
increased by applying aeration instead of increasing the feed 

Non aeration Aeration ( 100L/min) Aeration ( 200L/min) 

  

 

   

 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

Fig. 9. FESEM (magnified to 3,000) photograph after MD experiments with aeration, (a)–(c) Laminar flow, (d)–(f) Transition zone, 
(g)–(i) Turbulent flow.
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flow velocity. For example, the CCF at the feed flow velocity 
of 8.33 cm/s with the aeration of 100 mL/min is higher than 
that at the feed flow velocity of 14.58 cm/s without aeration. 
Moreover, the CCF at the feed flow velocity of 14.58 cm/s 
with the aeration of 200 mL/min is higher than that at the 
feed flow velocity of 20.83 cm/s without aeration. In fact, 
the aeration is less expensive than the increase in the feed 
flow velocity because the ratio of the air flow to the feed 
flow ranges from 0.2 to 0.5. Accordingly, it is likely that the 
aeration is an energy-efficient method to control MD scale 
formation. 

4. Conclusion

In this study, the application of in-line aeration was 
attempted to control membrane fouling due to scale forma-
tion in DCMD systems and the following conclusions were 
withdrawn: 

• It was found that there were three stages of MD 
membrane fouling due to scale formation during the 
treatment of CaSO4 saturated solution, including the 
induction period, the initial moderate fouling period, 
and the rapid fouling period. The MD experiments using 
the on-line cartridge filter revealed that the MD fouling 
due to CaSO4 scale formation was mainly caused by the 
bulk crystallization. 

• An increase in the feed flow velocity resulted in a 
reduction in MD flux decline due to scale formation. This 
is attributed to the fact that the deposition of the bulk 
crystals is interfered with increased feed flow velocity. 

• The application of aeration into the feed flow led to a 
decrease in the MD scale formation. The CCF, which is 
defined as the concentration factor of rapid flux decline, 
increased by the aeration. After the MD experiments, 
the surface of the membranes were examined using the 
FESEM. The crystal size decrease with an increase in the 
feed flow velocity as well as the air flow rate.

• As increasing the feed flow velocity and the aeration 
intensity, the CCF increased. It is possible that the CCF 
increases by applying aeration instead of increasing the 
feed flow velocity. Since the aeration is less expensive 

than the increase in the feed flow velocity, it is desired to 
apply aeration to mitigate MD scale formation.

• Although the addition of external aeration to the MD sys-
tem was found to be effective, a techno-economic anal-
ysis will be required by considering the increase in flux 
and total cost (including capital and operational costs) to 
confirm if this is economically feasible. 
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