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a b s t r a c t
Hollow fiber microporous membranes have been widely used in microfiltration (MF) for water and 
wastewater treatment as a pressure-driven separation process. Among them, hydrophobic mem-
branes have been also considered in membrane distillation (MD) for seawater desalination as a 
thermally-driven separation process. In both cases, membrane fouling is a major bottleneck limiting 
their widespread applications. This study focused on the control of membrane fouling in MF and 
MD processes by directly vibrating the modules. Experiments were carried out using a laborato-
ry-scale setup in both MF and MD. Synthetic feed water containing NaCl of 35,000 mg/L and CaSO4 
of 2,000 mg/L was used for fouling tests. Factors affecting flux were examined, including vibration, 
operation type. The frequency of vibration feed was adjusted from 100 to 200 Hz. Results showed 
that the effect of the vibration was more important in the MD process than in the MF process. In 
MD, the vibration was more effective in the inside-out operation mode than in the outside-in oper-
ation mode. The blocking of the membrane surface by the foulants occurs less severely with the 
vibration than without the vibration.
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distillation; Blocking

1. Introduction

Although hollow fiber membranes have been applied in 
various membrane processes, fouling is an inherent prob-
lem and should be properly resolved prior to the practi-
cal application. Membrane fouling can be controlled by 
several approaches, which include pretreatment of the feed 
solution, modification of membrane properties, and hydrau-
lic or chemical cleaning [1]. The hydrodynamic shear 
stresses on the membrane surface is one of the most effec-
tive techniques for retarding fouling [2,3]. Hydrodynamic 
shear stresses can be generated on the membrane surface 
by moving either the fluid next to the membrane or the 

membrane surface itself. The aeration has been commonly 
adopted in membranes for industry applications. In addition 
to inducing wall shear stresses on the membrane surface, 
aeration also disrupts the concentration polarization layer 
around the hollow fibers. However, the shear stresses induced 
by aeration are relatively weak and the flux improvement 
is ineffective by increasing in the air flow rate [4–6].

Vibrating the membrane module can also induce dyna-
mic shear stresses on the membrane surfaces for fouling 
mitigation. It was found that the operating power consump-
tion with vibration is significantly less than aeration for a 
similar fouling rate, which can be due to the fact that only 
the boundary fluid layers around the fibers are mobilized 
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and thus the energy dissipation is much reduced [7]. The 
concept modules based on the vibration have been devel-
oped in the forms of rotating disks [8], rotating membranes 
[9], vibrating flat membranes [10], and vibrating hollow 
fibers [11]. 

The vibration of the membrane is not a novel concept 
for pressure-driven membrane processes such as microfil-
tration (MF). However, it is a relatively new approach for 
membrane distillation (MD), which has drawn attention 
as an emerging technology for seawater desalination and 
water treatment [12–15]. There are many advantages in 
MD, including low operating energy, no pressure require-
ment, high rejection for ions, the ability to treat feed water 
containing high salinity, and a good feasibility [16–20]. 
There are two possible module geometries for membrane 
distillation. One of them is the flat sheet and the other is the 
hollow fiber. Since the hollow fiber module has high pack-
ing density and affordable, it is more suitable for large-scale 
applications [21–24]. In hollow fiber MD modules, there 
are several design factors influencing the process efficiency 
and one of them is the selection of flow direction. Unlike 
flat sheet MD modules, hollow fiber MD modules may be 
operated either inside-out or outside-in modes [25].

Thus, this study focused on the effect of vibration on the 
fouling propensity of hollow fiber membranes in MF and MD 
processes. Moreover, the vibration efficiency was compared 
inside-out and outside-in direct contact membrane distilla-
tion (DCMD) modules under the conditions where fouling 
due to scale formation occurs. The novelty of this work lies 
in the investigation of the vibration technique to mitigate 
fouling in both MF and MD processes, which has not been 
done to the best of our knowledge.

2. Material and methods

2.1. Membrane module

Detailed properties of the MF and MD membrane 
modules were summarized in Table 1.

2.2. Experimental setup

Experiments were carried out in the bench-scale MF 
system and the bench-scale DCMD system, which are sche-
matically illustrated in Figs. 1a and b, respectively. Fig. 2 
shows the lab-scale vibration system in this study. The vibra-
tion system consists of a function generator, an amplifier, 
and a shaker. The function (signal) generator is a device 

that can produce various patterns of voltage at a variety of 
frequencies and amplitudes. The amplifier is an electronic 
device that can increase the power of a signal. The shaker is 
a device of laboratory equipment used to vibrate. To deliver 
constant and regular vibration directly to the module, 
the following system is constructed.

2.3. Experimental conditions

Table 2 shows experimental conditions of MF and MD 
system. To examine fouling behaviors of the MF and MD 
membranes, the feed solution was prepared using NaCl of 
35,000 mg/L and CaSO4 of 2,000 mg/L. All reagents were pur-
chased from Sigma Aldrich (St. Louis, MO). The feed pres-
sure was 1 bar in the case of MF. The feed flow and distillate 
flow rates were 0.9 to 0.6 L/min in the case of MD. The initial 
feed inlet temperature was 60°C and the distillate inlet tem-
perature ranged was 20°C in the case of MD. The frequency 
of vibration feed was adjusted from 100 to 200 Hz into both 
MF and MD.

2.4. Experimental procedures

2.4.1. Fouling tests and calculation of blocking coefficient (b)

To compare fouling propensity in the two operation 
modes, a series of MF and MD experiments were carried 
out using the feed water. The effect of flow rate on flux 
was also examined in the two operation modes. All the 
tests were done in the batch operation mode. The degree of 
concentration is expressed as the volume of concentration 
factor (VCF), which is defined as:

VCF =
−
V

V Vp
0

0

 (1)

where V0 is the initial quantity of feed volume and Vp is the 
cumulative permeate production. Accordingly, the changes 
in flux were compared as a function of VCF.

It has been reported that the progress of membrane 
fouling due to scale formation is caused by the blockage of 
membrane surface by the deposition of crystals formed from 
either surface crystallization or bulk crystallization [21,26–
29]. Accordingly, the following equations were applied to 
describe the progress of fouling [30]:

J B p
A A
A

B p Jm b

m

= ( ) −
= ( ) −( ) = −( )∆ ∆ 1 10β β  (2)

Table 1
Properties of MD membrane module

Parameters MF MD

Membrane material PVDF (polyvinylidene fluoride) PE (polyethylene)
Fiber inside diameter (mm) 0.7 0.57
Fiber outside diameter (mm) 1.15 0.83
Pore size (µm) 0.1 0.1
Porosity (%) 70 70
Membrane area per module (cm2) 65 65
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(a) 

(b) 

Fig. 1. Schematic diagram of the laboratory (a) MF experimental system and (b) DCMD experimental system.

 

Fig. 2. Lab-scale vibration system.
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where J is the distillate flux, B is the water permeability of 
MF or MD membrane, Am is the membrane area, Ab is the 
membrane area blocked by scales, Δp is the effective differ-
ence in the pressure (hydraulic pressure in MF and vapor 
pressure in MD) between the feed and permeate [31], and b 
is the blocking coefficient given by Ab/Am. These equations 
were developed to describe fouling due to scale formation 
in membrane systems. They are based on the assumption 
that the growth of inorganic scales blocks the membrane 
surface, thereby reducing the effective membrane area [30].

Accordingly, b is calculated using the ratio of flux at a 
given VCF to the initial flux (J0):

β = −1
0

J
J

 (3)

The physical meaning of b is the ratio of the membrane 
area which is blocked by the crystals. If b approaches to 
1.0, the membrane is completely blocked, implying seri-
ous fouling. As VCF increases, the salt concentration 
increases, leading to an increases rate of crystallization. 
Therefore, b rapidly increases with VCF during the MF or 
MD operation.

3. Results and discussion

3.1. Effect of vibration

A series of experiments were performed to compare the 
fouling propensities by the MF process and the MD process. 
First, the effect of vibration on the control of MF fouling 
was examined. Then, the vibration was applied to the MD 
in two different flow modes including the inside-out and 
outside-in modes.

3.1.1. Vibration effect on microfiltration

Fig. 3 shows the changes in flux and blocking coeffi-
cient on VCF with and without the vibration in the case 
of the MF process. In Fig. 3a, the flux rapidly decreased in 
the beginning and the steady-state was reached gradually. 
Although MF does not reject ions, suspended crystals in the 
solution resulted in the blockage of the membrane surface, 
leading to a decrease in flux. The application of the vibration 
was expected to be effective to retard the membrane fouling 
by the deposition of the crystal particles. In fact, the vibra-
tion at 200 Hz increased the initial flux by more than 10% 
and also reduced the flux decline, leading to an increase in 
the final flux.
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Fig. 3. Dependence of flux and blocking coefficient on VCF during the MF experiments with and without the vibration. (a) Flux 
and (b) blocking coefficient (symbols: ● with vibration of 200 Hz;  without vibration; operating conditions: feed solution: NaCl 
35,000 ppm, CaSO4 2,000 ppm; feed pressure: 1 bar).

Table 2
Summary of experimental conditions

Parameters MF MD

Raw water NaCl 35,000 ppm, CaSO4 2,000 ppm
Feed flow rate – 0.9 L/min
Distillate flow rate – 0.6 L/min
Feed inlet temperature 20°C 60°C
Distillate inlet temperature 20°C 20°C
Operation mode Outside-in Inside-out/outside-in
Vibration frequency 100, 200 Hz
Feed pressure 1 bar –
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To estimate how much membrane surface is blocked by 
the foulants, the blocking coefficient in Eq. (3) was calculated 
in each case. As depicted in Fig. 3b, the blocking coefficient 
also increased in the early stage of the MF operation and 
reached a steady-state value after the VCF of 3.9. However, 
the blocking coefficient with the vibration started to increase 
after the VCF of 4.5. The difference of VCF with or with-
out the vibration was about 0.6 in the MF operation. These 
results indicate that the MF operation with the vibration is 
effective to mitigate the fouling.

3.1.2. Vibration effect on membrane distillation

Fig. 4 shows the changes in flux and blocking coefficient 
on VCF in the MD process. The MD operation was carried 
out in the inside-out mode, in which the feed is supplied to 

the lumen side of the fibers and the distillate passes through 
the shell side of the module. The temperature difference 
between the feed and the distillate was 40°C (feed tempera-
ture: 60°C, distillate temperature: 20°C). The feed flow was 
0.9 L/min. As shown in Fig. 4a, the flux without the vibra-
tion decreased gradually from the beginning and began to 
decrease rapidly after VCF of 3.4. The behavior of the flux 
decline in the MD process was clearly different from the MF 
process. This is because the fouling mechanisms between 
the MF and MD processes were different. In MD, the feed 
solution containing CaSO4 results in the scale formation at 
high VCF. Accordingly, the fouling becomes severe as the 
VCF increases.

To mitigate the fouling, the vibration of the module at 
200 Hz was applied to the MD process. The results are also 
shown in Fig. 4a. Compared with the flux decline without 
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Fig. 4. Dependence of flux and blocking coefficient on VCF during the inside-out DCMD experiments with and without the 
vibration. (a) Flux and (b) blocking coefficient (symbols: ● with vibration of 200 Hz;  without vibration; operating conditions: 
feed solution: NaCl 35,000 ppm, CaSO4 2,000 ppm; feed temperature: 60°C; distillate temperature: 20°C; feed flow rate; 0.9 L/min; 
distillate flow rate; 0.6 L/min).
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Fig. 5. Dependence of flux and blocking coefficient on VCF during the outside-in DCMD experiments with and without the 
vibration. (a) Flux and (b) blocking coefficient (symbols: ● with vibration of 200 Hz;  without vibration; operating conditions: 
feed solution: NaCl 35,000 ppm, CaSO4 2,000 ppm; feed temperature: 60°C; distillate temperature: 20°C; feed flow rate; 0.9 L/min; 
distillate flow rate; 0.6 L/min).
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the vibration, it was significantly retarded. The effect of 
the vibration on the fouling control was higher in MD than 
in MF. This suggests that the vibration can be a promising 
technique for fouling control in MD processes that have 
potential problems associated with scale formation.

The blocking coefficients were also compared for the 
MD processes without and with the vibration. As depicted in 
Fig. 4b, a rapid increase in the blocking coefficient was observed 
at the VCF of 3.4 without the vibration. The membrane seems 
to be completed blocked at the VCF of 4.1 without the vibra-
tion. However, the increase in the blocking coefficient was 
less significant with the vibration. In this case, the complete 
blocking of the membrane was found at the VCF of 5.2. It 
is evident from these results that the vibration is effect to 
retard the blockage of the membrane due to scale formation.

3.1.3. Comparison of outside-in MD with the inside-out MD

Experiments were carried out with the MD process in 
the outside-in mode, in which the feed is supplied to the 
shell side of the module and the distillate passes through 
the lumen side of the fibers. All the other conditions were 
maintained constant to examine the effect of flow mode on 
the vibration effect. Fig. 5a shows the flux behaviors with 
VCF, which was similar to the case with the inside-out-mode. 
Nevertheless, the effect of vibration on fouling control was 
slightly different. Although the vibration was effect to retard 
the flux decline in the outside-in mode, it was less efficient 
than that in the inside-out mode. This suggests that the 
vibration is more suitable for the inside-out mode MD than 
the outside-out mode MD.

The blocking coefficients were also compared in the 
outside-in MD without and with the vibration. The results 
are summarized in Fig. 5b. When the VCF was 2.9, the block-
ing coefficients was almost 1 in the operation without the 
vibration, indicating that the membrane was completely 
blocked by the foulant. With the vibration, the VCF was 
4.1 and the membrane was completely blocked. It was also 
confirmed that the vibration is less effective to control fouling 
in the outside-in mode than in the inside-out mode.

The proposed mechanism of the antifouling effect by the 
vibration is schematically illustrated in Fig. 6. The vibration 
can prevent the formation of crystal particles in the solution 
phase. Moreover, an increased shear rate by the vibration 
can prevent the deposition of the crystal particles. In MF, 
the deposition of the particulate foulants is reduced by the 
vibration but both crystal formation and deposition can be 
retarded by the vibration in MD. Accordingly, the antifouling 
effect by the vibration can be higher in MD than in MF.

To further investigate the antifouling mechanisms by 
the vibration, the MD modules were visually examined 
after the experiments to compare the differences between 
the two modes after the fouling. In the inside-out mode, 
there were substantial amounts of scales attaching to the 
inlet channel of the module as depicted in Fig. 7a. However, 
in the outside-in mode, a large amount of scales was found 
on the surface of the fibers as demonstrated in Fig. 7b. The 
scale formation in the inside-out mode mainly occurs near 
the inlet section of the fibers. During the DCMD operation, 
scales are generated through the bulk crystallization and 
enter in the fibers, thereby clogging the fibers. Although 
the remaining part of the fiber may be clean without scale 
deposits, it may not be used for water production because 
the feed water cannot enter. A relatively small amount 

 

Fig. 6. Vibration effect for mitigating fouling.

  

(a) (b) 

Fig. 7. Photographs of the membrane module after DCMD experiments. (a) Inside-out mode and (b) outside-in mode.
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of crystals can block the fibers and thus the flux decline 
due to scale formation rapidly occurs. On the other hand, 
the scale formation in the outside-in mode occurs on the 
outer surface of the fibers.

Since the vibration can detach the foulants from 
the membrane and modules, the scales on the inlet part of 
the module can be readily removed by the application of 
the vibration. But the removal of scales on the fiber surfaces 
is rather difficult by the vibration. When the membrane is 
being vibrated, the fibers can move due to their flexibility. 
Accordingly, the energy by the vibration is inefficiently 
transferred and lost due to the fiber movement, which is the 
case with the outside-in MD. If the inlet part is fixed, which 
is the case with the inside-out MD, the vibrational energy 
can be directly transferred. This is why the vibration is more 
effective in the inside-out MD than the inside-out MD.

3.2. Effect of the vibration frequency

Vibration frequency is an important factor affecting the 
antifouling effect by the vibration. Accordingly, the effect of 
the frequency was investigated in the two operation modes. 
Two frequencies were compared, including 100 and 200 Hz. 
In Fig. 8, the flux and blocking coefficient in the inside-out 
MD are shown as a function of VCF at the two frequencies. 
The initial fluxes of 200 Hz were higher and flux declines 
were also less serious than 100 Hz. The blocking coefficients 
of 200 Hz gradually increased to more than 100 Hz. Similar 
results were observed in the outside-in MD mode as pre-
sented in Fig. 9. As the vibration frequency increases from 
100 to 200 Hz, the flux increased and the blocking coeffi-
cient was reduced. However, the difference between the two 
frequencies was not very much significant.
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Fig. 8. Dependence of flux and blocking coefficient on VCF during the insdie-out DCMD experiments with and without the vibra-
tion. (a) Flux and (b) blocking coefficient (symbols: ● with vibration of 200 Hz;  with vibration of 100 Hz; operating conditions: feed 
solution: NaCl 35,000 ppm, CaSO4 2,000 ppm; feed temperature: 60°C; distillate temperature: 20°C; feed flow rate; 0.9 L/min; distillate 
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4. Conclusions

This study examined the effect of vibration on fouling 
propensity of hollow fiber membranes in MF and MD pro-
cesses. The following conclusions were withdrawn:

• In both MF and MD processes, the vibration was found 
to be effective to migrated fouling by the solution con-
taining scale-forming ions. The fouling in MF was caused 
by the deposition of crystal particles and that in MD 
resulted from the crystal formation. Due to the difference 
in the fouling mechanisms, the vibration was more effec-
tive to control fouling in MD than in MF.

• The blocking coefficients were estimated from the 
experimental results on flux decline. A significant retar-
dation of the membrane blockage was observed by the 
application of the vibration.

• The vibration works more efficiently in the inside-out 
MD than in the outside-in MD. This is attributed to the 
different efficiency of the energy transfer by the vibration. 
When the inlet part of the module was blocked, which is 
the case with the inside-out MD, the vibration was effec-
tive due to negligible loss of vibrational energy. When 
the surfaces of the membrane fiber were blocked, which 
is the case with the outside-in MD, the vibration effect 
was smaller due to the energy loss by the fiber movement.

• As an increase in the vibration frequency, the antifoul-
ing effect increased in both the inside-out and the out-
side-in mode MD processes.
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