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a b s t r a c t
This paper presents the experimental results on the effect of hydraulic pressure on the wetting of 
membrane distillation (MD) membranes. Using CaSO4 as a model foulant, a series of MD exper-
iments were carried out by adjusting the feed and distillate pressure between 0.1 and 0.7 bar. 
The flux, electric conductivity of the distillate, rejection, and recovery was measured in each exper-
iment. The rate of the conductivity increase (dEc/dt) and the liquid entry pressure (LEP) were also 
estimated as quantitative measures for wetting propensity. Results showed that there was no wet-
ting due to scale formation without the application of the external hydraulic pressure. As the feed 
pressure exceeds the distillate pressure, the wetting was accelerated. The recovery was higher when 
the distillate pressure was higher than the feed pressure. The rejection maintained high when the 
feed pressure was equal or less than the distillate pressure. The wetting by net pressure lower than 
the LEP is attributed to the existence of relatively large pores in the MD membrane.
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1. Introduction

As the world population is continuously increasing, 
there are rising concerns about the scarcity of freshwa-
ter [1–3]. This has led to the implementation of seawater 
desalination, which has broadened its application into 
many countries all over the world [4]. Unfortunately, con-
ventional desalination technologies such as multistage 
flash (MSF), multi-effect distillation (MED), and seawater 
reverse osmosis (SWRO) have limitations by their high 
energy demand and potential adverse impact on the marine 
environment due to the discharge of concentrated brines 
[5,6]. Accordingly, it is necessary to develop novel desali-
nation techniques, which can utilize renewable energy 
sources and reduce the brine discharge [7–9].

One of the alternatives to the conventional desalination 
technologies is membrane distillation (MD). MD is a thermal 
desalination process using hydrophobic and microporous 

membrane [10,11]. Since MD may be operated under a 
lower feed water temperature than that of MSF or MED, it 
opens the possibility of renewable energy utilization [12]. 
Moreover, MD can process a feed water with high osmotic 
pressure (>100 bar), which makes SWRO impossible to be 
operated [13]. Accordingly, more fresh water can be obtained 
from the seawater by MD, thereby reducing the volume of 
the concentrated brine [14]. These advantages have sparked 
researches on the development of MD technologies [15–24].

However, MD has crucial issues associated with mem-
brane fouling due to scale formation and pore wetting by 
water. Similar to other membrane processes, membrane 
fouling is an inevitable problem in MD [25–27]. As a result 
of fouling, the flux decreases, the quality of the permeated 
water deteriorates, and the recovery decreases [25,26,28–30]. 
In MD, scale formation by sparingly soluble salts such as 
CaCO3 and CaSO4 is a major reason to cause fouling [31,32]. 
As the feed solution becomes concentrated to a critical level 
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of saturation, the scale grows on the membrane surface or 
bulk crystal precipitates to the membrane [27,33]. This leads 
to the blockage of the membrane pores and reduction in the 
effective membrane area [34]. Consequently, a dramatic flux 
decline occurs due to scale formation. Operating temperature 
and hydrodynamic conditions have been reported to affect 
MD fouling due to scale formation [35].

MD also suffers from the potential problem of the pore 
wetting by the feed solution. Although MD membranes are 
hydrophobic and repel water, the pores of the membranes 
may be filled with water after a long-term operation [11]. 
If the membranes are exposed to high pressure, which 
exceeds the liquid entry pressure (LEP), the pore wetting 
may happen [36]. The presence of amphiphilic substance 
and fouling due to scale formation can accelerate the pore 
wetting by changing the physical and chemical properties of 
the membrane surfaces [36]. Once the pore wetting occurs, it 
is difficult to recover to the initial state [36–38]. A few studies 
have been done to overcome or mitigate the problems by the 
wetting, including the development of novel MD membranes 
[39], analysis of the wetting mechanisms [11], and recovery of 
the wetted pores by applying dewetting techniques [40,41].

Nevertheless, little attention has been paid yet to the 
effect of hydraulic pressure on the wetting of MD membranes 
under fouling conditions. During the operation of MD sys-
tems, the hydraulic pressure is applied either to the feed 
stream or distillate stream [42]. Since the pressure is lower 
than the liquid entry pressure, it will not cause wetting for 
clean MD membranes. But it is possible for MD membranes 
to be wetted if they are fouled by scales. Although a hand-
ful of works have considered the influence of the hydraulic 
pressure on flux, recovery, and rejection [42–46], to the best 
of our knowledge, few have examined how it affects MD 
membrane wetting under fouling conditions.

Accordingly, this study aimed at the elucidation of 
the effect of the hydraulic pressure on the wetting for MD 
membranes exposed to the feed solution containing scale- 
forming ions. The hydraulic pressure was put on the feed 
side as well as the distillate side and the propensity of 
the wetting was compared under various conditions. The 
hydraulic pressure on the feed and permeated side were 
varied within the range of 0.7 bar. Initial flux, recovery, 
rejection, and membrane wetting were compared in vari-
ous hydraulic pressure conditions. LEP was also measured 
to evaluate the hydrophobicity of the membrane. The key 
questions to be answered in this study are: (1) What is the 
effect of the hydraulic pressure on the feed side on the flux 
and wetting due to scale formation?; (2) What is the effect 
of the hydraulic pressure in the permeate side on the flux 
and wetting due to scale formation?; and (3) How is the 
mechanism of wetting due to scale formation under the 
application of the hydraulic pressure?

2. Experimental methods

2.1. MD membranes

The hydrophobic and microporous membrane was 
used for the experiments. Membranes were made of poly-
vinylidene (PVDF) (GVHP, Merck Millipore, U.S.A.). The 
average pore size, thickness, and porosity were 0.22 and 

125 μm, and 75%, respectively. The pore size distribution was 
also measured using a capillary flow porometry (CFP-1500-
AFL, Porous Materials Inc., USA).

2.2. Feed solution

The solute used in this study was CaSO4, which was 
purchased from Samchun Pure Chemical Co. Ltd., Korea. 
The CaSO4 concentration of the feed solution was set to 
2,000 mg/L. In each experiment, 1 L of the feed solution 
was used.

2.3. Hydraulic pressure conditions

In this study, the LEP of the membranes were directly 
measured using a device fabricated in the laboratory. The 
system consists of a high-pressure nitrogen cylinder, a 
pressure regulator, a pressure vessel, a pressure gauge, 
and a membrane holder. The applied pressure increased 
stepwise before the penetration of water through the mem-
brane was observed. The measurements were triplicated to 
obtain reliable results. Details on this device are shown in 
our previous paper [41].

The LEP of the membrane used in this study was deter-
mined to be 1.8 ± 0.2 bar. If hydraulic pressure above the 
LEP is applied, water passes through the membrane pore. 
Therefore, the maximum hydraulic pressure was set to 
0.7 bar, which is less than 40% of the LEP for the intact mem-
brane. The experiments were carried out by varying the pres-
sure on the feed side and the permeated side, respectively, as 
shown in Table 1. These operating conditions were selected 
based on our previous works [40–42].

2.4. Direct contact membrane distillation experiments

Fig. 1 illustrates a schematic diagram of the laborato-
ry-scale setup for DCMD experiments. Pressure gauges 
were installed at the inlet and outlet of the membrane 
module, respectively. Hydraulic pressure was adjusted by 
installing valves at the outlets of the feed and permeate 
side. The membrane cell was made of acrylic resin and its 

Table 1
Experimental sets to analyze the effect of feed and distillate 
pressures on MD wetting 

Set No. Pressure on feed side 
(bar)

Pressure on distillate 
side (bar)

1 0.1 0.1
2 0.1 0.4
3 0.1 0.7
4 0.4 0.1
5 0.4 0.4
6 0.4 0.7
7 0.7 0.1
8 0.7 0.4
9 0.7 0.7
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depth, width, and length were 2, 20, and 60 mm, respec-
tively. The effective membrane area was 0.0012 m2. The tem-
perature and flow rates were maintained at 60°C and 0.7 L/
min for the feed and 20°C and 0.4 L/min for the distillate. 
The volumes of the feed solution and distillate were 1.0 and 
1.5 L, respectively. Each experiment was conducted for 80 h. 
It was assumed that wetting occurs when the distillate con-
ductivity exceeds 50 μS/cm. Since the permeate quality of 
50 μS/cm corresponds to the rejection of about 98%, it was 
used as a practical criterion for membrane wetting.

2.5. Liquid entry pressure

LEP with the application in the MD process can be cal-
culated as a first parameter to indicate how wettable a 
membrane is toward liquid solutions. Fig. 2 illustrates LEP 
equipment and the LEP equipment was manufactured by 
hand. A piston is located in the filtration cell, filling the water 
between the piston and the membrane. N2 gas was used to 
increase the pressure in the piston. Therefore, the pressure 
is applied to the membrane. When water penetrates the 
membrane surface, the pressure is LEP.

3. Results and discussion

3.1. Effect of distillate pressure on wetting

The feed solution containing 2,000 mg/L CaSO4 was 
treated by the MD membrane in the experimental setup 
in Fig. 1. The flux was measured to estimate the fouling 
propensity and the electric conductivity was monitored to 
examine the wetting property. First, the experiment was 
performed without applying hydraulic pressure to neither 
feed side nor distillate side. The changes in the flux and 
conductivity are presented as a function of the operation 

time in Fig. 3a. Initially, the flux was approximately 20 kg/
m2 h and maintained for about 15 h. After this time, the flux 
abruptly decreased due to CaSO4 scale formation. As the 
feed solution is concentrated, surface blockage occurs from 
the point where CaSO4 crystals occur, and the flux decreases 
drastically [27]. Nevertheless, the conductivity did not 
change significantly, suggesting that the wetting of the MD 
membrane did not occur. It is likely that the MD fouling 
did not cause the wetting under the condition in Fig. 3a.

Fig. 1. Schematic diagram of the DCMD experiment.

Fig. 2. Schematic diagram of liquid entry pressure (LEP) equip-
ment.
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As a next step, the pressure on the distillate side 
(Ph.p) increased to 0.4 and 0.7 bar, respectively. The feed 
pressure (Ph.f) was fixed at 0.1 bar, which is the same as 
Fig. 3a. When the distillate pressure was 0.4 bar, the flux 
was also reduced after a certain period of time as shown in 
Fig. 3b. However, the initial flux became lower by increas-
ing the distillate pressure. A further increase in the distillate 
pressure led to a lower initial flux as illustrated in Fig. 3c. 

This may be attributed to the deformation of the membrane 
as reported by previous works in the literature [43,44,47]. 
Since the initial flux was reduced, the flux decline was less 
severe at higher distillate pressure. In addition, the con-
ductivity of the distillate did not significantly increase with 
an increase in the distillate pressure, suggesting that there 
was no wetting induced by the distillate pressure.

3.2. Effect of feed pressure on wetting

The pressure on the feed side was also adjusted to exam-
ine its effect on wetting. Fig. 4 shows the results of the MD 
experiment with the feed pressure of 0.4 bar. The distillate 
pressure was controlled to 0.1, 0.4, and 0.7 bar, respectively. 
When the feed and distillate pressures were 0.4 and 0.1 bar, 
respectively (Fig. 4a), the flux decline was observed after 18 h 
with an increase in the conductivity of the distillate solu-
tion. After 80 h, the conductivity increased up to 30 mS/cm, 
indicating the occurrence of moderate wetting. Compared 
with Fig. 3a, the initial flux was slightly lower, which may 
be attributed to the membrane deformation, and the conduc-
tivity of the distillate solution became higher. It is evident 
that the wetting was induced by the feed pressure. In fact, 
the pressure applied here was far less than the LEP of this 
membrane (~ 2.0 bar) but resulted in wetting.

The effect of the feed pressure on wetting was affected 
by the distillate pressure. In Fig. 4b, the feed, and distillate 
pressures were set to 0.4 bar and a slight increase in the per-
meate conductivity was observed. Nevertheless, this was not 
considered as an occurrence of the wetting since the wetting 
criterion was set to 50 mS/cm. A further increase in the dis-
tillate pressure to 0.7 bar also resulted in the prevention of 
the wetting (Fig. 4c). These results imply that the net pres-
sure difference between the feed and distillate sides is an 
important factor affecting the wetting. Although the feed 
pressure increases, wetting may not occur without the net 
pressure difference across the membrane. The wetting seems 
to happen as long as the feed pressure is higher than the 
distillate pressure.

A set of the MD experiments were also carried out 
with the feed pressure of 0.7 bar. When the net pressure 
was 0.6 bar, the wetting rapidly occurred as illustrated in 
Fig. 5a. With the net pressure of 0.3 bar, the wetting propen-
sity was slightly reduced as indicated in Fig. 5b. Again, no 
wetting was found with the net pressure of 0 bar in Fig. 5c. 
These results also confirm the importance of the net pres-
sure difference between the feed and distillate side for the 
occurrence of the wetting.

The effect of the pressure on the initial flux is sum-
marized in Table 2. As mentioned earlier, the initial flux 
decreased with the net pressure difference. Regardless of 
the feed pressure, the initial flux was not changed with no 
net pressure difference. If the feed pressure is not equal 
to the distillate pressure, the initial flux was affected. 
Again, this can be explained by the effect of the membrane 
deformation [43,44,47].

3.3. Quantitative analysis of pressure effect

To further investigate the effect of the feed and dis-
tillate pressures on wetting, the rates of the conductivity 
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Fig. 3. Dependence of flux and electric conductivity of the distillate 
solution on time (a) Ph.f = 0.1 bar and Ph.p = 0.1 bar, (b) Ph.f = 0.1 bar 
and Ph.p = 0.4 bar, and (c) Ph.f = 0.1 bar and Ph.p = 0.7 bar.
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increase (dEc/dt) were calculated to estimate the wetting 
propensity. Linear regression was conducted to determine 
the slope of the curve for the distillate conductivity, which 
corresponds to dEc/dt. As shown in Fig. 6, the slope of the 
curves was affected by the feed and distillate pressures. 
The slope becomes greater if the feed pressure is higher 
than that of the distillate. On the other hand, the slope is 
near zero if the distillate pressure is higher than that of  
the feed.

Table 3 summarizes dEc/dt for different feed and dis-
tillate pressures. It should be noted that dEc/dt decreases 
with the distillate pressure. For instance, dEc/dt is 
0.0169 mS/cm at the feed pressure of 0.1 bar and the dis-
tillate pressure of 0.1 bar. An increase in the distillate 
pressure to 0.4 and 0.7 bar results in a reduced value for 
dEc/dt, which is 0.003 mS/cm. Similar results were obtained 
for the other feed pressures. On the other hand, dEc/dt 
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Fig. 4. Dependence of flux and electric conductivity of the 
distillate solution on time (a) Ph.f = 0.4 bar and Ph.p = 0.1 bar, 
(b) Ph.f = 0.4 bar and Ph.p = 0.4 bar, and (c) Ph.f = 0.4 bar and Ph.p = 0.7 bar.
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Fig. 5. Dependence of flux and electric conductivity of the 
distillate solution on time (a) Ph.f = 0.7 bar and Ph.p = 0.1 bar,  
(b) Ph.f = 0.7 bar and Ph.p = 0.4 bar, and (c) Ph.f = 0.7 bar and Ph.p = 0.7 bar.
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increases with the feed pressure. For instance, as the feed 
pressure increases from 0.1 to 0.4 bar, dEc/dt increases from 
0.0169 to 0.196 mS/cm at the distillate pressure of 0.1 bar. 
There are similar trends for the other distillate pressures.

3.4. Effect of pressure on recovery

The volume concentration factor (VCF) is the amount 
that the feed stream has been reduced in volume from the 
initial volume. VCF should be calculated based only on the 
volume corresponding to the following equation.

VCF Total starting feed volume added to the operation
current reten

=
ttate volume

 (1)

The changes in flux with VCF are illustrated in Fig. 7 
under different feed and distillate pressures. The final VCF 
and recovery are listed in Table 4. When the feed and dis-
tillate pressures were the same, the initial flux was high, 
leading to a more rapid flux decline due to scale forma-
tion. Accordingly, the recovery of the distillate was reduced 
under these conditions. On the other hand, the recovery 
increased if the distillate pressure is higher than the feed 

pressure. A reduction in the initial flux, which leads to a 
retardation in the flux decline, is the major reason for these 
phenomena. The initial flux was reduced when the feed 
pressure is higher than the distillate pressure, which did 
not result in increased recovery. This is because the wetting 
also occurred under these conditions, which causes an addi-
tional flux decline.

3.5. Effect of pressure on rejection

After each MD experiment, the solute rejection was mea-
sured, which is related to the degree of wetting. As shown in 
Fig. 8, the rejection was higher when the feed pressure was 
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Fig. 6. Comparison of electric conductivity of distillate solution with different Ph.f and Ph.p.

Table 2
Comparison of initial flux under various pressure conditions 

Ph.p

Ph.f

0.1 bar 0.4 bar 0.7 bar

0.1 bar 20 L/m2 h 15 L/m2 h 13 L/m2 h
0.4 bar 18 L/m2 h 22 L/m2 h 13 L/m2 h
0.7 bar 15 L/m2 h 17 L/m2 h 22.5 L/m2 h
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Table 3
Comparison of the rate of conductivity change (dEc/dt) under various pressure conditions 

Ph.p

Ph.f

0.1 bar 0.4 bar 0.7 bar

0.1 bar 0.0169 mS/cm-h 0.003 mS/cm-h 0.003 mS/cm-h
0.4 bar 0.196 mS/cm-h 0.0368 mS/cm-h 0.0242 mS/cm-h
0.7 bar 1.33 mS/cm-h 0.623 mS/cm-h 0.028 mS/cm-h

Table 4
Summarized the VCF and recovery at various hydraulic pressure 
conditions

Ph.p

Ph.f

0.1 bar 0.4 bar 0.7 bar

0.1 bar VCF 1.65 2.47 2.77
Recovery 39.26% 59.57% 63.86%

0.4 bar VCF 1.70 1.86 2.80
Recovery 41.20% 43.17% 64.36%

0.7 bar VCF 1.58 1.62 1.60
Recovery 37.41% 38.50% 37.42%

Table 5
Summarized the VCF and recovery at various hydraulic 
pressure conditions

Ph.p

Ph.f

0.1 bar 0.4 bar 0.7 bar

0.1 bar 99.92 % 99.93 % 99.92 %
0.4 bar 99.16 % 99.85 % 99.90 %
0.7 bar 95.00 % 97.49 % 99.90 %

Table 6
Summarized the LEP at various hydraulic pressure conditions

Ph.p

Ph.f

0.1 bar 0.4 bar 0.7 bar

0.1 bar 1.70 bar 1.51 bar 1.57 bar
0.4 bar 1.02 bar 1.53 bar 1.64 bar
0.7 bar 0.51 bar 1.15 bar 1.57 bar

equal or less than the distillate pressure (set 1, set 2, set 3, 
set 5, set 6, and set 9). A decrease in the rejection was found 
in the case that the feed pressure was higher than the distil-
late pressure (set 4, set 6, and set 7). These trends are clearly 
demonstrated in Table 5. The rejection is lower at higher feed 
pressure. The results also qualitatively match with those 
in Table 3.

3.6. LEP under various hydraulic conditions

In general, the contact angle is an important property 
related to MD membrane wetting. However, if scaling occurs 
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Fig. 7. Comparison of flux decline with VCF under various pres-
sure conditions. (a) Ph.f = 0.1, (b) Ph.f = 0.4 bar, and (c) Ph.f = 0.7 bar.
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on the membrane surface, the measurement of the contact 
angle is not meaningful. This is because inorganic scales are 
generally hydrophilic, leading to a reduced contact angle 
regardless of the membrane wetting. In our experiments, 
the contact angles ranged from 0° to 20° and there were no 
correlations between the contact angle and the membrane 
wetting.

Accordingly, the LEP was measured to examine the 
membrane wetting instead of the contact angle. Table 6 
summarizes the LEP of the membranes after the experi-
ments. The LEP of the virgin membrane was measured to be 
1.8 bar. After the experiments, the LEP was reduced, ranging 
from 0.51 to 1.70 bar. The highest LEP was obtained when 
the feed and permeate pressures were 0.1 bar, indicating that 
the wetting is less severe under lower pressures. The lowest 
LEP was found at the feed and permeate pressures were 0.7 
and 0.1 bar, respectively. It is evident that the high-pressure 

difference between the feed and the permeate accelerated the 
wetting. When the pressure difference was 0.3 bar, the LEP 
was also relatively low, which can be also attributed to the 
effect of the pressure difference. In other cases, the LEP was 
only slightly reduced. These results indicate that the LEP of 
the membrane is affected by the hydraulic pressure differ-
ence in the MD experiments.

3.7. Pore size distribution and wetting by pressure

It is interesting to note that wetting occurred with the 
application of the pressure less than the LEP. As listed in 
Table 5, the rejection ranges from 95.00% to 99.16% with the 
occurrence of wetting. This implies that the wetting induced 
by the pressure less than the LEP was moderate, indicating 
that only a small portion of the pores was wetted. Since the 
pores in the MD membrane are not uniform, the larger pores 
seem to be preferentially wetted. To confirm this hypothe-
sis, the pore size distribution of the intact membrane was 
measured as illustrated in Fig. 9. The nominal pore size of 
this membrane is 0.22 μm and the average pore size deter-
mined by the analysis is 0.243 μm, which shows a reasonable 
match. However, there are also larger pores ranging from 0.6 
to 0.7 μm in Fig. 9, which are more vulnerable to wetting. It 
is likely that these large pores are wetted with the applica-
tion of the pressure together with scale-forming ions. Since 
the portion of these pores is not high, only partial wetting 
occurred under the conditions in this study.

4. Conclusions

This study examined the effect of the hydraulic pressure 
on the wetting for MD membranes and the conclusions are 
summarized as follows:

• Without the external pressure, the MD membrane did 
not experience wetting by the fouling due to CaSO4 scale 
formation. The application of hydraulic pressure on the 
distillate side did not result in the wetting of the MD 
membrane. The wetting occurred only when both the 
feed pressure and the net pressure difference between the 
feed and the distillate solutions were high.

• The initial flux decreased with the net pressure difference 
between the feed and the distillate solutions. Regardless 
of the feed pressure, the initial flux was not changed with 
no net pressure difference.

• The rejection and recovery maintained high when the 
feed pressure was equal or less than the distillate pres-
sure. They were reduced if the feed pressure was higher 
than the distillate pressure.
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